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K,c = 20— 40MPavm
Gic = 2-8x10° J/m?

K,c = 50-100MPaVm
Gic =100x10° J/m?

GB = 2-6MPa/m

G2 = 20-200J/m?
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DUCTILE TO BRITTLE TRANSITION - DEFINITION
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WARM-PRESTRESS EFFECT

See also D.J. Smith, CSI 2003, pp. 289-
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| - EXPERIMENTS Il - MODELS

 Mechanical Tests « Constitutive Equations

* Microstructural Observations « Damage Modelling

 Micromechanisms

lIl - IDENTIFICATION IV - SIMULATION

 Tuning of Models Parameters o Laboratory Tests

|

V - SIMULATION

e Industrial Components

« Complex Loading Conditions
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OBSERVATIONS

57 <331>
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CONSTITUTI VE EQUATIONS DAMAGE MODELLING

« CLEAVAGE FRACTURE

WEIBULL STRESS
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CLEAVAGE FRACTURE DUCTILE RUPTURE

Probabilistic Model Coupled Models
Weibull Stress e Gurson-Tvergaard-Needleman
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BRITTLE CLEAVAGE FRACTURE — THEORY
lI.1. Main characteristics of Brittle Cleavage Rrae
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BRITTLE FRACTURE
MAIN CHARACTERISTICS

SCATTER
SIZE EFFECT

GEOMETRICAL DEPENDENCE

LOADING RATE EFFECT

EFFECT OF METALLURGICAL
VARIABLES & INHOMOGENEITIES
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C. Naudin, A. Pineau and J.M. Frund (2001), 10th €Con environmental degradation
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l. Iwadate et al., Nucl. Eng. Design (1985), Vol, Bp. 89-99

A508 Cl1.3 Steel
Size Effect
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CONSTRAINT EFFECT
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CONSTRAINT EFFECT

Jic(KJ/m?)
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A 508 Steel Henry et al., 1985

Theoretical curves for failure
Probabilities of 10% and 90% (Beremin model)
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A. Lambert-Perlade et al., Metall. And Mater.

METALLURGICAL
INHOMOGENEITIES &
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A. Lambert-Perlade et al., Metall and Mater. Trans(2004), Vol. 35A, pp. 1039-105
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A. Lambert-Perlade et al., Metall. and Mater. TraAs.(2004), Vol. 35 A, pp. 1039-1053

MARTENSITE - AUSTENITE
CONSTITUENTS
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o ductile stable crack propagation over > 0.2/mm

A. Lambert-Perlade et al., Metall. Mater. Trans. A,
(2004), Vol. 35A, pp. 1039-1053

K, (MPa.ni’?)

K, (MPa.ni??)

300 300
. _ H
250 |- o 250 |
| base metal * CG HAZ 1
200 o o 200
@150 u TO:_l‘?’O‘Co : 150 | T0:'45 C O
L 2 * : *
100 | o 100 |
. § : .
50 z JERIRER 50 f
0 ' . 0 L ! !
-200 -150 -100 50 T (°C) 200 -150 -100  -50 0 50T (°C)
K. (MPa.nt?) K. (MPa.nt?)
300 300
201 ic CG HAZ 1 2501 | CG HAZ 2
200 a 200 ¢ .
& iso| T REC L 8w 150 lo=-6°C .
* 9N .
100 | e " 100 | > *
* PR ® o
50 | s ° | 50 s ¢
0 | | | | O 1 1 1 1
-200 -150 -100  -50 50T (°C) -200 -150 -100  -50 0 50 T (°C)
26
) Summer School on Fracture, CARGESE, 07-19 June 2010 A. Pineau

MINES
Tech



BRITTLE FRACTURE & BRITTLE to DUCTILE FRACTURE TRANSIT ION
MICROMECHANISMS

André PINEAU
Centre des Matériaux - Ecole des Mines de ParissRarh
UMR CNRS 7633
andre.pineau@ensmp.fr

BRITTLE CLEAVAGE FRACTURE — THEORY

11.2. Weibull — Beremin Theory
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WEAKEST LINK THEORY. WEIBULL-BEREMIN MODEL

. Vo p(lo)dlo - p(0)=fff p(lo)dlo
Griffith — |, =—

(0)
dv

ViR =1_eXp[_IPz p( )V}

Power Law Exponential Law
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V, See also Kroon & Faleskog in Inter. Journal of Fract

Vol. 118, (2002), pp.99-118 & Eng. Fract. Mechanic
Vol. 71, (2004), pp. 57-79.
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BEREMIN MODEL (83) (S.S.Y.)

