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¢ CONTEXT of the work  spring steels (Mn/Cr alloyed)
High Strength Low Alloyed steels (Nb alloyed)

ASCOMETAL

0.02, wt. % of NITROGEN 0.01 wt.
ASTM Grain Size Number

PRECIPITATION: =

o

=
e Sol. Sol. HARDENING £ e

= HYDE l. SAE
* GRAIN GROWTH control 3 | | el e

§ Research Investigation (1994)]

.g A Hyde et a/347

LI=J 1000.f ‘ Cohen et a/#

8 10 12 14 16 18

Inverse Grain Size (1/N@, nm-12)



« Sol. Sol. HARDENING (interaction dislocations — precipitates)

—» SHEARING precipitates

—> Orowan mechanism
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e GRAIN GROWTH control HEAT treatments

MECHANICAL RESISTANCE
DECREASES

when GRAIN SIZE
INCREASES

L.

PRECIPITATION ABNORMAL
GRAIN PINNING GRAIN GROWTH



THERMODYNAMICAL MODELING of the PRECIPITATION

CLASSICAL NUCLEATION THEORY

1) NUCLEATION (driving force: solute supersaturation)
AN . AGH ¢ Nucleation rate (N,: number of nucleation sites per unit
— = NoZ3"exp | — v l —exp |—= volume, 7. incubation time, /*: condensation rate of monomers,
dt KT I Z: Zeldovich's factor)
;surface term
* 7o
4 3 5 —-A"Q-‘;f-- < critical radius R*
AG(R) = =mR’Ag + 47 R*~ > | .
3 \ ) > | | nucleation enthalpy
— e b | barrier AG*
surface energy u |
~ volume energy (y ~ 0.5 mJ/mz, ;
(spherical shape assumed) no stress effect) | . Radius
g A R* A R* - 4 R
£ —
=] .
pd . , growing of
2 first nuclei first nuclei |
-*g + new nuclei | —
'S 77!
g R unstable stable (grow)
Size g g (dissolve) !

[D.A. PORTER, K.E. EASTERLING, Phase transformation in metals and alloys, London: Chapman & Hall, (1992), 514p]
[R. WAGNER, R. KAMPMANN, Materials science and technology: a comprehensive treatment, vol. 5, p. 213-302:
Homogeneous second phase precipitation, John Wiley & Sons Inc., (1991)]



THERMODYNAMICAL MODELING of the PRECIPITATION

CLASSICAL NUCLEATION THEORY

2) GROWTH (driving force: diffusion)
s 1cC
dR DC°—(C" RS | 0 Corecipitate
— = =S rom Fick's law c
‘,‘ . 7 . . ()
\ dt : RC P—C (spherical coordinates) § Co
o (matrix)
growthrate *« o e
diffusion coefficient 3 7l Cintertace
n ! » Radius
_ concentration near the
IS R* = Rmean R* = Rmean precipitate/matrix interface
E —
=2 ’I 4—‘—0..“ |
n ! ! .
LV e i Further refinements:
S | /// - - Gibbs-Thomson effect
o / / > - non stoechiometric binary
Size same (distribution density) alloyed precipitates

3) OSTWALD coarsening (consequence of the Gibbs-Thomson effect)

-3 -3
R (t) — Rymean(t) oc t [LM.LIFCHITZ, V.V. SLYOSOV, J. Phys. Chem. Solids, 19, 1/2,
(1961), 35-50]

(LSW theory) [C. WAGNER, Z. Electrochem, 65, (1961), 581]



THERMODYNAMICAL MODELING of the PRECIPITATION

CLASSICAL NUCLEATION THEORY (summary)

1) NUCLEATION

2) GROWTH

2bis) shrinkage of
smallest precipitates

3) Ostwald coarsening

/

L oC t1/3

Evolution of the mean radius -’
Rmean Of precipitates g

1)

Precipitated volume fraction V,

time (log scale)

Density of precipitates d,

Remaining concentration of
the solid solution (matrix)




THERMODYNAMICAL MODELING of the PRECIPITATION

NUMERICAL CALCULATIONS (multi-class approach)

