Training School, 3 - 7 September 2018

Polytechnic University of Valencia (Spain)

THERMAL STABILITY AND THE STRUCTURE OF
IRRADIATION INDUCED SOLUTE-VACANCY-
CARBON COMPLEXES IN RPV MATERIALS

M. J. Konstantinovic¢

Studiecentrum voor Kernenergie/Centre d'Etude de I'Energie Nucleaire
(SCK.CEN), Boeretang 200, B-2400 Mol, Belgium

SCK: CEN

STUDIECENTRUM VOOR KERNENERGIE
CENTRE D'ETUDE DE L'ENERGIE NUCLEAIRE

Il This project received funding under the Euratom research and training
programme 2014-2018 under grant agreement N° 661913




Collaboration @ER'A

Boris Minov, SKF

Marlies Lambrecht, SCKeCEN
Giovanni Bonny, SCKeCEN

Dmitry Terentyev, SCKeCEN

Lorenzo Malerba, SCKeCEN, CIEMAT
Christophe Domain, EDF

Frank Bergner, HZDR
Bertrand Radiguet, URouan
M. Mayoral, CIEMAT

o
Q 16/09/2018 SOTERIA Training School - September 2018 - Polytechnic University of Valencia 2



Outline

Q Infroduction
« Rector safety
« Open scientific questions
* RPV steel: Chemical composition and the role of alloying elements

A Solute-vacancy clusters; experimental characterization based on:
« Positron annihilation, PAS
« Atom probe tomography, APT
« Small angle neutron scattering, SANS
« Mechanical / magnetic relaxation (IF, MAE)

Q Solute-vacancy clusters; formation, structure and stability
« Post neutron irradiation annealing experiments
* FeCu, FeMnNi, FeCuMnNI, RPYV steels
* Modelling results
* The role of Cu, Ni and Mn

QO Conclusion
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RPV safety ERIA

0 Surveillance specimen Q Reactor pressure vessel
characterization

Q Mechanical properties
« Charpy impact test
» Tensile test
* Fracture toughness

+

Q Micro(nano)structural
characterization
« Atom probe tomography
* Transmission electron microscopy
« Small angle neutron scattering
 Positron spectroscopy

Core

O Modelling
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Scientific questions @E RIA

Q What type of defects are produced under neutron irradiation in
RPV steels ¢

A How they contribute to macroscopic changes of mechanical
properties ¢

Challenge

« Defects are very small ... few nm and less
« Defects are complex and their role might be different...

Solute clusters - main contribution to hardening and embrittlement
Synergy with vacancies and carbon
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General role of alloying elements

1. Strengthening
2. Control of phase transformation and microstructure

3. Adding function: corrosion resistance, magnetic properties

Si, Cu, Mn, Ti

Ni, Mg, g, Co

Q Precipitation hardening v
(carbides formers) .

Solute content
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General role of alloying elements

Representative alloying o s s
elements in steels B it e e

Improving tfoughness at low T
Stabilization of austenite at low T

Cu: Improving welding
Control of phase tfransformation
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RPV steel - chemical composition

0 Reactor pressure vessel

steel Reactor pressure vessel

« Base metal
chemical composition (wt%)

C S P Mn Si Ni
0.159 0.008 0.005 1.37 0.24 0.7-1.6
Cu Al N Mo Cr
0.06 0.023 0.07 0.5 0.17

chemical composition (wt%)
C S P Mn Si Ni
0.159 0.008 0.005 1.37 0.24 0.7-1.6
Cu Al N Mo Cr
0.1-0.3 0.023 0.07 0.5 0.17
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Fe-Cu (NI, Mn) thermodynamics

1600

Fe-Cu (0.3 wt%)

Q Binary phase diagrams

Fe-Mn (1.3 wt%) Fe-Ni (1.6 wt%)
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O At 300 °C only Cu precipitation is thermodynamically expected
O Neutron irradiation: non-equilibrium vacancy concentration
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Solute clustering and precipitation

Q Precipitation = formation of aggregates of solutes
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Solute clustering

Q Precipitation = formation of aggregates of solutes

O Under irradiation the presence of “extra”

@ O O vacancies enhances and induce precipitation
O O If solutes bind with vacancies, the cluster will
O @ be a mixture
BE solute-SIA
g T T Tt BE vacancy-solute
A5 os| o, ]
L | e v 21 o =
e 2
] %
] £ 0.

nY o W P oC NG 2nn vacancy-solute strongly binding for late 3D TM

° A Olsson et al,, PRB 81, 054102 (2010)
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Role of carbon

