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Motivation: predict thermal fatigue damage in PWR cooling lines
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Crack initiation in thermal fatigue testing (BIAX test)
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Crack initiation in fatigue: fcc metals & T < 300°C
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Micro-crack initiation is related to extrusion growth in fatigue & thermal fatigue
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...in single & poly-crystals




Observations: summary

Surface displacements

® Thermal fatigue in PWR cooling lines

— small plastic strain in surface grains

visible in surface

— plastic strain localisation <

visible in volume
cross-section

TEM 2 slip systems

(primary and cross)

h

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



Dislocations Dynamics modelling in 3D

[Discrete lines

Dislocations mode/ < Discrete time step: 10°s

Discrete lattice
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Dislocation microstructure

Stress Plastic Deformation

Dislocations Theory

- Mobility rules

- Dislocation/dislocation interactions
— Cross-slip

<® No climb (= no point defects)



3D Dislocations Dynamics modelling

Effective resolved shear stress
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Typical materials parameters for austenitic steels
Burgers  Stacking- Viscous
Young’'s vector fault drag Threshold
Poisson’s modulus Density magnitude energy  Activation coeflicient stress
ratio E 0 b % volume B 111
y (GPa) (kgm™) (107"m) (Jm™?) V/b>  (10°Pas) (MPa)
0.26 189 7870 2.54 30 1800 0.712 52




Thermal fatigue = biaxial fatigue
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Evolution of surface slip markings

Calculation zone
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Calculation of cumulated irreversible slip

® General description

® Evolution of surface slip
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Construction of a general expression : extrusion growth
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Biaxial loading conditions: dislocation structures

4 times as many PSB as in single slip
If early propagation is due to coalescence, then probability 1

Other effect of biaxial loading: active slip system selection



Development of dislocation densities: biaxial slip
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Development of dislocation densities: biaxial loading conditions

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

& Dot product (n.b) O effective grain size

Surface cannected walume Surface connecked volume

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

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

Experimental evidence? Look for orientations of cracked grains!



Experimental evidence of active slip system selection effect

\

oo Grains with micro-cracks

Reverse pole N %

figure L e
- 5T .\-h . !

% -I,‘ ;
< N T
| ¥ 1 e BT "_:
! Color code: orientation of n, normal to the grain surface
(o] \
10 \ Each pixel = 1 orientation measurement

~o -

nQ b [110] : 10-20° Dot product (n.b) in cracked grains is maximal - DD prediction



Summary

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

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

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

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

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



Scale change: from single grains to poly-crystals
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Cyclic stress-strain behaviour at grain scale
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Stress (MPa)

Cyclic stress-strain behaviour: from single grain to polycrystal

Stress amplitude (MPa)
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Polycrystal made of 500 grains

+ 1,5 mm
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Fatigue damage: from grain to polycrystal
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Slip plane Primary plane Secondary plane Total
(111) 43 49 92
(-111) 44 50 94
(1-11) 42 37 89

(-1-11) 51 44 95
Total 180 180 360
Intersection Primary plane Secondary plane Total
GB || X 88 96 184
GB|lY 92 84 176
Total 180 180 360




Conclusions

DD predictions

e Slip (alone) is capable to generate extrusions

e If R = -1, average extrusion growth rate [J N 2

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

e Stress-strain behaviour at the grain scale

e Scale change from single to poly-crystals



THE END