AN _\grzexnl ~2G ) s evol b dR _D |C*-CY
i Nog-p*Z-e p( T ] {1 e p[ TH o _R.{C'p—c'?]
Nt 1)t:to NT R Z)t:to
ANO ............... nucleation = | - growth
dR
I R I I a"* R
Ro* ] Ro* ]

A)t=t, Nt B)t=t,

R
 R* NT : I coarsening
min I
|
I
[D. ACEVEDO, PhD thesis, (2007), INSA-Lyon] :
[D. ACEVEDO, M. PEREZ, Computat. Materials, (2009)] I
R R*

min



THERMODYNAMICAL MODELING of the PRECIPITATION

e Precipitation in the FeNbCN system

[M. PEREZ, E. COURTOIS, D. ACEVEDO, T.

EPICIER, P. MAUGIS, Phil. Mag. Letters, 87, .
(2007), 645-656 ] A

I Demaner Stop | Quitier | ILugiciel de Précipitation: PreciSo

Densité Rarons | Distribution | Densité de Distribution I Concentration I Fraction Volumique I XV I nl:lassl TabSheetd I

e Reversion in the FeVC and L E RS

FeVNbC systems - AR
[D. ACEVEDO, PhD thesis, (2007), INSA-Lyon] =

0.00m

[D. ACEVEDO, M. PEREZ, T. EPICIER, E. . _______ _____ - _____ R
KOZESCHNICK, F. PERRARD’ T. SOURMAIL’ 1E2 1E1 1E+0 1E+ 15;2“331?;')3 1E+¢ 1E+5 1E+B 1E+7 a 8 10 1€ 20 RaQySOH 30 3 40 45 50
P.987-999 in "New developments on Metallurgy and Practions Atoriques Rayon Moyen

Applications of High Strength Steels”, Vols 1/2, Min., Y7 B s S YOO O WO O A

0.002

Metals & Mater. Soc., Warrendale — USA, e
(2009)] )

R c

o u u g u Tt T u T T T y u T u T
1E-2 1E-1 1E+0 1E+1 1E+2 1E+#3 1E+¢ 1E+5 1E+6 1E+T AE-2 1E-1 1B+ 1E+1 1E+2 1E+3 1E+4 1E+5 1E+6 1E+7

e Reversion and grain growth

control in the FeCVNDbN
system

[C. LEGUEN, PhD thesis, (2010), INSA-Lyon]



Dissolution in the FeVC system ASCOMETAL

[D. ACEVEDO, PhD thesis, INSA-Lyon, (2005)]

mOdel a||0y | Fully precipitation | |Isotherma| dissolution
Fe -V 0.2wt. %, C0.48% " i > g
e STUDY of the DISSOLUTION  |— 2mint0.8 days

of Vanadium Carbides during [ 10 days at 800°C

REVERSION treatments e e e, ey St -

10h at 700°C

Water

o EXPERIMENTAL techniques .

- Fraction of precipitated elements i Gl
B | Electrolytic dissolution + ICP (Inductive Coupled Plasma) spectroscopy

- Precipitates statistics HAADE in TEM

[ACEVEDO-REYES D.,
PEREZ M., VERDU C.,
BOGNERA., EPICIERT.,
J. of Microscopy, 232, 1,
(2008), 112-122]

Extraction replicas
(+ thin foils)




Fully Precipitated state (ferrlto perlltlc)

ASCOMETAL

martensite

ordered VgCs

[T. EPICIER et al., Phil. Mag., 88, 1, (2008), 31-45]

Radius (nm)

-
Acc V Spot Magn Det WD
30.00kV 3.0 60652x BSE 65 sis_xltif



e RKk.1: normalizing histograms

ASCOMETAL

=3
=1

Raw measurements

Optimized classes

FPS state LR _ 1| o I s
Radius (nm) Radius (nm)
t (min) 870°C 920°C 950°C = * Distribution density . Log-normal law
0 1227 1227 1227 .
2 920 394
5 114 606 20 "
10 308 356 L
20 302 533 . .
60 1074 426 345 | L | .
| Rédius (nmi ‘ J ; Ra;jius &nm) )
e Rk.2: SEM-TEM correspondence
0.05 0.03 0.04 0.02
FPS state 870°C 2' 920°C 60 920°C 10 days
0.04 1 0.04
0.03 4
0.03 \ 0.03
0.02 1 0.02 " . / T E M
ZTEM || \ ZTEM | [ / TEM
0 ‘.\ = T 1 0 T 0 T T 0 T T
0.0E+00 5.0E-08 1.0E-07 1.5E-07 0.0E-00 5.0E-08 1.0E-07 1.5E-07 0.0E+00 5.0E-08 1.0E-07 1.5E-07 0.0E-00 5.0E-08 1.0E-07 1.5E-07
Radius (nm) Radius (nm) Radius (nm) Radius (nm)