HRR Field

HRR Oyy = Opf [(

B : Specimen Thickness
C,, (n) : constant
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FRACTURE TOUGHNESS, Kic
(MPam'?)
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LARGE SCALE YIELDING
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BEREMIN MODEL & MASTER CURVE

BEREMIN MODEL MASTER CURVE

4 m-4 . \4
B _
Vucu Bo KO—K,mln

BOTH MODELS PREDICT THE SAME _ min =20 MPay/m

TEMPERATUR E DEPENDENCE ~K.= P, = 063
) .
- K ,c(medium) = 30+ 70ex0.019T - T, )]
— I Kic, Kye >>K min (K in MPavm; T in °C)

—whenK (medium)/(G (T))l_m/4 = Cst fo - KJC(median)=100|\/|Pa\/E
e © a for B=25mm

A. Lambert-Perlade, PhD Thesis, 2001
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COMPARISON OF BEREMIN (——) & MASTER CURVE (--+--) (Py = 0.10 - 0.90)
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BEREMIN MODEL - LIMITATIONS

(1) ¢ THRESHOLD WEIBULL STRESS ?

(2) @ STRAIN and/or TEMPERATURE DEPENDENCE OF
MODEL PARAMETERS (m and ou)?

(3) @ EXISTENCE OF DIFFERENT MICROSTRUCTURAL
BARRIERS FOR A PROPAGATING CRACK —=

MULTIPLE BARRIER MODELS

34
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BRITTLE CLEAVAGE FRACTURE — THEORY

11.3. Multiple barrier models
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MULTIPLE BARRIER MODELS

A. Lambert-Perlade & A.-F. Gourgues
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A DOUBLE BARRIER MODEL
FOR CLEAVAGE FRACTURE

A. Martin-Meizoso et al., Acta Metall. Mater. (1994), Vol. 42, pp. 2057-2068.
* STEP 1: Fracture Probability of a M-A constituent / Critical Stress Criterion.

* STEP 2 : Probability of propagating a crack at the MA/Matrix Interface.

* STEP 3 : Probability of crossing a packet boundary.

PRzl—ex;{—IPZ[Ns X Fg(C*< C( D*j+NS,X FC(C> CH }dV

F,& F . Determined by Metallography

c/g 2

/
* nEVC ° KIa

C = = B
(1—v2j 012 91

/ /
et K 9/

D = = B la
2\ 2 o
(1—\) jol 1
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Table 3. Parameters of Multiple Barriers Models.

Parameter Present Literature Data
Study Value | Value | Microstructural Reference
Unit
o [}..-Ipa) 2112 - - Lambert-Perlade ef al.. (2004)
2.5 to 5.0 | Carbides Martin-Meizoso ef al.(1994)
KD 4 (_MPa m"' ] 7.8 2.5 Globular carbides | Hahn (1984)
1.8 TiN particles Rodrigues-Ibabe (1998)
CGHAZ-25 5.0 to 7.0 | Bainite packets Martin-Meizoso ef al.(1994)
ki (_MPa m''* ,'l 28 7.0 Bainite packets | Martin-Meizoso ef al.(1994)
7.5 Ferrite grains Hahn (1984)
ICCGHAZ-25 |4.8 Bainite packets | Rodrigues-Ibabe (1998)
18 15.2 Bainite packets | Rodrigues-Ibabe (1998)
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d Qiao, Argon, Mat. Letters, vol.54, 2008,
Sccondary pp.3156-3160
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Fig. 1. SEM fractography of a high-angle grain boundary in a Fe-3%8 cleavage plane o . E
hicrystal i granin “B

]i]éa}.‘-rluqu:gh ?

point
¥

See also Qiao , Argon, Mech. Materials, A’}%’#:;QHE
vol.35, 2003, pp.129-154 and pp.313-331

Primary cleavage plene
) ) in graim CAY
Crack front trapped a2
the gram boundary

Fig. 2. A schematic diagram of the cleavape cracking across a high-angle
grain boundary around a breakthrough point.
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WD = 12 mm
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Loaid N
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Qiao,
Argon,
Mat.
Letters,
vol.54,
2008,
pp.3156-
3160

Twist
misorientation @ (*)

Tilt misorientation ()

Fig. 6. The relationship between the grain boundary toughness and the crystal misorientation.