O Atomic carbon (low C) O Carbides Fe3C (high C)

()
d

Binding
energy (eV) 0.65 1.1

C. Domain, et al., PRB69, 144112 (2004).
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Synergy effects @ER'A

solute transport by vacancy mechanism

+ carbon — vacancy binding

Solute-vacancy-carbon complex !
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Outline

Q Solute-vacancy clusters; experimental characterization based on:
Positron annihilation, PAS

Atom probe tomography, APT

Small angle neutron scattering, SANS

Mechanical relaxation / Internal friction, IF
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Atom probe tomography-

workinga orincioles

Solute clusters: How do we see theme

. . Principle scheme of an AP
FEM + fime of flight mass

spectroscopy
Sample ) L ~10-60ocm .
E,=qU d
r ., oE
E, =—my ”
2
d k =
E =E andv=— i

Voc 4 Or pulses ‘a’ Detector
@25 paser 11l
=t = l l
\/2U

Start signal Stop signal
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Afom probe tomography - 3D

reconstruction

Magnification

B L
~ (m+ 1R

G

G ~10%-107
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Positron annihilation

Vacancy clusters: How do e +e > y+y
we see them?@ (5112 kev=m c?)
Y
+
Conservation of: 1. energy € ‘
2. momentum ' e-
3. charge
(511 kev)

e . 000000008 00
Annihilation probability _‘:‘0‘0‘0‘0‘0‘0 :‘
P— arlcn B O S S T
o vl 000009 0o
e e e eer >

000" e 00
0.9 0 0 ¢ 90 0000

Q.00 0000000
Site-selective . pOsi | %%23° 0 90 0 0 042
probe: positron frapping 0900 .0.0.0 0000

and annihilating at positron affinitive 9992929295 %%99-9.
. 0...0 0‘0‘.‘ ‘0‘0.0‘0
site Q‘Q. ‘0‘0‘0‘0‘0.0‘0
Q00090000000
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Doppler broadening

Doppler Spectrum
Doppler Spectrum 4
. 2
@ =
: g
3 ABE
511 keV Egert 511 keV
Y e’ \Vl
et
P vz'\ .
e
Y
Y
—2 -3
AE =m,c(v, —v,) ~10 -10"m,c ~ 20 keV
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Doppler broadening: Momentum density curve

Positron trapping is manifested by a narrowing of the
momentum density curve

1 Conduction electron
conftribution - S

[ Core electron conftribution
-W

counts

d Large momentum events
arise from deep-lying
electron states (solute
clustering confribution)

LT TTTTTINIIIINRY o

d S probes el. density

O W probes solute clustering E
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Positron chemical affinity

d The positron affinity reflects the
preference of the positron for
different components in
heterostructures made of
different atoms

Ratio to pure Fe

d The positron affinity is the sum of
the internal electron and
positron chemical potentials

Mn < Fe < Ni<Cu 0 10 20 30
p|_(10'3mc)

T. Takeshi private comm.

o
O 16/09/2018 SOTERIA Training School - September 2018 - Polytechnic University of Valencia 20



Positron lifetime

B*-decay of radioactive isotopes

22Na —> 22Ne + B* + v, + .

Start y(1.275MeV)
< 22Na.
detector =
birth [l
1 The measurements of time are very
accurafe sample i thermalization
: ~100 pm, ~f
1 Afomic clock accuracy 1sec/30x10¢ years \VA | Hm, ~few ps)
: . e ep g : . e’
1 Time resolution in lifetime experiment is
determined by Diffusion
(~100nm)
v fransit time spread of electrons in 0.1~0.2ns
photomultipliers e+1
Stop < .O v > Stop
: : . o
v’ decay time in scintillators detector v:(0511MeV) - Y(0.511MeV) detector
@ 16/09/2018

annihilation
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Relaxation experiments: Olbservation of

ight interstitials / carbbon

QA Mechanical and magnetic relaxation experiments.
Internal friction & magnetic after effect.

Q-A\
N Solution [*L’j

I F ) AT N x=Aye ) cos(wt -,
energy loss ! U U k U [ = ime.