e Size of precipitates ASCOMETAL
1.E-07 1.E-07 1.E-07
870°C 920°C 950°C
/g —~~ ~—~~
£ E o f E
E |3 E: o
3 ~ 3 | D 3 %
Model s Mode| mmm— Model mm—
exp. SEM < exp. SEM exp. SEM <
1.E-08 A | g : I T =N B e —
1E-01 1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+0§ 1.E-01 1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E-01 1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+0§
Time (s) Time (s) Time (s)

0.3%

e \Volume fraction
of precipitates

0.2%

Volume fraction

0.1%

——870°C Model
¢ 870°C Exp
—920°C Model
O 920°C Exp
—950°C Model

A 950°C Exp

E+01 1.E+03 1.E+05

Time(s)

1.E+07

= ThermoCalc® values



e Consistency of results: effect of the 'starting' precipitate distribution

same
mean
radius

2E+27
Experimentally
/ observed FP state
/\ (SEM / HAADF)
1E+27
—>
O T T T I
0.E+00 2E-08 4E-08 6.E-08 8.E-08 1.E-07
Radius (nm)
4E+27
LSW-type simulated
Full Precipitated state
= (after 10 days at 800°C) / \
2E+27
/ [
\1E+27 /
0 T T T

0.E+00

1.E-08 2.E-08

Radius (nhm)

3.E-08

4.E-08

ASCOMETAL

1.E+07

1E-07 -
870°C .
—~ from .
£ | 920°C experimental
S 950°C distribution R
E OAAA 00‘
“ 0%0 e
’.0: ------ n-nnnémm‘“,%’%-: 6:5: : :“ R
SO
1.E-08 : : : :
1.E-03 1.E-01 1.E+01 1.E+03 1.E+05
Time (s)
1L.E-07
870°C ;
—_ ~ from
£ 920°C simulated
—~ distribution
2 | 950°C
2
o]
o

-------

1.E-08

1.E-03

1E-01

1.E+01 1.E+03

Time (s)

1.E+05

1.E+07



Precipitation in the FENbCN system .

model steel Model steel
Fe - Nb 790 wt. ppm, C 120 ppm, N 10 ppm Fe - Nb 843 ppm, C 59 ppm, N 64 ppm
(800°C, 30’) (650°C, 30’)

\
HOMQGENEOUS

precipitation ™~
DN -
»®

HETEROGENEOUS

Precipitation

e e

heterogeneous precipitation heterogeneous precipitation of NbC (c.f.c.)
of NbC (c.f.c.) and homogeneous precipitation of NoN (c.f.c.)
in a-Fe In a-Fe
BAKER-NUTTING’ O.R. (‘BAKER-NUTTING’ O.R.)

[E. COURTOIS, T. EPICIER, C. SCOTT, Micron, 37 (2006), 492-502]
[T. EPICIER, Adv. Eng. Mater. 8, 12, (2007), 1197-1201]



A

ArcelorMittal
model steel Model steel
Fe - Nb 790 wt. ppm, C 120 ppm, N 10 ppm Fe - Nb 843 ppm, C 59 ppm, N 64 ppm

(800°C, 30’) (650°C, 30”)

> BAKER-NUTTING O.R.:
[110]gc.c. 1/ [001] e,




a-Fe (ferrite):
cc, a=2.864 A

e Perfect fcc structure
for B.N.:

.. = Apo V2 = 4.05; A

\ *VC, fce, ayc = 4.17 A [T. EPICIER et al., Phil
\ \ d...vC_-d...Fe Mag., 88, 1, (2008), 31-45]
(d220"™ - d100™)
6'in plane' ~ d = 2.88%
100

e NbC, fcc, ay,c = 4.47 A
B (dzzoNbC B dlooFe)

8'in plane’ ~ d Fe = 10.28 %
[110]fcc 100
(d NbC _ d Fe)
6'in plane' = — = = 8.41%

=
d 100




A

ArcelorMittal

Model steel

Fe - Nb 843 ppm, C 59 ppm, N 64 ppm

(650°C, 30’)

Fe ferrite

—> COMPATIBLE with a Nb-(100) plane in FERRITE

—> NOT OBSERVED in the C-rich steel:

NbN platelets?



