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~ Coupled field problems: radiation versus phase transformation 23
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~ Coupled field problems

: radiation versus phase transformation &
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~ Experiments at extremely low temperatures (77 K, 4.2 K)

{
|

Dedicate crygenic set-up for materials testing at extremely low
temperatures (liquid nitrogen 77 K, liquid helium 4.2 K)
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é Coupled dissipative phenomena at cryogenic temperatures

Plastic strain induced fcc-bcc phase transformation
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é Micromechanics: transformation strain
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~  Constitutive description of two-phase continuum LR EEE

3
Yield condition: flo X.R)=Jylo-X)-0,-R=0 Jz(z—i)ZJEQ—é)i@—é)

Mixed hardening depending on the 2 »
phase transformation parameter: dX=dX +dX = ECX (&)de

dR=C,(&)dp

Hardening of two-phase continuum

v v

Scale Micro: Scale Macro:
Interaction of dislocations Evolution of stiffness due to evolution
with inclusions of proportion between phases
4 R
Method: Method:
Micromechanics analysis Mean field approach
transferred to RVE Mori Tanaka homogenization
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é Scale Micro: interaction of dislocations with inclusion
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= | Scale Macro: evolution of proportion between phases GUEIEEIE

matrix

Elastic-plastic matrix:

»Linearization”: extraction of isotropic
part of tangent stiffness operator
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é Scale Macro: evolution of proportion between phases gt
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Constitutive description of two-phase continuum EEeCEEyelyy

Kinematic _,3: o'+0'” mmmmp ISOtropic

hardening 2((7'_00) hardening
A ):(aer N o Parametization: Zyczkowski, 1981 AR = H A Ga+mH
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é Coupled dissipative phenomena at cryogenic temperatures

Radiation induced damage

Radiation
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-~ Resea rc h p rog ram Coupled dissipative phenomena at cryogenic temperatures

Experiments including proton and neutron irradiated samples subjected
to loading/unloading technique

!

Building well calibrated multi-scale 3D constitutive models of damage/
porosity evolution in the framework of CDM

!

Combining CDM with fracture mechanics in order to predict transition
from critical damage/porosity to fracture

!

Computing evolution of nano/micro damage fields and macro-crack
propagation in the irradiated components

Lifetime prediction
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pled dissipative phenomena at cryogenic temperatures

Displacement cascade and
formation of Frenkel pairs

l

Kinchin & Pease, 1955
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Defects due to irradiation:
1. SFT - stacking fault tetrahedron
2. Faulted or perfect dislocation loops

| 3. Voids — 3D vacancy clusters
4. Cavities — 3D vacancy clusters with
impurities (He)
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~  Measure of irradiation induced damage ve phenomena at cryogenic temperatures

1 displacement per atom (dpa):

corresponds to stable displacement from their lattice
site of all atoms in the material during irradiation
near absolute zero (no thermally-activated point
defect diffusion)
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Clusters density [cm™]

~ Lattice defeCtS after irrad |at| (0] g] Coupled dissipative phenomena at cryogenic temperatures
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Defect Cluster Density (m-3)

~ Irradiated metals and alloys: Nickel and Copper ZEIGEITIRZUERETER
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Radiation and mechanical damage: additive formulation Eeaeli

Postulate: both micro-damage components

are treated in additive way
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~ Lifetime estimation for irradiated components GREEEETE I RO
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Lifetime estimation for irradiated components
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>\ Lifetime estimation for irradiated components

omena at cryogenic temperatures

Kinetics of evolution of radiation induced damage (clusters of voids) under
mechanical loads

. _ . 3o
Rice&Tracey (R-T) model: dl”c = 1.0, eXp , dp

Gurson (ETG) model: df = (1 — f)dp

ETG model

N\
R-T model




Lifetime estimation for irradiated components

cycle

The mechanism of damage evolution

particle flux @ cluster of voids

g

{"/’1{1}&‘:} @ @Clustcr of voids
1y (

bmena at cryogenic temperatures

Rice & Tracey law

Dy Ti+]
IdD =q 27 Irdr
D, r,

1 1

!
Al)'—>1‘+1 ZQATC(F-2 _r-z)

l i+1 i

i+l p
dr, 30,
=QL, eXp 5 dp
r T Oeq )
!
Ap 30,
r =re A=a,exp
i+l i Geq




omena at cryogenic temperatures

~ ' Lifetime estimation for irradiated components

DrO - qATcr

D, =D,+AD, =D, +qmuri(e" 1)
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=~ Lifetime estimation for irradiated components GuEEEE T TIILIEEE

