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Crack Growth Rate (log scale)
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Crack growth rate (m/cycle)
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S (nominal stress)

i

1 Stress-strain curve based
on elastic behavior

True stress-strain
curve
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Interpretation of the strain energy density method.

stress, o \
A o1 & = Cy
Sy
-k o
~
51 ~.
cyclic o—ecurve
. B
time !
-
£ strain, ¢

(a) NOMINAL (b) LOCAL

Initial nominal stress loading with the modified Neuber rule.
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For the initial cyclic stress-strain curve
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— Static Design
— Fiber breakage, max strain criteria
— Fiber crushing, buckling
— Core damage, face sheet wrinkling
— Hole & fastener damage
— Delamination

+ Onset of delamination

» Critical unstable growth

» Repeated/cyclic load growth

— Interface Elements

— Bonded Contact
— Mesh density — focus refinement in area of delamination.

— Anticipated size of growth of delamination

— Estimate critical load to grow unstable delamination.
— Nonlinear prediction of deformation and opening of delamination.

— Predict growth shape with correlation to ultrasonic scans.

— Onset of delamination.

— Load and direction of critical unstable growth.
— Progressive failure.

— Repeated/cyclic load growth.
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T

i iy

da i
dN

Predict growth shape of delamination and demonstrate residual load capability.

Investigate emerging methodology for cyclic damage of composites.

«<—— Short (stage 1) crack growth ——<«— Long (stage Il) crack growth —>

Microplasticity Conventional
Based Description LEFM Description
i TN sl soanll soaill
Microstructural Mechanical
AKy, AK,

Conventional linear elastic fracture mechanics (LEFM) versus microplasticity-based fatigue crack growth characterizations.
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The scheme of the crack growth rate of short and long cracks showing
the characteristic ranges of stress intensity factors. The near-threshold behaviour of

long cracks is indicated by the bold dashed line
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Schematic representation of a typical crack growth behaviour depending on the loading level.




Space scales and simulation methods

Scale range [m]
107130~ 1020050 de-Ru10=" 1078 107° S0~ 1072 107t 207
| Subnano I Nano | Micro | Meso Macro I

| ab initio, phonon spectra |

Monte Carlo, cluster variation,
molecular dynamics

dislocation dynamics,
discrete dislocations

tessellation, topology,
grain boundary dynamics

I percolation |
finite element, boundary element,
finite difference, rheology, cellular automata

(Surface)
Oxidized grain boundary

(Cross section) (b)Crack growth in the early stage of life
(a) Grain boundary oxidation was mainly in the depth direction

Schematic formation of grain boundary cracks and growth in the ecarly stage of lifc.

Stress Sirain 2|0E“’ Sis"" !
r'y Concrete crushing i
I’" -
Tension Stiffening
(steel + CFRP} ———®»
Tension Stiffening
=0.7f
{steel only) Ter
- fer
Cracking
3 v
Strain Stress
{a) Concrete in compression (b} Concrete in tension
Stress Stress
P 4 CFRP Rupture 4 Strain hardening 1% E
63-ksi
E=210-GPa E=200-GPa
T > -
B Strain Strain
(c) CFRP in tension (d) Steel in tension or compressicn

Monotonic Constitutive Models for Component Materials



Crack Initiation Crack Propagation
Design Guidance Domah‘ i Damage Assessment Domain |
| — N
S-N curve Fracture Mechanics

'y

v

Total Fatigue Life

Comparison between the Characteristic S-N curve and Fracture Mechanics Approach

Macro-geometric
General a 2 Structural Local notch ; i
concentrated load : & Cyclic stress-strain
stress ET discontinuity effects at the ¢
: and misalignment & behavior
analysis Sl effects weld toe
: eftects

i L]l 1l

General — ; : ;
it (Mlodlﬁed} Structural Pseudo-el‘asnc Elasio-plasltlc
M nominal stress § stress range notch stress 1 notch strain
T range (hot spot) range amplitude

range
E 5 S =
< 2 5 s
log(N) | log(N) | log(N) | log (N)

S-N Approaches for Fatigue Strength Assessment (Niemi 1995)
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monotonic_.  * cyclic
f
Y cyclic

-_—

— .
"~ monotonic

Cyclic softening € Cyclic hardening ¢
, mongtonic .~ cyclic
—
Py ‘\ .
cyclic = monotonic
Cyclically stable £ Mixed behavior €