42
Summer School on Fracture, CARGESE, 07-19 June 2010 A. Pineau




BRITTLE FRACTURE & BRITTLE to DUCTILE FRACTURE TRANSIT ION
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BRITTLE CLEAVAGE FRACTURE — THEORY

1I.4. Effect of Deformation — Second Order approxima
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A SIMPLIFIED THEORY

BEREMIN MODEL (1983)
+

S. BORDET (2005)

Second Order Approximation

e The cleavage stress depends on plastic strain

e This dependence remains deterministic
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24

J.-J.Gilman, (1958)

ZINC SINGLE
CRYSTALS
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Figure =
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S. Kotrechko, Theoretical & Applied Fracture Mechani3,(2003), 271-277

Material V g; Crltlc:{i strain

—
s

-fron 625 0.016
-Steel (0.7%C,annealed) 700 0.012
-Steel (0.3%C,annealed) 640 0.04

-Steel (0.45%C,annealed) 900 0.045
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EFFECT OF PLASTIC STRAIN

e Strong Effect in Zn single crystals

e CLEAVAGE INITIATED FROM PARTICLES
— 5 Nucleation TiN in IN718 (F. Alexandre, 2005)

o + )\(creq - 0g

Na
Paucl =1—exp- )] (Beremin, 198])

OuN

— > Bordet et al. (2005) (EFM, Part |, 435-452; ParttB3-474)

cleav I prop nucI

O, €
6Pnuc| (1 I:)nucl) d£ :> I:)ucl —1—exp— —0 =
Ovo €eqo

B =1- exd JPZ OPpropéNnucl dV]:l—ex{—(OWj :|

Oy

deg, [dV
(Gm —0 )(1 I:)nuc ( )) eq}
1 th | Seqo Vu
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A SOPHISTICATED THEORY TO BE DEVELOPED'!

Third Order Approximation

- The local stresses are no longer uniform

- Random distribution due to elastic anisotropy
(S. Kotrechko + S. Pommier)

- Crystalline plasticityEcole des Mines)

"Self organisation” of the local stresses :
Arching type effec(S. Pommier)

49
Summer School on Fracture, CARGESE, 07-19 June 2010 A. Pineau




INHOMOGENEITY IN LOCAL STRESS DISTRIBUTION (EL ASTICITY )

* S. KOTRECHKO (Theoretical and Applied Fracture Meabsyd7, (2007), 171-181)

Doy, =D, Z12 +D, (Zz + Z3)2 +2 :|J| (lez + les)ﬂin 2, 23:
Do,, =D, Zg +D, (21 + Z3)2 + 2y, (Zz 2,+2, Zs)"'liu 2,2,
Dog; =D, Zg +D, (Zl + Z2)2 +21u, (Zs 2, +2, Zz)"'UnZlZz.

Do; : Varianceof thelocalstresses
D,, D, .M, Y, : coefficiertsfunctionsof theelasticanisotropy
Ex :Fe (Randondistributionof graing
D, =17x107%;, p, = 072x10°%; D, =y, = 066x10°
Uniaxial Tensionfor 3St dev. |0,,[ 0605, - 140%,]
0,, ando [- 024%, — 0245, ]

® Seealso S. POMMIER (Fatigue & Fracture of Engineering Masds & Structures25, (2002), 331-348.
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S. Pommier, FFEMS, (20025, 331

Analogy with Granular Materials
[Dantu, Radjai, Roux, Evesque ...]