Porosity parameter &; increases from cycle to cycle by &, due to emission of
secondary particles flux



~ Llfetime estimation fOI‘ irradiated Components nomena at cryogenic temperatures

§=1-(1-&)K =1+ &K -K Number of cycles to failure N; is based
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Evolution of damage parameter in the horn (magnetic lense)

oupled dissipative phenomena at cryogenic temperatures

radiation induced damage D.=0.1 mechanical damage
I

0.09 _< 0.00006
g'gi ] 0.00005
D 0.06 Dy, ©0-00004-
0.05
0.04 0.00003
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0.01 - 0.000014
0 —
0 . 0‘0
0.5 105 15710 .
s 0.6 10 5 1.57 10
X 1 0210 N, 2 16° 0.6 10° 10
0.1 - N
0.09
total damage parameter 0.08 -
0.07
D 0.06
0.05 -
0.04 -
0.03 -
0.02
0.01
O —

1.57 10°



~ Performance of Rice-Tracey and Gurson models (log-log) &

1.00E+10 . Rice & Tracey model
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1.00E+01

1.00E+0

dpamax

Gurson model

0
1.LOOE-15 1.00E-13 1.00E-11 1.00E-09 1.00E-07 1.00E-05 1.00E-03 1.00E-01

different sensitivity of both models

0.08 -

Ne=10"

Gurson law

————— Rice-Tracey law

—
———————

Rice & Tracey model predicts lower
values of damage
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Rice & Tracey model

1.00E+09
1.00E+06
1.00E+08 N,
1.00E+07 1.00E+05
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dpamax dpamax

max )

log(N, )= a: blog(dpa

Analytical formula - useful b
tool for estimation of —_— NC —=10¢ dpamax
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19 7 14 =5
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Load [mN]

Nanoindentation of irradiated Al6061
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0.15 1
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0.05

0.00
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0.05-0.2mN 0.05 - 0.2 mN

' He+

S5dpa —™
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— AI6061 virgin

I ! I !

T — T 7 T
40 60 80 100 120 140

0 20
Displacement [nm]
a
.
b
h
)

e

phenomena at cryogenic temperatures

0.35
| AI6061
—virgin
0304  Art —— 160 keV Ar+ 3¢15
100dpa —*
— 160 keV Ar+ 6e16

0.25- 0.05-0.3 mN

3

.§. 0.20 - Ar+ 5 dpa

- 0.05-0.2 mN

S 0.15-

- .

<«—— virgin
040- 0.05-0.2
0.05 - ‘
000 LA L LA LR LA | LI L
0 15 30 45 60 75 90 105 120 135 150
Displacement [nm]
S, Mises WF
(Avg: 75%) (Avg: 75%)

+8.236e-01 +3.400e-01
+7.549-01 +3.315e-01
+6.863¢-01 +3.230e-01
+6.177e-01 +3.145e-01
+5.490e-01 +3.060e-01
+4.804¢-01 +2.975¢-01
+4.118e-01 +2.890e-01
+3.432e-01 +2.805e-01
+2.745¢-01 +2.720e-01
+2.059%-01 +2.635e-01
+1.373¢-01 +2.550e-01
+6.8603e-02 +2.465¢-01
+0.000e+00 +2.380e-01




—' Nanoindentation of irr. Al6061: experiment vs. Gurson model

Load [mN]

Load [mN]
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02
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0,1
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0,35

0,3

0,25
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Al 6061 He+ 5 dpa

—experimental result

——numerical simulation

10

—experimental result

——numerical simulation
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0,265
_ 0012
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E 0009
0215 % ; oog
3
0,003
0,165 0

01 2 3 4 5 6

Displacement [nm]
0,115

0,065

6 16 26 36 46 56
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0,378 Al 6061 Ar+ 100 dpa —experimental result
——numerical simulation
0,328 0,028
Z 0,021
E
0,278 T 0,014
S 0,007
0,228 0
0 2 4 6 8
0,178 Displacement [nm]
0,128
0,078
0,028

