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Understanding the phenomena on this scale is thus essential for the development of a predictive
simulation and understanding of the ageing and safety of materials. This atomic scale is the first floor
of the multi scale approach necessary for modeling and prediction, as illustrated in figure 1. The major
technique in this field is the Tomographic Atom Probe, nanoanalytical technique with atomic resolution.

Atom Probe Tomography (APT) is an extension in 3D of the atom-probe field ion microscope
(APFIM), an instrument designed in the late sixties by E.W. Muller [1]. APT is the only approach able
to map out the 3D distribution of chemical species in a material at the atomic-scale. The principle of
APT [2,3] is based on the field evaporation of surface atoms of the specimen (a sharply pointed
needle, R ~ 50 nm) and the chemical identification of field evaporated ions by time-of-flight mass
spectrometry. The position of atoms at the sample surface is derived from the impact position of ions
striking the detector. A major advantage of APT is its quantitativity. The local composition in a small
selected region of the analyzed volume is simply derived from the number of atoms of each observed
species. This is a big advantage compared to number of other instruments. No calibration is required.
The in-depth resolution, independent of technologic details of these instruments, reaches 10
picometers. Atomic planes can therefore be imaged and the chemical order can be both exhibited
and characterised. The lateral resolution is close to 0.5 nm. This makes it possible the quantitative
analysis of small precipitates in alloys or the study of solute segregation to crystal defects (as
illustrated in figure 2 [4]).

The last few years have been the A7 x 47 x 185 nm?
witness of a major breakthrough in
the development of APT. Formerly
limited to metals or good conductors,
the implementation of ultra-fast pul-
sed laser to the instrument opened
APT to semi-conductors or oxides

[5, 6]. Laser pulses give rise to very Fig. 2: Tomographic Atom Probe experiment in a RPV steel.
rapid thermal pulses that promote Each dot represents an atom (Si or P here). Irradiation indu-
the field evaporation of surface ced clusters and segregation on dislocation lines are visible.
atoms.
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In addition, a wider field of view is achieved so that larger area of analysis are obtained (~100x100
nm?) improving therefore statistics together with shortening the number of analyses required to get
the relevant information. This technique brings key information for the understanding of the evolution
of the microstructure of nuclear reactor steels under neutron irradiation, evolution responsible for
their hardening and embrittlement. The basic principles of the technique, the sample preparation and
some examples of applications in the field of “Metals under Irradiation” [7,8,9] will be presented and
discussed.
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Understanding the behavior of nuclear materials \=_Gr=2rn

Groupe de Physique des Marériaus
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Challenge in Materials Science

Need to explore each scale and to link them

Need to explore more and more at small scale

No technique
is multi-scale
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Crowpe de Phyvique des Matériaus
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Basic Principle: Field Evaporation =z &
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Basic Principle: How to obtain High Elec. Field \=_Gr=rm

Crpupe de Phyvique des
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Field Ton Microscope

Field Ionisation of gas atoms at the surface of a metallic needle
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Basic Principle: ToF mass spectrometry = Gr=rm
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Basic Principle: TOF and 3D reconstruction \&=_Gr=rm
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3D Atom Probe, a projection microscope
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Basic Principle: Mass spectrum = Gr=2rn
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Basic Principle: 3D reconstruction = &Gr=2rm

Crowpe de Phyvique des Matériaus
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Performance and limitations - Gr-=rn

Crowpe de Phyvique des Matériaus
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Specimen preparation : Electropolishing = &Gr2m

Crowpe de Phyvique des Matériaus

The most common method for metallic sample preparation
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Specimen preparation: Focused lon beam \&= Gr=2rm

Crowpe de Phyvique des Matériaus

Principle: sputtering of sample atoms by Ga ions
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Specimen preparation: Focused lon beam \&= Gr=2rm
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Specimen preparation: Focused lon beam \&=_ Gr=2rm
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Application of APT to RPV steels (1/3) = G2

Exemple: French RPV steel (low Cu <0.08%
hardening
KT o AHV calculé o
SRR} s AHV mesuré
s 100 +
g OS5 Y S TR e TR T D AR
% 60 1 ¥
L
5 i sl
R R R e
Fluence (10*¥n.cm®)
Neutron irradiation embritlement
E
A Un-irradiated

T ~290°C

@~ 0.7x10¥% m™2.s Irradiated

18



P
LB

wy

Application of APT to RPV steels = &Gr2rm

Crowpe de Phyvique des Matériaus

Cluster identification algorithm P Si Mn Ni Cu 52x52x135 nm?

P Si Mn Ni Cu Fe Solute cluster

51x51x96 nm3

Segregation along

dislocation

Objects Cluster (M) | Cluster (D) | Dislocation
P 0,11 + 0,06 0,76 £ 0,14 0,53+ 0,12
Si 8,84+0,54 | 6,92+0,41 | 6,10 +0,40
Mn 5,60 + 0,44 8,10 £ 0,45 5,85+ 0,40
Ni 10,76 +0,59 | 9,69+0,48 | 7,20+ 0,40
Cu 0,34+ 0,11 0,40 + 0,10 0,27 £ 0,08

Radius 1,4 1,5 -

Density (m3) 9.2+1.3 -
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Application of APT to internals = &Gr2rm

Crowpe de Phyvique des Matériaus

Exemple: 316 Austenitic stainless steels Bolt (316)
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Application of APT to internals = &Gr=2rm

Crowpe de Phyvique des Matériaus

Irradiation effect on inter and intra granular solute
redistribution in ASS?

Tandem 2 MV

Fe5* (10MeV) irradiation of bulk 31655 )
\\ //// JAPET
ol [
)
Do B N — ;
JANNUS _
’ 0 5;10 1oluu 15|00 20an 25‘90 lm@més 3MV
Depth (nm) ;
Dose Dose Dose rate T (°0) Lift-out method
(ions.m™2) (dpa) (dpa.s?)
A. Etienne et al, INM 406 (2010)
4.7%102° 10 5.3X10*% 350

21



Q
Application of APT to internals (4/5) = G2

Concentration profile through GB

3D reconstruction of irradiated GB .
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Application of APT to internals = &Gr=2rm

Crowpe de Phyvique des Matériaus

Radiation damage into grains
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Intra-granular segregation and precipitation in some neutron irradiated Fe-Cr alloys

Fe-Cr alloys with different Cr content:

& Fe-25at.% Cr

& Fe -4.9 at.%Cr
& Fe - 8.9 at.%Cr

& Fe -12.3 at%Cr

Dose : 0.6 dpa

Neutron flux: 9 103 n/(cm?2 s)

Temperature: 300°C

BR2 reactor (SCK -CEN) —
MIRE-Cr irradiation program

— Bonny et al.
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Low purity : oo Mole fraction Cr

As measured with Atom -Probe Tomography (APT) —in at.%
Fe Bal. Fe Bal. Fe Bal. Fe Bal.
Cr 2.21+0.01 Cr 4.61 £0.02 Cr 9.16 + 0.04 Cr 11.2+0.04
Si 0.020 + 0.001 Si 0.059 + 0.002 Si 0.065 + 0.003 Si 0.18 £ 0.01
Ni 0.040 + 0.001 Ni 0.034 + 0.002 Ni 0.057 + 0.003 Ni 0.07 £0.01
P 0.0090 + 0.0005 P 0.013+0.001 ° P 0.013 £ 0.001 P 0.025 + 0.002




Two independent families of clusters are revealed NiSiPC
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