Distribution of maximum Characteristic length > grain
principal stress (FEM) = arch dimension

51
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LOCAL STRESS HETEROGENEITY : 3D S. Pommier

Tensile loading

Max. principal
stress
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S. Pommier (FFEMS5, (2002, 331-348)

Distribution calculated
from the results of 70
calculations

Zirconium Titanium

Aluminun

Minimum value (MPa)
Maximum value (MPa)
Mean value (MPa)

Standard Deviation (MPa

3 times the standard

deviation in percentage o

the mean value

24
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A. Pineau
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F. Barbe, S. Forest, G. Cailletaud, Int. J. Plagyicl7, (2001), 537-56

FE_macro -—
BZ_macro
vol<3
vol<30 «
voI>30

w
w
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0.01 . 0015
axial strain
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G. Callletaud

900 T : .
BAINITIC STEEL . 110 and 112 famies N. Osipov

A.F. Gourgues

min: 428.60 max: 1966.00

2.5e+02 4.5e+02 6.6e+02 8.6e+02 1.1e+03 1.3e+03 1.5e+03
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STATISTICAL ASPECTS OF CLEAVAGE FRACTURE - CONCLUSIONS

Various sources of scatter for cleavage fracture
This scatter has strong practical implications. Thrieskiness ? Size effect
Modelling. Three approximations :

- Engineering purposes. 1st Order Approximation wihae largely used

However attempts made to consider that in the mast®e approach,
T, is statistically distributed

- Most urgent problem : Strain and Temperature depecel of

Many metallurgical means to develop microstructurth vimproved fracture
toughness

» A 508 steel / 2/4- 1 Mo steel
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BRITTLE FRACTURE & BRITTLE to DUCTILE FRACTURE TRANSIT ION
MICROMECHANISMS

André PINEAU

Centre des Matériaux - Ecole des Mines de Paris. ParisT¢
UMR CNRS 7633

andre.pineau@ensmp.fr

Ill. DUCTILE FRACTURE — THEORY (Introduction)
[11.1. Cavity initiation, growth & coalescence. GTiNodel
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DUCTILE FRACTURE MICROMECHANISMS

DUPLEX STAINLESS STEEL L. Devillers-Guerville, 1998

Cavity nucleation
& growth from
embrittled ferrite
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DUCTILE FRACTURE MICROMECHANISMS

CAVITY COALESCENCE

" AR i
=L FChim
HZ D R1OTL

Steel C-Mn Aluminium 6156
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GTN Model (Growth)

» Isotropic hardening o, (p) + Elasticity

e Comparison with calculations on elementary cells (gavimatrix)
See Koplik & Needleman, 1988

2

: 0)
* "New" Yield Surface|p=—51+2qf cosh[qzz Gkk} —1-qg7 f°

O, Oy,

Most often g, =3/2, g, =1

But new calculationgraleskog et al., 19988howed that}, andg, depend
on g /E and work hardening exponent, n
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GTN Model (Cavity Nucleation)

fr=@0-f)tre, +Ap

Growth Nucleation

 Phenomelogical Approach
- Fitting of A, on macroscopic tests
- See e.g. (Chu & Needleman, 1980)

— 1:n _(p_en)2
" Joms, exp( 2s j

A

e Experimental Approach
- See e.g. Duplex Stainless Steels (Devillers-Guewtlid., 1997)
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GTN Model (Coalescence

Definition of an effective cavity volume fraction, f

QZ%)_ _
2 g,

if f<f,
f +o(f —f.) if f>f,

Not necessary to introduce) accelerating factor, whersttall cavity distribution
IS taken into accour{Devillers-Guerville et al., 1997; Decamp et al.. 91
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GTN MODEL - EXTENSIONS

« Plastic Anisotropy (Bron - Besson, 2004)
« Cavity Shape (Gologanu - Leblond, 1993, 1997)

COALESCENCE THOMASON MODEL

« Thomason, (1985, 1990)
 Pardoen and Hutchinson (2000)
 Benzerga (2000)
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BRITTLE FRACTURE & BRITTLE to DUCTILE FRACTURE TRANSIT ION
MICROMECHANISMS

André PINEAU

Centre des Matériaux - Ecole des Mines de Paris. ParisT¢
UMR CNRS 7633

andre.pineau@ensmp.fr

Ill. DUCTILE FRACTURE — THEORY (Introduction)

111.2. Computational strategies to simulate duatilack growth
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COMPUTATIONAL STRATEGIES TO SIMULATE DUCTILE CRACK  GROWTH

» Use of the void Nucleation, Growth and Coalescencs law
* Integrate them using solutions of elastoplastic crack probl

* Neglect coupling effects between mechanical fields aathBge
See e.g. d'Escatha and Devaux, 1979

Steady state regime

\

loss ol constramt active plasue

LONC

/
\

crack wake

0.2 mm
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COMPUTATIONAL STRATEGIES TO SIMULATE DUCTILE CRACK  GROWTH

» Explicit modeling of the cavities using refined finiteement mesh

* Requires a criterion for void coalescence

o Limitation to small crack extension and simple void metry
See e.g. Aravas, McMeeking, 1985. Tvergaard, Husomn2002
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COMPUTATIONAL STRATEGIES TO SIMULATE DUCTILE CRACK  GROWTH

IV NI=EY el ° Pursued mainly by groups in France, Germany, U.K. andJ.S.

