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Introduction

" Fracture Mechanics

Notches = stress raisers




Introduction

" Fracture Mechanics




Falhas por Fadiga

Boeing 737 (Aloha Airlines - 1988)




Falhas por Fadiga
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Mecanica da Fratura Elastica Linear

» Estudo analitico em soélidos na presenca de
defeitos que relaciona:
— Carregamento Global.
— Tamanho do Defeito.
— Estado de TensOes/Deformacoes nas

Vizinhancas do Defeito (trinca).

» Falhas (dano) estruturais governada pela
magnitude e distribuicao de tensoes e
deformacoes.




Modos de Deformacao
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Mais favoravel!




Modos de Deformacao

Tension
Loading Shear Loading




Analise de TensoOes para Trincas

» Fator de intensidade de tensoes (Modo |)
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TRINCA (CRACK) 8 Ty -

M’J

Single-Parameter Description of Crack Tip Condition is
the most Importante Concepts in Fracture Mechanics



Analise de TensoOes para Trincas

« Campo de tensoOes elasticas (Modo 1)
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Analise de TensoOes para Trincas

« Campo de deslocamentos (Modo |)
Mode |
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Analise de TensoOes para Trincas

« Campo de tensoOes elasticas (Modo 1)

o, = K cosg 1-sin Qsinﬁ
v J2ar 2| 2 2 OTO
o, = K cosg 1+sin Qsin% — _ K,
271 2 2 | Ow = ny
” 27y
T =——C0S—Sin—C0S— _
Xy oIt ) \Txy 0 )
o, =0 |
o, = U(O-xx +ny) Plano da Trinca = Plano Principal




Analise de TensoOes para Trincas

O dano e controlado pelas 0=0
TensoOes Principais
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Analise de TensoOes para Trincas

thin

O dano é controlado pelas s e K
Tensdes Principais P 2nr
I plane stress
Cb state
fracture
— “ plane strain
@ state
|

specimen

Fatigue surface




Slant Fracture vs. Flat Fracture

K,c IS @ measure of a
. given material to resist
= fracture in presence of a

crack

‘¢ 3.17 Critical Mode I stress intensity factor as a function of specimen thickness.




Slant Fracture vs. Flat Fracture




K para Componentes/CPs
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K para Componentes/CPs

 Placa Plana

K, =1.120+ ra




K para Componentes/CPs

 Placa Plana

K, =1.120+ ra




K para Componentes/CPs

Single Edge Notched Bend (SE(B})
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K para Componentes/CPs

I K, = FS,7a
N :

F
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Dominancia K

 Campo de tensoes 6=0 (Modo )

K \
Oy =0, ——
N27r Gy T
» Close to crack tip the

singularity dominates .

] \ eal solution a”
the stress field. %

s __- j;"l
h "":-: 2xr

 Far from crack tip the
the stress fields are
governed by the remote
boundary conditions.

2

Singularity Dom inated
Lone




Dominancia K

Regiao de Dominancia K: A regiao R onde o campos de
tensdes/deformacdes sdo descritos pela solucao elastica.

2Zona Plastica

TRINCA

PR ——
e
-

-
-~ -
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Regido de validade K

K define a amplitude
da singularidade

Gisz

K defines completely the crack tip conditions



Concentracao de Tensoes:
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Kp="A=1+ 2a

b
a>>b
2 a
Trincas:

p—:-O —_ KT—:-OO




Strain Energy

Mola Elastica
Mddulo da forga (F)

F=k¥p----- - -\ ——-——- 2

1 2
—F =W=—Kkx
F 2

Deslocamento (x)




Strain Energy Release Rate (G)

L

« Cracked body
« Material behavior: Linear-elastic
« Similar to linear spring:

— Potential energy U stored as result of
elastic strains throught its volume

— U = Pv/2 (triangular area under P-v curve)




Strain Energy Release Rate (G)

If crack growths da — Stiffness decrease —» U ;

Ll

Release of energy

el |

- Rate of change of

-F::E.} . .
1 g, potential energy with
- 4° increase in crack
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Energy Release Rate (G)

a+da

G- tdY

t da

Change in crack area = tda

Negative sign produces positive G value

G characterize the energy per unit crack
area required to extend the crack

G Is fundamental physical quantity
controlling the behavior of the crack




Strain Energy Release Rate (G)

R
- . 1dU
ul t da
—

allaal| ] - For brittle material all released energy

] IS used to create new surfasse on the
crack surface
w ,’La * For ductile material almost all released
p < energy is used to deform plastically

/ the material at the crack tip.