Cyclic and monotonic stress—strain behavior.
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(b} Lognormal Distributions
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{c) Weibull Distributions

s
(d) Exponential Distribution

NES
(e) Rayleigh Distribution
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(f) Shifted Exponential Distribution

Shapes of Probability Density Functions for Commonly
Used Probability Distributions (Munse et al. 1983)
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Crack growth
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Maximum direction
tensile direction
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Heat treatment powder metallurgy
sy Slbes ok Rl Sldes
Rolli s
olling over loads V.
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1-Micro Structurally —Small Crack 2-Mechanically-Small Crack
3-Physically-Small Crack 4-Chemically-Small Crack

Closure in fatigue

Phase Transformation induced crack closure
Plasticity induced crack closure

Oxide induced crack closure

Fluid pressure

Roughness induced crack closure

Fatigue
crack
Crack tip opens Crack tip closes Contact stresses Crack tip opens
exceed yield stress
Ideal
crack
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Fatigue strength

Plain specimen
fatigue strength

!

Experimenkal data

LEFM prediction

Crack Propagation

Crack Initiation -
Period =

S. =Fatigue Limit

Stress Amplitude (log scale)

Crack size,a

Physically
small crack
Long crack

(LEFM)

log da/dN

Fatigue Life (log scale)

propagating cracks

 fatigue limit

applied stress range log Ao

log AK
Slasl 5o sl 5 obsS Gl 5l egm

crack length a

A

crack initiation

crack length log o
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long crack propagation
fracture

microcrack propagation

strengthening/softening
dislocation structure
strain localization
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Schematic flowchart of computational fatigue assessment.
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Sm‘{* Interstitial solute

Interstitial solid _
solution strengthening | Enhanced strain

\ aging effect
: Substitution solid

i solution strengthening

LogN_> Increased Fatigye life Pure metal

d—a=A0';”a”
dN
d—a=B£"
dN
Ae
— =er2N)*
Ae, op "
- = — (2N
5 Z (2N)
Ae o b
— = —(2N ~(2N)°
> £ ( )" + 81:( )
The Endurance Limit
0.58, S < 200 kpsi (1400 MPa)

S, = { 100 kpsi S > 200 kpsi
700 MPa S, > 1400 MPa

(S})N == EAEe/z

(SN = o 2N)"

(6-1)

(6-2)

(6-3)

(6-8)

(6-9)



O'I,‘“ 3\b
= —(2-10
f S( )

ut

O';j == Su[ + 345 MPa

log (o:/5})
~ log(2N,)
Sf —} Nb
(f Sur)?
a =
Se
1 Su
b = —=1log (f ’
3 Se
Orev 1/b
v=(7)
a

Low-cycle Fatigue

1< N<10°

(6-10)

(6-12)
(6—13)

(6-14)

{6~15)

(6-16)

(6-17)



Se = kakpkckakok S, (6-18)

k., = surface condition modification factor

kp = size modification factor

k. = load modification factor

kg = temperature modification factor

k. = reliability factor'?

kr = miscellaneous-effects modification factor

S = rotary-beam test specimen endurance limit

Se = endurance limit at the critical location of a machine part in the
geometry and condition of use

Surface Factor kg

k, =aS’

ur

(d/0.3)7%197 = (.8794 0107
0.914 0157

(6-19)

0.11 <d<2in

2<d<10in

kp = 1 (6_20)
(d /162y~ = 1.944-0-107 2.79 <d <51 mm
[ 1.51d 7157 51 <d <254 mm
T
Agos, = Z[d2 — (0.95d)%] = 0.0766d> (6-22)
Aoose = 0.01046d> (6-23)
d, = 0.370d (6—24)
d, = 0.808(hb)'/? (6-25)
Temperature Factor k4
k; = 0.975 +0.432(10~)TF — 0.115(107>)T7
1 + ( ) F ( ) F (6—27)

+0.104(107%) T2 — 0.595(10~'H) T}



St

kg = S (6—28)
RT
Stress Concentration and Notch Sensitivity
i =i K1
q = Kr —0 or Yshear = K” 1 [(5 3”
K, —1
! 1 4+ Ja/r
|
q =
LA (6-34)
Jr
S (1/K,)s,
l K iy o
Soderberg ? + ? == % |6-435)
mod-Goodman % + % = % (6-46)
Gerber ”% + ( ”':”' ) ] (6-47)
ASME-elliptic (f'&i) + (”;’) — (6-48)
& 1 _ SIH/SL(T (6_50)