8 18 28 38 48 58 68
Displacement [nm]



é Coupled dissipative phenomena at cryogenic temperatures

Radiation induced hardening

Radiation
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Type Eshelby entities: the equivalent inclusion [EEEEA it

Assumptions:
« small strains approach

« perfect gas inside the void at a constant temperature T
« pressurized void is equivalent to inclusion subjected to hydrostatic stress

matrix
- o o o
inclusion
Ap = —3pode Epi i = 3kpliji + 21pKijki
— — ,up=0;vp=0;kp¢0
FCew) cluster . _ .
— — Ao = EyAe ; E, = —3p,
> )y
= £ Ao = —3pyAe
— Qy >
o IFJ PAN 2023 39
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~ | Evolution of voids — Rice & Tracey kinetics ¢ temperatures

Evolution of voids corresponding to the far stress field: R&T kinetics

T 30m)\ . Tdr p 30m
;zarexp( )p f—zarJ exp( )dp
0

ZO'i

For the uniaxial stress state:

N 30m) B
= feen (357 7]
l

—  r= Re®P AE =

7 =1[C1P]

—

A¢ = §(e3P — 1)
Linearization:
§=¢&+ A8 =&y(1+3CAp)

IFJ PAN 2023 40



Interaction of dislocations with voids

The Orowan mechanism:

T, = %3 %(1 + %?—f) A¢ = 3C;¢pAp
szu?dbs%(l+C1Ap) e e o
°© °% 0
0p=MTp=MAOi/g?O(1+%?—§) oOOoOoO
O OO @)

C=C, (1 +§§)

dislocation

C = C, (1 + hAY)

IFJ PAN 2023

lissipative phenomena at cryogenic temperatures

The Orowan loops
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Stiffness of the matrix:

-~ Mean fleld meth OdS: homogen ization lissipative phenomena at cryogenic temperatures

Ao-aij = EtaijklAgkl matrix
& add
Etayjq = 3Kealijir + 2teaKiji inclusion
E
Hig = Et k = Et E C

o(i+v)  “T30-2v) T ExC

— Mori-Tanaka homogenization:

A&y Aogyj = EHijklAgkl
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~ U n iaXiaI case — tenSionlcom preSSion dissipative phenomena at cryogenic temperatures

do = do;+doyr

dO'l' = Co(]. + hAf)dEp y dO-MT = EH deP = CMT deP

1
Ac; = C (p+—C pz) Interacti
g; 0(&) | & > 1(eP) nteraction

4 2
Aoyr = ——1“70 [4 x* -1 —afo()(g -1+ —afoz()f} - 1)]

,le 316 3
¢ MYy \/% Vo "
x=1+3C,€P No = = = = MT homogenization

o =gy + Co(&o) (Ep + 1C1(<*9p)2)

2
5 G 4 2
U E a0 - D g8~ D+ 80t - )
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Engineering Stress, MPa

Uniaxial case

1200
- EC316LN
1000 _Op=890 MPa
Unirradiated
400 |
200
| T.S. Byun et al., J. Nucl. Mater. 298 (2001) 269
0 I I T T S O
0 10 20 30 40 50
Elongation, %
Yield stress [MPa]
1000
9 800
()
a 600
S 400
2
> 200

o
N

60

Stress

: 316LN stainless steel

Stress vs. strain (dpa: 0-10,7)

0,05

0,1
Strain

0,15

0,2

Radiation induced hardening comprising:

massive

pressurized voids,

issipative phenomena at cryogenic temperatures

—@—dpa_0
~—&—dpa_0,5
== dpa_0
=0 =—dpa_0,5
—@—dpa_1,1
—&-—dpa_1,1
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Fracture at extremely low temperatures
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Conclusions:

. Radiation induced defects in the lattice constitute obstacles
for the motion of dislocations.

. Microvoids filled with impurities (gas) induce two physical
effects: hardening and swelling.

. Hardening is related to the interaction of dislocations with the
defects, in particular with voids filled with impurities.

. Tangent stiffness corresponds to the proportion between the
volume fraction of matrix, and the volume fraction of voids
with impurities.

. Good correlation between the experiment and the numerical
results was obtained. CEM 202
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Thank you for your

attention!
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