Integrated

free decay intensity

I S
I —
Tc T
T
- : 108 0.06
MAE "j _.:_*,:- : 0.05__
) : = ]
Domain wall m‘ a | 003
. Bk o =
relaxation - @ 104 0024
-
- 3
3 m .
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|

Temperature (K)
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Small angle neutron scattering

Solute-vacancy synergy: How do we see this?
Two mechanisms of neutron scattering: Application of magnetic field
0 Short range / nuclear
O Long range dipolar / magnetic 10
Array detector d2
B dR
r dr 4r ., O " Jemt
= +——  sm-Q —
dQ2 dQ . dO . Magnetic field L o
.0 ©® '
‘ Sample Scattered
e d¥,  dEnucl+dEimag 14 dxmag o beam, k;
daz, adxnucl dxnucl
p,fmg Incident beam, 0.1
A=1+ p k,=2m/A (wavelength 1)
nicl

o
Q 16/09/2018 SOTERIA Training School - September 2018 - Polytechnic University of Valencia 24



Small angle neutron scattering @ERlA

The structure of solute-vacancy clusters

Q Provides information on

cluster composition - 12
Q Very useful for neutron E A(CU)~12; A(Va)~1.4
iradiated samples g
Q Possible link with positron &
annihilation <
1.4

\/ Solute-vacancy ratio S

o
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Take a home massage @ERIA

Vacancy clusters Positron annihilation <
Carbon Relaxation methods: 4
Mechanical and magnetic| &

Solute clustering and precipitation Afom probe fomography <

Synergy effects: Solute — vacancy — PAS, SANS
carbon complexes
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Outline

Q Solute-vacancy clusters; formation, structure and stability
» Post neutron irradiation annealing experiments

FeCu, FeMnNi, FeCuMnNi, RPV steels

Modelling results

The role of Cu

The role of Ni and Mn,

o
Q 16/09/2018 SOTERIA Training School - September 2018 - Polytechnic University of Valencia 27



Materials, conditions, and PIE @ERlA

A Neutron irradiation
« Material testing reactor

* NPP surveillance specimens ﬁ
» Dose: 0.1 -0.2 dpa (~ 40 years of operation) %
Q0 Materials < " 800°C
e Fe-Cu binary alloy ks *g
« Fe-Mn-Ni ternary alloy % -
* Fe-Mn-Ni-Cu quaternary alloy TEB ©
* Base NPP steel (low Cu content) PAS, IF 3 ?;U 400 °C
« Weld NPP steel (high Cu content) % 'é
» Base NPP steel (high Ni content) § = 350 9C
S 2
0 PIE: PAS, SANS, APT, IF 25 W300°C
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Fe-0.1(0.3)Cu-C ERIA

0 SANS reSUH'S Meslin et al. JNM 406 (2010) 73-83

Q APT results 15 | s Fe-0.1Cu
Neutron irradiation 0.1-0.2 dpa  Yac to Curatio varies * Fe-0.3Cu
i Pure Cu clusters
) 10 i
) ; .
ST &
Average size of Cu clusters: . .
~2 nm ______1,.___________P_U_r_e__\/_gg ____________ -
Number den25:|;y Of3CU DD EI.II:IS I:II‘I le15 02
clusters: ~ 1023 1/m (c) Dose / dpa
Fe-0.1% Cu Fe-0.3% Cu
20 | —v— 0.025 dpa 1§ —s— Pure Fe 20 {—»— 0.025dpa BLT
Q PAS results ~ e | T 0% T Puedu] g [ e o0sde
Li‘f 1.6
Increase of both s ;g
S and W parameters 2 0 f
Average size 5-8 vac. 5 08
0.8 - |
0.4

0 10 20 30 40

5 p, (10° me) p, (10”° me)
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‘ Q Internal friction

Q PAS - Doppler broadening

Fe0.3CuC 150
_ 5" :
] vacancy
- ann. at 923 K 4.5 + =
w
3.0+ ] §
I ~—7 140 carbon =
25 4 3.0
Fe0.3%CuC, 0.1 dpa
| ann.at823 K —
—~ 20 425
2 a0l ann.at723K (450 °C : 10 8 6 -4 2 0 2 4 6 8 10
m . . -3
— 420 p.(10°m.c)
K I ~—z_
= 20
RS | ann.at673 K
O 2 U | m 2(} —_ Fe0.3%CuC, 0.1 dpa
(2]
251 ann. at623 K —~ g Ly
L W 41.5 2
&S,
201 . %
I 0 S 1,04
15| ann. at 573 K (300 °C £
e A B B S B — HR ]
100 200 300 400 500 600 Cu preC|p|’ro’rOess
Temperature (K) 0 L , B 30
° B. Minov et al., PRB 85, 024202 (2012) p.(10°m.)
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Fe-0.3Cu-C