Se 1+ Su/Su



nog 1 — nUIII/SLIT

S’ 1 + na]l?/SLlf
rSur + Se 4r Sur Se
S, = — | —1 | 6-52
2 [ " \/ TS Sm} 2
Se . .
S, =S, + (S_ — 1) S — S < S, <0 (for castiron) (6-53)
S_gu — O.67Su[ (6_54)

(Ga)axial

5 1/2
O}: = { [(Kf)bending(o—a)bending + (Kf)axialw} - [(Kfs)torsion(fa)torsion]z}
(6-55)

/ 5 B 1/2
O, = {[(Kf)bending(ain)bending + (Kf)axial(o—m)axial] 4 3 [(Kfs)torsion(Tm)torsion] }

(6-56)
n.
N;
n
D = L (6_58)
N;
_J2F (1= v)/E 1 + (1 —v3)/E> ”
h_‘/;r,f (1/dy) + (1/d>) o
2F
Pmax = ﬁ {6_6G]
o A (1-v) /E+ (1 —v3) /B 6-61)

Tw l/ri+1/r



2F
Thw
2F
S¢ = (6-63)

Thw

(6-62)

Pmax =

il G ey 1=m] (6-64)
S —_— —— — 7T = — —
w\r; “1 E E |

K .
s = sin ¢ (6-65)

F (1 1
S¢c = Cp\/— (— + —) (6-66)
w \rj )

Ki=aiN?*  K,=aN®  Sc=aN®*

e

_ log(K,/K>) b— log(K¢1/Kg2) _ 1og(Sc1/Sc2) (6-67)
' Tog(Ni/N2) ~ log(Ni/N>) ~ log(N,/N>)
0.4Hp — 10 kpsi
Sc = , 6—68
(e { 2.76Hy — 70 MPa [6-68)
099(Sc) 107 = 0.327Hp + 26 kpsi (6—69)

. endurance limit
Endurance ratio = . ~ (0.5
tensile strength

Stress Amplitude, o, =0 | 1— (O——m]
O'1s



Amplitude ratio - A = Ou _ 1-R
o, I+R

m

da "
—=C(AK
N (AK)

Ve 2[(ac)(2—n)/2 _ (ai)(z—n)/z]

2-n)Cf"Ac"n""?

Strain-Life Relationship

Ae o , .
F i E’QN,)" + €/(2N;)

A\ r \ J

elastic plastic

Plastic

Strain Amplitude (log scale)

I 2N,
Reversals to Failure (log scale)

il 4"

T/ N/

Plagticity —+— Fracture

Crack —1—== =
( ) L\ )
\

(a) Cracked sample (b) Tough behavior (¢) Brittle behavior
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Cracks already in material (inclusions or voids).

Cracks caused by shrinkage in castings and welding.




Cracks caused by machining.

Cracks caused by cyclic loading (fatigue).

Cracks caused by corrosion.

Inclusion s Plasticety 2= o

-

S -

.:'..:.-.:-:....‘?

4.':

Miod
linkage

K, =070\

| Internal penny shaped crack |
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Strength o

Yield

O~ 7C

O-local = Yﬁ

Transition o
region i

Fraciure

Failure by yield Failure by

Stress Amplitude (log scole)

-
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fracture

-Crock Propagation
Period

% Crack Initiation

Period

Se = Fatigue Limit
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Opening or tensile mode (the crack faces are pulled

Mode 1: apart)

Sliding or in-plane shear (the crack surfaces slide over

Minde. 2 each other)

Tearing or anti-plane shear (the crack surfaces move
Mode 3: parallel to the leading edge of the crack and relative to
each other)

Behaviour described Terms used
Crystallographic mode Shear Cleavage
Appearance of Fracture Fibrous Granular