« Constitutive model (Gurson or Rousselier) with damagenduced softening
» Averaging over a critical distance

* Introduction of an internal length (e.g. Mudry et al., 1989. Rivalin et al., 2001)

Actiee Layer
iDuctie Tear ginf

fe  Cell Element with Void

Layer of wvoid- containing cell ebzmenis
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COMPUTATIONAL STRATEGIES TO SIMULATE DUCTILE CRACK GROWTH
STRATEGY 4 e Introduction of the Cohesive Zone Model

 CZM parameters depend on constraint effects

e Crack path must be prescribed in advance
See e.g. Tvergaard and Hutchinson, 1992. Brocks ,e2@03

trilinear polynomial exnonental
function 1 function function
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SIMULATION OF DUCTILE CRACK GROWTH RESISTANCE CURVES

SUMMARY

Considerable success of the so-called "local apprg&ehéau, CSI, 2003)
or "top-down" approach to ductile fractuieutchinson and Evans, 2000)

Assessment of the fracture integrity of structurahponents under
large scale yielding conditions

Main interest microstructural paramete(goid volume fraction, void spacing,
etc...) must be set such that the model reproducesisgus orspecific specimens

3D aspects of crack initiation and growth have b&emlated
Comparison with experiments scafao et al., 1998; Rivalin et al., 2001)

Very much remains to be donéat/slant fracture in these sheets
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BRITTLE FRACTURE & BRITTLE to DUCTILE FRACTURE TRANSIT ION
MICROMECHANISMS

André PINEAU

Centre des Matériaux - Ecole des Mines de Paris. ParisT¢
UMR CNRS 7633

andre.pineau@ensmp.fr

V. DUCTILE TO BRITTLE TRANSITION IN STEELS
IV-1. Qualitative explanations for the existencebdd T

73
Summer School on Fracture, CARGESE, 07-19 June 2010 A. Pineau




WHY DOES A TRANSITION EXIST ?

Volume of sampled material increases with crack growth

I:> Sketch

Maximum stress increases with crack growth

Local stresses amplified by cavity growth

(Petti & Dodds, 1JSS (2005), p. 3655)
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PROPAGATING CRACK
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WHY DOES A TRANSITION EXIST ?

1 - PROBABILISTIC ASPECT

Volume of sampled material increases with crack growth

> Sketch

Maximum stress increases with crack growth

3 - MICRO-MECHANICAL ASPECT
Local stresses amplified by cavity growth

(Petti & Dodds, 1JSS (2005), p. 3655)
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MAXIMUM STRESS AHEAD OF A PROPAGATING CRACK

1500

(MPa)

120

11

GO0

(]

CHARPY V SPECIMEN

I SR [ I
Mid section
| X -
" H&q ="(). 23mm
b An= 0.93mm
' Aa ='1.88mm ----—
| 1 b 1

1 2 3 1 3 ¥
distance fond entaille (mm)
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Mid sectior
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.4 v Aa = 1.88mm ---- =
HI""'—I—-;I"'--I |
() 1 2 3 4 3

distance fond entaille (mm|
B. Tanguy, 2001
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WHY DOES A TRANSITION EXIST ?

Local stresses amplified by cavity growth

(Petti & Dodds, 1JSS (2005), p. 3655)
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Steel 16 MND5

| Ione de défoarmation

(30 % en mayenne)
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SAMPLING EFFECT DUE TO CRACK GROWTH

« WALLIN (1989)
- Assumes that the "effective" volume continues to gw as(KIZ)Z

4 2 Aa
In—— = ( (A‘Z‘)) + 240“ I (f (Aa))* da
1=E2 Ky Ko B Jo

K, =f(Aa); K, =normalizirg valuefor K easilycalculatecduinderSSY

o; = cleavagetressB = specimerthickness

e BRUCKNER & MUNZ (1984)
- Assumes that the size of the active volume is constaduring crack extension