Q ab-initio calculation

1 Binding energy V-Cu-C =0.83 eV >
binding energy Cu-V =0.65 eV

1 Carbon atoms are bound to neutron
iradiation-induced defects that dissolve
at about 400 °C (V-Cu complexes).

@ 16/09/2018

Synergy of Cu, Vand C

ERIA

O-p  first

\ recovery second

O '

first U
recovery :

recovery

4

U-p-0+0-0

0,000

Fe0.3CuC, 0.1 dpa

oo LO
S 0

O

0,022

> 0,020
\(E -
= 0,018

0,016

0,014

A-A

300 400

500

600 700

T T
800 900 1000

Annealing temperature (K)

B. Minov et al., PRB 85, 024202 (2012)
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Cu-V cluster dissolution @ERIA

Cu-V-C and V-C cluster groups
Cu /
® ©
‘ o— ) =)
. @ ®
v N\

400 °C 500 °C 600 °C

annealing T



Fel.TMNO.7Ni - ATP

O Diameter ~0.8 nm

(much smaller than in FeCu for
the same dose)

O Number density ~ 6.9 x 1023
1/m3

a All cluster dissolve after
annealing at 400 °C

@ 16/09/2018

Before

irradiation

|

Irradiation (0.2 dpa)

Irradiation (0.2 dpa)

+ annealing {400°C)

N

| Ni

Meslin et al., Experimental Mechanics (2011) 51:1453-1458
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Fel.TMNO.7Ni - PAS

New annealing stage at about
500-550 °C

Additional stability of vacancy
clusters due to presence of Mn
and Ni¢

No indication of Ni solutes in W
parameter after vacancy
annealing

M. J. Konstantinovic, G. Bonny Acta Mat. 85, 107 (2015)

@ 16/09/2018
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- First annealing stage
e 0
R A\ o)
0,39 - sy New feature
0384 [—o—FeMnNi
—A—Fe0.3Cu \
\
0,37 1 @“A\
0.1 dpa \ S AD
0,36 1 O~5-0-0-0
pure Fe
0,35 T T I T . L 1T -1 7
0 100 200 300 400 500 600 700 800
Annealing T (°C)
0,022 -
rrrrr O FeMnNi 4
—A—Fe0.3Cy o
0,020 \
/ &
o \
0,018 4 /| \
0.1 dpa /
/ 4
0.016 / \
| pureFe 0 \
0,014 .. 2 0-0
o ptSan, 4
0,012 4 /
,A/A
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Ni, Mn, cluster stability

A Vacancy dissociation energy as function of the
cluster composition, rigid ion moc

1,2 S

Q The variation of vacancy
concentration with respect to the
solute cluster concentration mainly
affects V-MnNi clusters

A The dissociation energy of vacancy
solute clusters fall intfo two distinct
groups

A Dissolution stage at about 500- 550 °C

is assigned to the dissolution of V-MnNi
clusters

V-cluster
V-Cu
V-CuMnNi
V-MnNi

Binding energy (eV)

0,4 75 at% VvV

M. J. Konstantinovic, G. Bonny Acta Mat. 85, 107 (2015) 4 8 12 16 20

© Number of vacancies
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Solute cluster dissolution @ERIA

0 Take a home message

V

400% annealing T 500 °C 600 Je

V

o
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M. J. Konstantinovic, G. Bonny Acta Mat. 85, 107 (2015)

Fe-Cu

T, °C

700 |

500 f——r

300 |

100 - |

/
/

0 0102 03 04 Cuwt%

First annealing stage -
vacancy release

Second stage — dissolution

of Cu

cluster — Cu

dependent

Stability of mixed cluster
governed by Cu content
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Take a home message

A Cu-Va-C synergy / once vacancies are dissolved, Cu clusters
remains thermally stable / irradiation enhanced precipitation

A Ni, Mn precipitation is irradiation induced - dissolution of
vacancies dissolves solute cluster.

Q In fternary alloys, the clusters is a mixture of all solute elements

= Thermal stability mainly depend on Cu concentration (if Cu content is larger
than solubility limit)

A Ni, Mn — Vac cluster dissolution is driven by vacancies (however
aft slightly higher T - vacancy cluster is more stable by adding Ni
and Mn)

o
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High Cu RPV steels (welds)

a RPV steels, surveillance specimens - weld, Cu~0.25 wit%
A Nd -~ 4] X 1023 rTT3

120

[~+O7)\

COoOMpPOoSHOnN—{Ci/o)
A o~
o o
] |

Counts

Coarmpoactan
N
(@
|

00 04 08 12 16 20 24 28 32 36 40 44 48 52 56 60

Fe
Diameter (nm)

