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Motivation: predict thermal fatigue damage in PWR cooling lines

May1998 : leak 30M3/h

Cold flux

Hot flux

cracking

Damage :
Trans-granular crack networks
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Cracking in high                 
∆T fluid mixing zones



∆θ∆θ∆θ∆θ = (Toutlet – Tinlet )
∆∆∆∆T = (Text – Tint )
∆θ∆θ∆θ∆θ ∝∝∝∝ ∆∆∆∆T

Equi-axial crack cells

Thermal fatigue Uniaxial fatigue

Parallel cracks

HF coil

∆θ = 3 to 4°C → ∆εp~10-3

Crack initiation in thermal fatigue testing (BIAX test)



Crack initiation in fatigue: fcc metals & T < 300°C 

Micro-crack initiation is related to extrusion growth in fatigue & thermal fatigue

…in single & poly-crystals

X-section SEM



Observations: summary
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Thermal fatigue in PWR cooling lines

→ small plastic strain in surface grains

→ plastic strain localisation

visible in surface

visible in volume

Origin strain localisation in the form of PSB � collective dislocation effects

cross-section

Surface displacements

200 nm

2 slip systems

(primary and cross)

TEM



Stress Plastic DeformationMaterial

Dislocations

Dislocation microstructure
CFC material modelled

by Dislocation 
Dynamics

Dislocations model

Dislocations Theory

→ Mobility rules
→ Dislocation/dislocation interactions
→ Cross-slip

No climb (⇒ no point defects)

Dislocations Dynamics modelling in 3D

Discrete lines

Discrete time step: 10-9 s

Discrete lattice



3D Dislocations Dynamics modelling

Typical materials parameters for austenitic steels

Thermally activated cross-slip
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ONLY IN 3D!

Effective resolved shear stress

Mobility rule:

Phonon drag

Plastic strain



Surf. Displ.Post-
Traitement 

Thermal fatigue = biaxial fatigue

Stress Plastic Deformation

Dislocation Microstructure
Code DD : mobility, 

multiplication, 
interactions, X-slip 



Evolution of surface slip markings

Single slip

∆εp=10
-3

di

Reversible slip lines Non-reversible slip lines

PSB PSB

PSB

Extrusion

Calculation zone

Free sruface



General description

Calculation of cumulated irreversible slip

Evolution of surface slip

Square root of N : random-walk process

Prefactor K…



Grain geometry Plastic strain level

Uniaxial/biaxial Mean strain level

Construction of a general expression : extrusion growth



Biaxial loading conditions: dislocation structures

BIAX specimen

4 times as many PSB as in single slip

If early propagation is due to coalescence, then probability ↑

Other effect of biaxial loading: active slip system selection
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Development of dislocation densities: biaxial slip

Activation ratios



Development of dislocation densities: biaxial loading conditions

In biaxial loading conditions RSS is not the only cause  for selective slip activity :
sufficient effective D g also needed to accomodate the slip & to form PSB struct ures (>dipoles)

Experimental evidence? Look for orientations of cracked grains!

Specificity of slip systems 07, 08, 04, 12 ???

� Dot product (n.b) ∝ effective grain size

Active slip systems 07, 08, 04, 12 have 
largest (n.b) & effective grain sizes

Other slip systems



Experimental evidence of active slip system selection effect

10°

n ∠∠∠∠ b [110] : 10-20°

Reverse pole 
figure

BIAX

Dot product (n.b) in cracked grains is maximal →→→→ DD prediction

Color code: orientation of n, normal to the grain surface

Each pixel = 1 orientation measurement

Grains with micro-cracks



2 effects of biaxial loading conditions (thermal fatigu e) not 
predicted by continuum theory

Summary

… PSB means micro-crack, linking is then 4 times more probable as in uniaxial fatigue

i- there four times as many PSBs per grain as in uniaxial f atigue

Max RSS is not the only cause for selective slip activity in biaxial loading conditions:
sufficient effective grain size also needed to accomodate the imposed slip

ii- active slip system selection depends on effective grain size thus, 
are present in grains with specific grain orientations (n close to b)



Scale change: from single grains to poly-crystals

AFM DD simulation

Initiation →→→→ critical extrusion size γγ =
lim,,
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Symmetrical tension-compression

Single extrusions

∆εp in grains: alternate method to 
grain-by-grain measurement ?

Grain stress-strain: orientation-dependent (EBSD)

DD calculations yield K ∼ 0.5 hence,
Ni ∼ 2.5×105 cycles with Dg/hg = 1 and ∆εp,eq = 2×10-3

Realistic?



Nsat ≈ 10

Cyclic stress-strain behaviour at grain scale

∆εp : standard DD simulation predictions…



DD data
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Cyclic stress-strain behaviour: from single grain to polycrystal

Grain behaviour from DD → stress-strain behaviour of poly-crystals

Fit FEM (linear kinematics) model to DD data

C : isotropic hardening X : kinematic hardening k : tensile yield stress
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Fix N

Check, in each grain, N > Ni

N = N + ∆N

EBSD data: micro-crack habit planes 
maximizes (N.b) ∝ effective Dg



Fatigue damage: from grain to polycrystal



360180180Total

954451(-1-11)

893742(1-11)

945044(-111)

924943(111)

TotalSecondary planePrimary planeSlip plane

360180180Total

1768492GB || Y

1849688GB || X

TotalSecondary planePrimary planeIntersection



Conclusions

• Slip (alone) is capable to generate extrusions

• If R = -1, average extrusion growth rate ∝ N ½

• Slip is a sizable fraction of early extrusion growth (50%+), at low ∆εp
• Probability of micro-crack initiation is higher, in thermal fatigue

• Stress-strain behaviour at the grain scale

• Scale change from single to poly-crystals

DD predictions



THE END