_ 4 a 4

it =K}, 1 ﬁf(Aa)) da
1-B;, (K, KW, Jo

K, =valueof K at crackinitiation; W, : congantdescribingthesizeof theactivevolume

= Simplified expressionof the DCG correctionproposeday Wallin (1993

1-P, Ko KZ B

1/4 2
(Ln( 1 D :K‘(1+ ZeEy j wheref = x/(K, /o, )° cleavagerocessonesize
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ELIMINATION OF ELIGIBLE NUCLEATION SITES

GW |: [ (1 I:)\I/0|d

P = Probabilityto nucleatea microvoidfrom a particle

void —

In thevolumeV, of theith element
See e.g. Koers et al. (1995)

« Very few results in the literature

e This effect is usually neglected
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A 508 Steel Notched Specimen T =-150°C

CLEAVAGE INITIATED FROM MnS INCLUSIONS

Tan

guy, 2007
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BRITTLE FRACTURE & BRITTLE to DUCTILE FRACTURE TRANSIT ION
MICROMECHANISMS

André PINEAU

Centre des Matériaux - Ecole des Mines de Paris. ParisT¢
UMR CNRS 7633

andre.pineau@ensmp.fr

V.  DUCTILE TO BRITTLE TRANSITION IN STEELS

I\VV-2. Fracture toughness transition
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A SIMPLIFIED APPROACH TO DB TRANSITION

- Based on the assumption that the stress-strain fieldtisnodified
by crack extension except the loading parameter, J

See e.g. Amar, Pineau, 1987; Koers et al., 1995

- Strong limitations to this approach

— Does not account for modifications in the stress field pfopagating cracl

— Does not rely on a possible change in micromechanisms
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Amar & Pineau, 1987
See also Koers et al., 1995. Fe 510

A 508
oy = 3000 MPa

T=-50°C
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MORE ADVANCED MODELS FOR DB TRANSITION

() < Stress Profiles ahead of a growing crack

— Strongly dependent on geometry (bend vs tension)

(i) <« Introduction of damage ahead of the crapkioduces a macroscopic reduction
of the "local" stresses (GTN model). At metallurgieeales ductile damage
amplify local stresg(See Petti & Dodds, 2005)

(iv) « Elimination of eligible particles (or nucleati sites)

(v) e Effect of plastic strain on cleavage stress
(See above, Beremin, 1983, Bordet et al., 2005)
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HSLA Steel Toyoda et al., 1991; Ruggieri & Dodds, 1996

A Experimental Data
— f, =0.00025

HSLA Steel

N
£
= 1000
=
=]
-

3PB Specimens
a/W =0.10
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HSLA Steel Ruggieri & Dodds, 1996

A4 a/W=01
90% Conf. Limits
Predicted

-.'.,,. //"l
1"*-.‘. / _.."-
/ ”r_;-—

-
-

=
o
o
-
=
—
c
_
Rl
=
i

m=15.6; 6=10

Ln Je { KJim?

tote]
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GTN Model f=0.0045, {=0.20, D=0.30 mm, m= 11.8@;, = 2490 MPa

Gao et al., 199

CT (a/W = 0.6) 214Cr—1Mo

Plane strain model
D =300pm, fo = 0.0045

No cleavage
Experiments (Wallin,1993)

Model prediction {m = 11.86 ;
oy = 2490 MPa ; oy, = 0)
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BRITTLE FRACTURE & BRITTLE to DUCTILE FRACTURE TRANSIT ION
MICROMECHANISMS

André PINEAU

Centre des Matériaux - Ecole des Mines de Paris. ParisT¢
UMR CNRS 7633

andre.pineau@ensmp.fr

V.  DUCTILE TO BRITTLE TRANSITION IN STEELS

IVV-3. Impact Charpy test
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APPLICATION OF THE LOCAL APPROACH TO
DUCTILE-BRITTLE TRANSITION IN FERRITIC STEELS

MODELING OF CHARPY IMPACT TEST

MATERIAL : PWR A 508 Steel

NUMERICAL MODELING
-3D
- Viscoplastic Constitutive Laws

- GTN & ROUSSELIER Models for Ductile Fracture
- BEREMIN Model for Cleavage Fracture