Taxa de Liberacao de Energia (G)

* Irwin (1956) =T

'Z':?“IL G : medida da energia disponivel para
PR um incremento no tamanho da trinca.
v
« Devem sem “vencidas” dois tipos de
//l a resisténcia para a trinca incrementar seu
. "N/ Qe+ comprimento
/ 1. Prover energia suficiente para criar novas
W, superficies;
ANV 2. Prover energia para deformar plasticamente

v ~ 0 material na ponta da trinca.



Taxa

de Liberacao de Energia (G)

« Energia superficial G:_}d_u
t da
a b
du //L
a+da
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/
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v = E. Superficial

Us=2XAXys=4ayB




Taxa de Liberacao de Energia (G)

Energia Superficial
+

Dissipacao Plastica

/
v / La+da
P >,/
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Energia Superficial +Dissipacao Plastica




Energia Superficial +Dissipacao Plastica

A" - Trabalho necessério a ser feito pelas forcas
y externas para Fraturar ( incremento Aa do
L tamanho da trinca) o corpo trincado:
a1 Faal | |
Wfratura =1 (7/5’7/p)
/La
du 7/ —) =
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Energia Superficial +Dissipacao Plastica

L
t
—_ L . . , . .
== « Energia Disponivel vs. Energia Requerida
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Design based on LEFM

K, =Sf\/;f[

a C
w J
Loading, S

/ O\

Crack Size, a <> Maternal, K.



Plastic Zone Size

Monotonic
‘ Plane Stress
\ 1 K 2
\ theoretical elastic stress
% ( 2o = — | —
\ yielded, redistributed stress T 'ljii'
Plane Strain
— Qrm e
’ 2
V4 == | (K
___—-E" %I ¥ Erﬂg —

3m \ o,

{JW‘“E plastic zone




Validity of LEFM

ttttttt
e K-field
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\ i‘;_:ulastic / far-field
. Zone /
~ =

I EREREEER]

~fields surrounds and control the
ehavior of plastic zone na crack
p area

Plastic zone can be tough as a
black box

K characterize the severity of
crack despite the presence of
limited plasticity




Validity of LEFM
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Validity of LEFM
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3. Curvas de da/dN - 4K (da/dN Curves)
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Avaliacao da Vida a Fadiga

Iniciacao :

S-N or e-N

LEFM

N

iniciagdo N, propagagdo




Fatigue Crack Growth

Crack Growth with Cyclic Loading
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Need for Crack Growth Analysis

Assume that a certain structural componente may contain cracks but none are
larger than a known minimum detectable length a,

_____ |..._ -g—x —_—.— — — — — —
'QC | : / Mailure, N it
I
5 @ | )
@ /7
1 |
| | e
E inspect |
© A
] | __-"*
e 3 a4 Ay ayf I A
d !/JNF. !,/ENF, !'/SNP !{,N
0 N, Cycles

S, Stress

N, Cycles

Periodic Inspections are needed

Damage Tolerant Design



Need for Crack Growth Analysis

/8
Yy |
Flaps .
inner, mid and outer flap /
g B
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/-' — e e
: / Asymmetry

Position
. . Pick-off
Wln% Tip Brake Unit
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Ajrbus A380: wing structure
Wing rib
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Rib foot

Up to 80 ribs per wing
About 2,000 rib “feet”
brackets per wing

Cracks found in rib
feef that connect
wing's ribs to its skin —

Source: Airbus

Remaining Life Calculation

SECC 2 Motor Control Electronics Wing l
Tip
Brake ]
A380 Wing Controls * Repair
* Ignore
* Replace
« Now or

e Latter



Fatigue Crack Growth

a Vvs. N curve

A Assume

Specified Fingi
Crack Size - « constant cyclic loading

o — et e— RS Em——— = — e e o — A m— —— —

@ . AS = Sax — S
.g Extended Service Life max min
v of Cracked Component

i 5 )

S R — min

g FirSt DE‘EC"Ob|€ Sj]m;.’_
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Taxas Experimentais de
Crescimento de Trinca por Fadiga
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Propagacao de Trinca

Direcao de
carregamento

Estagio | de Propagacdo

/ . Estagio Il de Propagacao
< 1.._| > \\

Estagio | | Estagio |l




Propagacao de Trinca

« Estagio |

Zona plastica

/do entalhe

Zona plastica na
ponta da trinca

Tamanho (a) ~ 2-4 graos (D)

*Fortemente Influenciada
pela microestrutura

Planos de
escorregamento

*Nivel de tensao

*Plasticidade na
ponta da trinca




Propagacao de Trincas

(Estagio Il)

as taxas de crescimento de trinca
por fadiga - em forma elegante e
simples - por meio do fator elastico
de intensidade de tensdes K:

