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Motivation: CERN Large Hadron Collider

LHC
is the largest 
scientific 
instrument 
in the world
based on the 
principle of 
super-
conductivity!

LHC
operates in 
super-fluid 
helium 
at 1.9 K

accelerator detector
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EUROnu: High Intensity Neutrino Oscillation Facility in EU 
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Cable (Nb3Sn strands)

Jacket
(316LN or JK2LB)

CS conductor cross-section
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49   
!
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International Thermonuclear Experimental Reactor  ITER 
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Motivation: CERN Large Hadron Collider

20000 
expansion 
bellows
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Coupled field problems: radiation versus phase transformation

IFJ PAN 2023

Scale: macro Scale: mezo Scale: micro

austenite

a’ martensite

Two-phase continuum Single-phase continuum 'ag +g

Plastic strain

Radiation 
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3D vacancy clusters: ξc

3D vacancy cluster with 
impurities (He):          ξc

Inclusions of secondary 
phase:                        ξα

cluster

cluster

inclusion

Coupled field problems: radiation versus phase transformation
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Experiments at extremely low temperatures (77 K, 4.2 K)

Dedicated cryogenic set-up for materials testing at extremely low
temperatures (liquid nitrogen 77 K, liquid helium 4.2 K)
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Plastic strain induced fcc-bcc phase transformation

FCC (g)

BCC (a’)
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Mechanisms of plastic flow at cryogenic temperatures

0 50 100 150 200
Temperature [K]

0

100

200

300

400

500

600

700

800

900

1000

1100
Yi

el
d 

st
re

ss
 [M

Pa
]

T1 Md

Rp0,2

T

FCC->BCC

316LN

Screw dislocations
Continuous plastic flow

Ed
ge

 d
isl

oc
at

ion
s

Di
sc

on
tin

uo
us

 p
las

tic
 flo

w

Dispersed 
point defects 

Phase transformation 

Domain II Domain IIIDomain I
 

O 

t t 

 

m n 

t 
 

t 
 

IFJ PAN 2023



Coupled dissipative phenomena at cryogenic temperatures

12

Kinetics of Fcc-Bcc phase transformation

ξ – volume fraction of α’ phase 

( ) ( )( )( )xxsex x --= L
p ppHpTA !!! ,,

10; ££= xx x

dV
dV

0.0 0.1 0.2 0.3 0.4 0.5 0.6
Total strain 

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

Vo
lum

e 
fra

cti
on

 o
f m

ar
te

ns
ite

I II III

IFJ PAN 2023



Coupled dissipative phenomena at cryogenic temperatures

13

dV
V V

bsbs ò=
µ

ee 1

bs

V

bs

V

bsbs dV
V

dV
VV

V
µµ

a
µ

a

a exexee
aa

=== òò
11

( )zyx

bs

!!! ,,

0
2

000
2

00

÷
÷
÷
÷
÷

ø

ö

ç
ç
ç
ç
ç

è

æ

D

=

ug

g

e
µ

Ibs ue
µ

D=
3
1

Ibs uxe D=
3
1

dV
VV

VdV
VV

V

V

bs

V

bsbs òò +=
ag

µ
a

a
µ

g

g eee 11
0»

( )bsthpE exeees ---= :

Type Eshelby
ellipsoidal 
inclusion g

'a

Micromechanics: transformation strain

IFJ PAN 2023



Coupled dissipative phenomena at cryogenic temperatures

14

Constitutive description of two-phase continuum

Yield condition:  ( ) ( ) 02 =---= RXJR,X,f yc sss ( ) ( ) ( )XsXsXJ --=- :
2
3

2 s

( )dpCdR R x=

Mixed hardening depending on the 
phase transformation parameter:   

p
Xmaa

dCXdXdXd ex )(
3
2

=+=
+

Hardening of two-phase continuum

Scale Micro: 
Interaction of dislocations 

with inclusions

Scale Macro:
Evolution of stiffness due to evolution 

of proportion between phases

Method: 
Micromechanics analysis 

transferred to RVE

Method:
Mean field approach

Mori Tanaka homogenization 
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Scale Micro: interaction of dislocations with inclusions

Volume fraction of martensite 
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Scale Macro: evolution of proportion between phases 
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Radiation induced damage

Radiation 
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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

Research program
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SRIM
(Monte-Carlo 

method)

Cluster
of micro-voids

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)

PKA primary knock-on 
atoms

Incident particle

SIA self-interstitial
atoms

Vacancy

Displacement cascade and 
formation of Frenkel pairs

Kinchin & Pease, 1955

Norgett, Robinson, 
Torrens, 1975

d
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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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Source: S.J. Zinkle „Microstructure evolution in irradiated metals and
alloys: fundamental aspects”, Italy, 2004. IFJ PAN 2023
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Lifetime estimation for irradiated components
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Kinetics of evolution of radiation induced damage (clusters of voids) under 
mechanical loads

Rice&Tracey (R-T) model:

Gurson (ETG) model:

ESS Symposium IFJ PAN 2014
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Rice & Tracey law
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Evolution of damage parameter in the horn (magnetic lense)

total damage parameter

Dcr=0.1 mechanical damageradiation induced damage



Coupled dissipative phenomena at cryogenic temperaturesPerformance of Rice-Tracey and Gurson models (log-log)

Rice & Tracey model predicts lower 
values of damage

Rice & Tracey model

Gurson model

different sensitivity of both models 
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Radiation induced hardening

Radiation 
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Type Eshelby entities: the equivalent inclusion

𝛥𝑝 = −3𝑝!𝛥𝜀

Assumptions:
• small strains approach
• perfect gas inside the void at a constant temperature T
• pressurized void is equivalent to inclusion subjected to hydrostatic stress

𝐸"!"#$ = 3𝑘"𝐽#$%& + 2𝜇"𝐾#$%&

𝜇" = 0	 ;	 𝜈" = 0	 ;	 𝑘" ≠ 0 

∆𝜎 = 𝐸"𝛥𝜀	 ; 	 𝐸" = −3𝑝!