« COMPARISON EXPERIMENTS & NUMERICAL SIMULATIONS
- Interrupted tests to measure ductile crack growth

See : B. Tanguy et al., Eng. Fracture Mechanic®%20Vol. 72. Part|: pp. 49-72. Part Il : pp. 4434.
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Fracture at —60°C under dynamic
conditions :

a) Experimental fracture surface,

b) Simulation of ductile crack
propagation
(contour plots indicate O )

A 508 Steel

- No Inertial Effect
 Strain Rate Effect (Viscoplasticity)

* Ductile Damage
(Rousselier & Gurson)

 Adiabatic Heating

= [ . o ﬁ'= 5 ﬂu S
d = 2.3 mm, Aa = 1.0 mm, B, = 0.75 ¢ = 10. mm
Ag=36mm, B, =110

ar (MPa)
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A 508 STEEL
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MODELING CHARPY-V TEST - CONCLUSIONS

1- Accurate Description of Load-Displacement Curves

and Ductile Crack Growth Provided that 3D Modeling is Used

2 - Good Description of Tunnelling Effect for Ductile Crack Growth

3 - Necessity of Using a Viscoplastic Constitutive Equation and to account
for Adiabatic Heating

4 - Temperature Increase as Large as 150°C

5 - Easy Prediction of Index Temperatures TK,, and TK

6 - Above =~ 100 Joules,0,, appears to be an Increasing Function of Temperature

<CHARPY TESTS —— TUNING DAMAGE MODEL PARAME TERS
— FRACTURE TOUGHNESS PREDICTION
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CONCLUSIONS and ADDITIONAL COMMENTS

* lllustration of the benefit of the micromechanicalaebng of fracture
* More complex but rewarding : size effect; non-isotha&rloading; mixed mode etc.

 Many research areas to be explored :

(1) Cleavage Stress ar, =f (S,T) ? See Kotrechko et al.

(2) Ductile Fracture Models (too) sophisticated ?

(3) New experimental techniques (X-ray 3D TomogsapiNucleation of cavities
(4) Existing models based on CSM. How far ? Crystg#iphic aspects

(5) Development of simulation tools : more complexatons (Welds etc...)

(6) Extension of ductile cracks over long distanegsains a real challenge
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BRITTLE FRACTURE & BRITTLE to DUCTILE FRACTURE TRANSIT ION
MICROMECHANISMS

André PINEAU

Centre des Matériaux - Ecole des Mines de Paris. ParisT¢
UMR CNRS 7633

andre.pineau@ensmp.fr

CONCLUSIONS
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CONCLUSIONS

* lllustration of the benefit of micromechanical mddej of fracture

* LAF more complex but rewarding : size effect , nootinermal loading , etc...

98
Summer School on Fracture, CARGESE, 07-19 June 2010 A. Pineau




THANK YOU FOR YOUR ATTENTION

For further information

andre.pineau@ensmp.fr
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LIMITATION (1) : THRESHOLD WEIBULL STRESS

Actually, existence of a threshold stress in Beremin model sia@lastic deformation over a critical
distance (X)) is a prerequisite to initiate cleavage fracture

KI min = Oo+/ 3T[Xc

»

Constant
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.' Centre des Matériaux - Ecole des Mines de Paris ICF Moscow  7-12 July 2007
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oS , = 2112MPa
K =78 MPa/m
K¢ =18 MPa/m
(IcCGHAZ-25)
KY9 =28MPa/m
(CGHAZ-25)

TOUGHNESS
(M Pavm)

-200 -150 -100

TEMPERATURE (°C)

Results of the “double barrier” model with TPB specimens.

Open circles denote microcrack events, solid circles are for feetuite of the specimens.

Solid (resp. dotted) lines represent 10%, 50% and 90% probaliditiése specimen to fracture (resp. for a cleavage micrkdrac
propagate across a particle/matrix boundary) as given by the DB model.
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MINES
Tech

(" Standard fracture toughness specimens\

Compact
3-point bend

w| aE BTj /\:—| 1
R G
S =4W

(0.45<ap/W<0.55) '—

Equivalent CTOD ratiof3

Structural components

crack 5 4 thickness crack &

g a/ﬂ
7/ Through- -
thickness crack - O,

_£Li as -
t I V

~—"

Edge surface crack panel (ESCP) Edge through-thickness crack panel (ETC/P
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