K. =
i =Paris (1961) propus caracterizar
”*

Log(da/dN)

FstdgioI!  Estdgio IT

—> | < > |
I‘ >

Estdgio ITI

&
<

The trend in Engineering 13, 9-14, 1961 Log(AK)




Propagacao de Trincas

(Estagio Il

e Zona plastica >>
microestrutura do material
( pouca influéncia da

 Pouca Influencia da
resisténcia do material

25 177 | =] I
T T AT, T T T microestrutura)
s —]

£ 0 | —
7
E Titarium -
a Steel
@ Aluminum —
e
£
g 025 —
& —_
o —]
E- « 8533 alloy steel -
H & Ni-Mo-V alloy stes| —
E & HP 8-4-25 alloy steel _ =
E # 7079-TE aluminum alloy

0.05 — 854 56-H3I21 alumimum allay -

ATi=6 Al=4V titanium alloy
| “ | 1 |

10 30 BD 180 &00
AK | MPay/m)




Avaliacao Convencional

das Propriedades da/dN

v logda A 1 I III

dN

" ASTM E647
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Avaliacao Convencional

das Propriedades da/dN

ASTM E647

a, Crack Length
I\
|
| 2

L]
|
|
| o™
|
|
3N
T\X

5 & ™
a

U

N, Cycles

(d_ﬂ) W(E) _aj—ai o
dN fm AN j_Nj_Nj—l AKj=F AS/Taavg,
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Correlacao Laboratério vs. Estrutura

Similitude



da/dnN (mm/ciclo)
m m
rs [

—_
m
!
(4]

1E-6

1C-7

10
\K (MPam™)

PR/T = 125 MPa

If the stress intesity fator K for a crack in the
actual structure and in the test specimen are the
same, then the fatigue crack growth response
response in each case will be the same and
describe by the material da/dN-AK curve.




Taxas Experimentais de

Cresmmento de Trlnca por Fadiga

0.1 = T L) L I
s | Metal Base
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0ot 0O MB_P =720 kgf 3
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Taxas Experimentais de

Cresmmento de Trlnca por Fadiga
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Taxas Experimentais de

Crescimento de Trinca por Fadiga
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T T < ot as L A
C ra.Ck G rOWth Da.ta. :Eda/dN*- 36 X 107 (AK;° [ E
4 __fz;( ld?:d.l:;u:ﬂlg:/cycle g& —_

- —

Barsom has evaluated Paris
equation (for region II) for a
wide variety of steels varying
in yield strength from 250 to
2070 MPa (36 to 300 ksi).

|

T

R R
1

|

Crack growth rate, da/dN, in./cycle
4

|

I

— He shows that the scatter band
for a given AK, with many 108
ferritic-pearlitic steels, varies ¢
by a factor of about 2 (shown

8BS 20

- N

]
ALl til ST Y W
6 8 10 20 40 60 8010C

Stress intensity factor range,
AK;, ksi V/in.




Crack Growth Data

, Jieta 2 Ferritic-Pearlitic Steel:

10 F o 273 {’ da
o f oG “9 _6.9x10"2(AKMPaym
§ o e lbkupam”
; E Martensitic Steel:
Df:ﬁ ] ]
-l # :: —1.4x10"° (AKMPav/m )
5 | ¢
S g;? Austenitic Stainless Steel:
O 8

. 2 56,10 (sAkMPaym )

- — dN
5 10 100
AK, MPaVm

Barsom, “Fatigue Crack Propagation in Steels of Various Yield Strengths”
Journal of Engineering for Industry, Trans. ASME, Series B, Vol. 93, No. 4, 1971, 1190-1196



Crack Growth Data

E 10'2
4 Steel welds are 3 times
& 2 i
€ 10% B 202473 micycle stronger than aluminum
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Geometry Independence

da/dN, pm/cycle

10°° F

10"

AK, MPaYym




da‘dN, Crack Growth Rate, mm/cycle

10

10

10

10

Stress Ratio Effects
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Mean Stress Effects




Stress intensity factor range, AK, ksi/in.
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Stress intensity flactor range, AK, MPay'm

10

1078

10-%

107

Stress Ratio

The effect of R on fatigue crack growth 1s
very material dependent.