Strain to Fracture Ductile Brittle




| Stress intensity factor

for
e NN (a) Center-cracked
2 — plate loaded in
bt le L . tension,
kel 75 T
o it 3, . (b) Edge-cracked
L l + ] L plate loaded in
R A A 5 L tension,
¥y =gl S0
USSR (O) Double-edge-
(b cracked plate
loaded in tension
w ! “«  (d) Cracked beam in
N T At s

pure bending

I o TRicKREyS

fiiulril

M, t ligle /7o TaM s BT

fighe 112 + Q203 farbl- L16Tospi®  Kaf Mole/wa = i Ta
+ 1930 [a7/bid K =0 M-a f

Flgls 1,122+ 14012701 7356060 - 13080007 160000
{c) ]

d
W

¥y
S & S
2/
- = y
Oz = G
e, 70 oz = vieg o)
Plane Stress Plane Strain

(Thin Body) (Thick Body)



2

_1(K
I'}, B E G_Jr" Plane stress
2
it |
¥ T Gji' plane strain

g‘ \
Craock Tip. -
[}<] " ,-f".

—— -

r (distance from

k--..-i'
5 crach tip)
L

Monotonic plastic zone size




T4

b
1

Cytlic Plestic Zane Size

+d".,

[|
:-"'"ﬂr'-

r [ghstange l-qir
crack gl

I
\- Moaatanic Plaetic
oy Zone Gize

Reversed plastic zone size




ZE}’E 1/4

itk

Tt - LT =

v

y /
3 Sress conceritration

mw . ‘}m n{.-........

Hole Notch
T, - T -
LT =

fy = Tield stress
m N 1

Net section fully T

viastified at
failure




LU &

Fatigue

cr ack\ Applied cyclic stress

X

MER N

Crack Ie';zgzh
‘I\W- )
"

Nwumber of cycles

Crack length

Rl \

Stress

‘ I Csvmeoe B

EE—
%mv

23 290 4

§ 260 S A R S A s AR - A-"" SN Cum .........
R BT L ... A R
T R s N SRR R ;

go

s 200 v inad). Fociont aiea \ Rk LRSS BR R AT SO 1= b SR RPN R SRR - ..............................
2 BT

| N F S W i

% !70 wrance A

140

17 1 17 1 1
Cycles of stress for failure (N)



Stress field
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Frocess Zone

» crack formation

Steps in fracture: - .
» crack propagation

*  Ductile fracture - most metals (not too cold):

» Extensive plastic deformation ahead of crack

» Crack i1s “stable™: resists further extension unless
applied stress is increased

» Brittle fracture - ceramics, ice, cold metals:
» Relatively little plastic deformation

» Crack is “unstable™ propagates rapidly without
increase in applied stress



Brittl=: * Ductile materials - extensive plastic deformation and
energy absorption (“toughness™) before fracture

* Brittle materials - little plastic deformation and low
Brittle/Ductils energy absorption before fracture

& Brittle

il DuctiledBrittle .

Ductile

Stress

OpfF————————————
b ———

After crack A
commencement Strain

’ A. Very ductile, soft metals (e.g. Pb, Au) at room
temperature, other metals, polymers, glasses at high
temperature.
/\ m B. Moderately ductile fracture, typical for ductile metals

A B C

C. Brittle fracture, cold metals, ceramics.

Brittle Fracture (Limited Dislocation Mobility)

~ No appreciable plastic deformation |
» Crack propagation is very fast

» Crack propagates nearly perpendicular to the
direction of the applied stress

# Crack often propagates by cleavage - breaking
of  atomic bonds along specific
crystallographic planes (cleavage planes).




Brittle Fracture

A. Transgranular fracture: Fracture cracks pass through
grains. Fracture surface have faceted texture because
of different orientation of cleavage planes in grains.

B. Intergranular fracture: Fracture crack propagation is
along grain  boundaries (grain boundaries are
weakened or embrittled by impurities segregation etc.)

| |

Crack
Erows
oo o Pt 90° to
applied
stress

() fh) {4

Cup-and-cone

450 . fracture
maximum
il ~=Shear )
shear (a) Necking
stress z : .
(b) Formation of microvoids

(c) Coalescence of microvoids to form a crack
fd) fe) (d) Crack propagation by shear deformation

(e) Fracture

Design Concepts for Fracture

1. Applied stresses (service)
2. Mimmmum flaw size (material microstructure)
3. Matenal fracture toughness

4. Crack growth rate,



Fracture Mechanics Parameters

e J-Integral

Energy-Release Rate

Stress-Intensity Factor
T-Stress
Material Force

C*-Integral
— UMM Method (Unstructured Mesh)