∆𝜎 = −3𝑝!∆𝜀

cluster

𝝈 𝝈 𝝈𝝈𝒑𝟎

matrix

inclusion
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Evolution of voids – Rice & Tracey kinetics

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

�̇�
𝑟 = 𝛼"𝑒𝑥𝑝

3𝜎#
2𝜎$

�̇� ,
"!

%" 𝑑𝑟
𝑟 = 𝛼",

&

%'
𝑒𝑥𝑝

3𝜎#
2𝜎$

𝑑𝑝

For the uniaxial stress state:

�̃� = 𝑟& 𝛼"𝑒𝑥𝑝
3𝜎#
2𝜎$

/𝑝

�̃� = 𝑟& 𝐶( /𝑝
r= 𝑅𝑒)"' ∆𝜉 =

𝑛 𝑉* − 𝑉+
𝑉

∆𝜉 = 𝜉7 𝑒89!∆: − 1
Linearization: 𝜉 = 𝜉7 + ∆𝜉 = 𝜉7 1 + 3𝐶;∆𝑝
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Interaction of dislocations with voids

The Orowan mechanism:

𝜏' =
𝜇𝑏
𝑑

# 6𝜉&
𝜋 1 +

1
3
𝛥𝜉
𝜉&

Using the Taylor factor:

𝜎' = 𝑀𝜏' = 𝑀𝐴&
# 𝜉& 1 +

1
3
𝛥𝜉
𝜉&

Hardening modulus:

∆𝜉 = 3𝐶(𝜉&∆𝑝

𝜏' =
𝜇𝑏
𝑑

# 6𝜉&
𝜋 1 + 𝐶(∆𝑝

𝐶 = 𝐶& 1 + (
,
-.
.! 𝐶 = 𝐶7 1 + ℎ∆𝜉

dislocation The Orowan loops
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Mean field methods: homogenization

Stiffness of the matrix:

( )nµ
+

=
12
t

ta
E

( )n213 -
= t

ta
Ek

CE
ECEt +

=

Mori-Tanaka homogenization:  Stiffness of the inclusion:

𝐸"!"#$ = 3𝑘"𝐽#$%&
𝜇" = 0	 ;	 𝜈" = 0	 ;	 𝑘" =

'%
( )*+,%

= '%
(

 

∆𝜎"#$ = 𝐸"!"#$∆𝜀%& ∆𝜎FG = 𝐸H"#$%∆𝜀IJ

∆𝜎-#$ = 𝐸.-!"#$∆𝜀%&

𝐸.-!"#$ = 3𝑘.-𝐽#$%& + 2𝜇.-𝐾#$%&
𝝈𝝈

matrix

inclusion
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Uniaxial case – tension/compression

d𝜎# = 𝐶! 1 + ℎ∆𝜉 𝑑𝜀"	 ; 	 d𝜎/0 = 𝐸1 𝑑𝜀" = 𝐶/0 𝑑𝜀"

∆𝜎# = 𝐶! 𝜉! 𝜀" +
1
2
𝐶) 𝜀" +

∆𝜎/0 = −
5
2
𝜇𝜂!

𝜉!
𝐶)

1
4
𝜒+ − 1 −

4
81
𝜉! 𝜒( − 1 + −

2
81
𝜉!
+ 𝜒2 − 1

χ = 1 + 3𝐶)𝜀" 𝜂! =
𝐶#
𝐸
=
𝑀𝜇𝑏
𝑑

& 6
𝜋

& 𝜉!
𝐸

𝜎 = 𝜎! + 𝐶! 𝜉! 𝜀" +
1
2
𝐶) 𝜀" +

−
5
2
𝜇
𝐶# 𝜉!
𝐸

𝜉!
𝐶)

1
4
𝜒+ − 1 −

4
81
𝜉! 𝜒( − 1 + −

2
81
𝜉!
+ 𝜒2 − 1

d𝜎 = d𝜎#+d𝜎/0

MT homogenization

Interaction
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Uniaxial case: 316LN stainless steel

Radiation induced hardening comprising:
• massive interaction of dislocations with the

pressurized voids,
• evolution of tangent stiffness expressed by the

Mori-Tanaka homogenization.

T.S. Byun et al., J. Nucl. Mater. 298 (2001) 269
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Fracture at extremely low temperatures
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Fracture at extremely low temperatures
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Conclusions:

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

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

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

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

5. Good correlation between the experiment and the numerical 
results was obtained. ICEM 2023
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Thank you for your 
attention!