: The Walker Equation
_ AK

: K =

: (1—-R)I-7
;

-
=

y 1s a constant for the material and AK is an

| equivalent zero-to-tension (R = 0)

da AK "
— =y
(1—-R)!=7




Stress Ratio Effects

AK, ksivin
The Walker Equation 2 20 o _ w0
E R-ratio |
. o-1.0 O __
_ AK | 005 J77° 4
K — A 0O W —:10
| —¥ A 01 N
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& 103 007 J |
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B Gy = 1296 MPa -
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5 10 20 50 100 200 500

AK = AK/(1 - R/, MPa/m



Reversed Plastic Zone Size (Cyclic)

Plastic Zone Size

A key point to recognize 1s that
the sign of the inelastic stress
distribution associated with the
cyclic plastic zone size 1s
opposite to the sign of the

applied stress during loading.

Thus, if a region yields in
tension during loading, as

shown in Fig. 6.18(b), after
unloading a portion of that
region 1s 11 compression, as
shown in Fig. 6.18(c).

\ Monotonic plastic

zone, 2r, S zone, 2ry, from (b)

(c) 4

Figure 6.18 Schematic of the plasticzone at the tip of an advancing crack. (#) Loading
cycle. (h) Monotonic plastic zone. (c) Cyclic plastic zone.




Others Factors Effects

Frequency, wave shape, and thickness effects on
constant amplitude fatigue crack growth rates are
secondary compared to environmental effects such
as corrosion and temperature.
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6. Estimativas da Vida a Fadiga (Life Estimates)
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Life Estimation

cdN/da

Il1 | . | . | . | ! I |

-
(
S

. a
) f

=

(

Integration of FCGR

© da
CAK"™

N, =
()

Take into account:
 R-ratio effects

Prediction is very sensitive to the initial crack length



Elber 1970
3 Flexibilidade
sem defeito

P ('[7

Crack Closure

125W

Flexibilidade
com defeito

Igual Flexibilidade (C)

AV (e Plaln)




Fatigue Crack Growth Behavior

Fechamento de Trinca

-

1.E+00 [ _
- CURVA: CMOD-CARGA 3D-FE - Ciclo 50

CMOD =3,7765E-05 P + 4.7042E-03

'g L Variagdo da flexibilidade!!
3
3 1E1
CMOD =3 7321E-05 P + 4. 7344E-03
-1E_D2 1 1 1 1 1 1 1 1
0 500 1000 1500 2000 2500 3000 3500 40004




Fatigue Crack Growth Behavior

Fechamento de Trinca

waoke of Residual Deformation




Fatigue Crack Growth Behavior

Wake of Plastically Clgstic
Detormed Material _ Zane
z Craoca roce3
A. Crack tully B. Craocx Faces  C. Foces in Full
Open in Contact Contact

” A

(Va)

g

-~ B

b

C
e
Time

Fechamento de Trinca




Fatigue Crack Growth Behavior

Fechamento de Trinca
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Fechamento de Trinca por Plasticidade




Crack Closure induced by Plasticity
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Fechamento de Trinca por Plasticidade
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Crack Closure
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Modelagem Computacional do
Crescimento de Trinca por Fadiga
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Fatigue Crack Growth Behavior

Fechamento de Trinca
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Fechamento de Trinca

Valores numeéricos da Carga de Abertura de Trinca
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Fechamento de Trinca

Comparacao da Carga de Abertura de Trinca
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Analise Numerica de Fadiga
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Analise Numerica de Fadiga
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PrevisOes da Vida a Fadiga
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/. Limitacoes da MFEL (Limitations of LEFM)
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Plastic Zone Size

Reversed Plastic Zone Size (Cyclic)
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Monotonic and Cyclic Plastic Zone

Ponto 1 Still outside plastic zone

Ponto 3 yielding begins with the point is inside
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onotonic and Cyclic Plastic Zone
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Plastic Zone Size

Reversed Plastic Zone Size (Cyclic)

Because the cyclic plastic zone 1s usually much smaller than the monotonic
plastic zone size, LEFM can often be applied to fatigue crack growth
situations with good success even for materials that exhibit large plasticity




Short Crack Growth
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Short Crack Growth
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Tensoes Residuals




Tensoes Residuals
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Tensoes Residuals
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Figura 40: Distribuicdo das tensdes residuais ¢,, na face da raiz do espécime soldado




Tensoes Residuals
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Figura 41: Distnibuic o das tensdes residuais @, na face da raiz do especime soldado.




Tensoes Residuals
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Figura 42: Distribuicao da tensdo residual ¢, no corpo de prova soldado apds os do tratamento
térmico




Tensoes Residuals
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Figura 43: Distribuicdo da tensao residual ¢,, no corpo soldado depdis do tratamento térmico
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