Fracture Mechanics Table

Method  Material Behavior

J-Integral Linear isotropic elasticity
Isotropic plasticity

Energy-Release Rate Linear isotropic elasticity
(VCCT Method) Orthotropic elasticity
Anisotropic elasticity
Stress-Intensity Factor Linear isotropic elasticity
T-Stress Linear isotropic elasticity

Isotropic plasticity

Material Force Various (including plasticity,
viscoelasticity)

C*-Integral Creep
Crack-Growth Simulation

 VVCCT-Based Interface Element Method
* Cohesive Zone Method
« XFEM-Based Method



Fracture Mechanics Meshing & Element Support

Element Type |Ducri|';tibn Parameter Calculations Supported
PLANE182 2-D 4-Node Structural J-integral
Solid VCCT energy-release rate
PLANE183 2-D 8-Node or 6-Node SUNEEETRAE THIIOR
Structural Solid T-stress
Material force
C*integral
SOLID185 3-D 8-Node Structural J-integral (UMM optional)
Solid VCCT energy-release rate
SOLID186 3-D 20-Node Structural Stress-intensity factor (UMM optional)
colid T-stress
Material force
C*integral
SOLID187 3-D 10-Node Tetrahedral J-integral (UMM optional}
Structural Solid Stress-intensity factor (UMM optional)
T-stress
Material force
C*-integral
SOLID285 3-D 4-Node Tetrahedral J-integral (UMM optional)
Structural Solid with Stress-intensity factor (UMM optional)
Nodal Pressures

© o

® _

@

®
L

-y

h

LITITINTS

Strain .

Concrete fracture

Structural/material behavior:

Loads:

* Flastic material
* Elasto-plastic material
* (linear/non linear)

* Small deformation/displacement

* Thermal effects
* Body loads effects

* Contacts
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Mechanisms / Methods by which a can Material can F4IL

Elastic deformation |

,f [C reepi o Cttl'em;fal{ 1 Physical
: = atigue ectro-chemica =
Plastic -Fracture F \ X degradation
. \ degradat
deformation e
Microstructural

changes

Erosion

Corrosion

‘ Phase transformations

‘ Particle coarsening

Plastic Deformation in Crystalline Materials ‘

Slip Twinning Phase Transformation Creep Mechanisms
(Dislocation :
Kt Grain boundary sliding [+

+ Other Mechanisms
; Vacancy diffusion

-+ Grain rotation

Dislocation climb =




(ob’ "’.’;) 3’05 0=o
(instantaneous creep) «Jgl i 5 %
(p?’fm(ﬂ”_l‘ creep) q_“JB'l eyt o
(steady state creep) (secondary creep) s gl = %
LOAD I (tertiary creep) psw g5 sy %

Fracture
A Constant
Load

__--=""Constant
Stress

I

Secondary (steady state)
creep

111

Tertiary creep

time
Primary (transient)
creep

>
W

-
#

| Tertiary

-
= : Fracture
> . |  Secondary |
“? | Prumary

Initial c=Constant o

stramn | T=Constant

>

Time t



Stages of creep

| = Creep rate decreases with time
= Effect of work hardening more than recovery

= Stage of minimum creep rate — constant

= Work hardening and recovery balanced

= Absent (/delayed very much) in constant stress tests
= Necking of specimen start

Hi

= specimen failure processes set in

CREEP
TIME DEPENDENT

STRAIN

LCOMSTANT

YIELDING : Hal
TIME INDEPENDENT

""E-Iaslic £




Creep Mechanisms of crystalline materials

Dislocation related " 'T.:
4 Glide

Harper-Dorn creep

Coble creep
Creep Grain boundary diffusion controlled

Diffusional ——— | Nabarro-Herring creep
Lattice diffitsion controlled

Dislocation core diffusion creep

ik | Interface-reaction controlled diffusional flow |

§ Eniin sy sliding |

Harper-Dorn creep

Power Law creep

/ Phenomenology

Creep can be classified based on

\ Mechanism

- . i L &
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Dorn et. al s, %
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Dorn 5, %
—Q/RT
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— [ j ( J , Where D =D_exp(=Q/kT)

G) \d

D = diffusion coefficient
d = grain size

b = Burgers vector

k= Boltzmann’s constant

T = the absolute temperature (degrees Kelvin)
(G = the shear modulus
o= applied stress
# = stress exponent
p = Inverse grain size exponent
A = a dimensionless constant.
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