A Curich clusters are well developed in high Cu RPV steels (welds)
Q High number density of Cu rich clusters
A Not much difference between high and low neutron flux

Sonedaq, et al., IGRDM 2015
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High Ni RPV steels

O Base steel - gradual loss of hardening starting already from 623 K (350 °C)
a High Ni RPV steel — abrupt loss of hardening from 723 K (450 °C)
O Opposite effect for S parameter
M.J. Konstantinovic et al. IGRDM 18
230
300 - \D:ﬁ
™ 2 220 E
0 280 T 1 |
< PO 0
3 - § 210 E \
c Lo} T '
T # s 16MND5 N
o 220- 0 N
S 2 200 - : N
S 200+ §0385 I
> 0,390 - ] A
. | 0s0]
5 $ 0,375
< 0,380 A\ E GEJ ]
% . A @ 0,370 ~
& 0,375 s ]
o : ) 0,365
0,370 A '
o AN 0,360
o3¢ ——+—47 4+ 1+ 1+ ¢+ ¢+ e e S L B A s S e —
300 400 500 600 700 800 900 1000 800 400 500 600 700 800 900

Annealing temperature (K) Annealing temperature (K)
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High Ni RPV steels

At high Ni and high fluence Cu does not play key role
A ot
_ " 0.00 at.% Cu ..
%° 1.69 at.% Ni
— 607 ¢ s %
3 40- g gt
o
£
S 20- :
L b e
Fe Mn Cu Si Ni Mn Cu
A e 2 ¢
g *i% $ tou .
L 40 ; ot s
- i s Py *
:g ¥ 3 B
8 40 & 3;.,#‘, § ‘!“ ﬂ,;i
(e} ¥ i S
S o i B g O
8 20+ }"* ?: it ¥ A a.“
0.32at.% Cu ["¢ s T2 A8
. 1.07 at.% Ni "a¥ & || o i
Fe  Mn  Ni Cu Si il

@ Wells et al., Acta Materialia 80 (2014) 205-219
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Low Cu RPV steels

Q Usually no solute clustering is
observed in low Cu (Cu<0.06 wit%)

surveillance specimens (low ——— Precipitates =
neutron flux) £ | =——— Matrix damage | };€3 N
= ~
o . < Weld (high CV =
O Low Cu steels irradiated in MTR = j,-*"
(high flux) do develop MnNi - e
clusters 0 Vs
m
- Ni Fe-58/  Mn si L “ Base metal
e 2 . (low/no copper)
- -
O.2Idpa
sqri{Fluence)

Box size =135 x13.5 x 52 nm

o
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Synergy of solute atoms vacancies and carbon or phosphorus

Cu precipitation is irradiation enhanced; may also occur as a
result of thermal ageing;

A Ni, Mn precipitation is iradiation induced; cluster is uniform
mixture of solute atoms and vacancies

A In concentrated alloys and steels alloys, the clusters is a mixture
of all solute elements

Q Thermal stability mainly depend on Cu concentration (if Cu
content is larger than solubility limit)

At high Ni and high fluence the role of Cu is strongly reduced

Flux effect is expected to be observed for solute clusters which
are irradiation induced / low Cu alloys and steels

(i

O U

o
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Additional slides
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Solute cluster composition

O Cu-Vac-C

Irradiation
enhanced

aQ Mn,Ni-Vac

Fe
Mn
Ni

Irradiation
induced

o
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Cu effect - generdl

Model alloys with Cu

120 —
¢ FeCu R =0868 .~
®mFeCu0.1Si //
100 F /
4 FeCu0.2Si /
X FeCu0.6Ni /
80 } - * /
% FeCu0 .8Ni Ax /
& ® FeCu0.6NiMn e i o
£ 60 | +FeCu0.SNiMn Irxddiation
4
: _____
40 }
20 |}
/// ¢ Thermal ageing
O ” 1 1
N\ S
0 102 0.04 0.06 0.08 0.1

Square root of volume fraction

All solutes cluster together

Cu Mn Ni

More Mn and Ni atoms in clusters
after neutron irradiation then in
clusters formed after thermal
ageing

Liu et al., JOURNAL OF NUCLEAR SCIENCE AND TECHNOLOGY 2016, VOL. 53, 1546.
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Take a home massage

a Debye relaxation

|
: )
L . .
0~ a2 <
|

1+ (0 1)

L I
B o Va7
& @

T
T=7e"

1, c= activation energy

1 ~ defect concentration.

AT ~distribution of E ,
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