A

ArcelorMittal

ATOMIC PLATELETS or ‘G.P. zones’ NANO-PRECIPITATES

2 Nm

\\
SN

N \ o A.\}.
Ly » .... .. ?.‘.." .. b\ \\\k\
T

A
......
A

.-1 - “
- - "~ ‘\.~\
l s-o.s‘

.
.....

. -
........

LR
‘‘‘‘‘
M)

EVIDENCE for a DOUBLE
POPULATION of ‘OBJECTS’

counts

EDX nano-analysis
probe 1 nm

aToMic <]

PLATELETS:
N-enriched (?)

1 1.5 2 2.5 (keV)




[T. EPICIER, F. DANOIX,

Ato m PI’O be TO maograp hy F. VURPILLOT, PTM 2010, Avignon-F,
and to be published]
Nb 55 + 3 at. % 05 7 atomic concentration (%)
C 8xlat.% L /\
N 37 i 2 a.t % o oY = = A=W
N-enriched ) Nb
4 0.25
Anm 73 (ATOMIC /\w
‘ PLATELETS...) 77—
- 0(.)2:- N
CONFIRMATION of a DOUBLE o o ”1“0 = l-f\ Zﬂoﬂ”; —
POPULATION of ‘OBJECTS’ 025 - C
0 A = "‘Jﬁ o N
i 5 anc';)ysedlzlepthzinm)25 i

‘carbo-nitrides’
(NANO-PRECIPITATES...)

Nb 47 3 at. %
C 20+x1at.%
N 33x2at.%




and Field lon Microscopy...

—> CONFIRMATION of both
ATOMIC PLATELETS and NANO-PRECIPITATES
by FIELD ION MICROSCOPY

Y | .
.&' .‘....e -




and Field lon Microscopy...

¢ Details of the analysis of ATOMIC PLATELETS

FIM evaporation sequence
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and Field lon Microscopy...

+ 3D analysis of the FIM evaporation sequence

4
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and Field lon Microscopy...

+ 3D analysis of the FIM evaporation sequence

[110)

110).. at 0.2 nm -
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and Field lon Microscopy...

+ 3D analysis of the FIM evaporation sequence

[110)
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Back to High Resolution TEM...

¢ indicative HRTEM simulations

of =-90 nm - 60 nm + 45 nm

9.,0.0.9 .99 0 0 0 experiment/simulation experim'/simulat” experimt/ simulat”
%0202 total thickness:
@ Q9
o222 20 nm Fe +
O:O:OO Q 20 nm platelet (Fe,Nb)
o 9 0
00000
Q@ Q9 Q
Q@ 9 Q
000000 @
Q9
000000 @
o700 AVERAGE PROFILE
rough model. the DEFECT
substitution of
Fe atoms by experiment
Nb atoms in a
(001) plane
(NO metalloid,
NO atomic : :

. simulation
relaxation)

0] 50 100 50 100

—> COMPATIBLE with a Nb-(100) plane in FERRITE



Guinier-Preston type ZONES in a pure Fe-Nb-N system
SANS study

[DESCHAMPS A., DANOIX F,, EPICIER T., DE GEUSER, F., PEREZ M. PTM-Avignon, F, ( 2010)]

Magnetic signal

Nb C N S 0]

< 0.0010 0.0189 <0.0010 | <0.0010
0.080 [ (4-4-3 ppm) | (0 =0.005) | (2-2-2 ppm) | (6-4-4-7-ppm)

0063

005

Grenoble-F

R Project O6|BLAN|0205



Guinier-Preston type ZONES in a pure Fe-Nb-N system

Magnetic scattering intensity (cm'l)
T

0.01
: > Experiment
01 Nuclear scattering intepsity (cm'l) Model
" © 300s
a% 5 600s 0.001-
< 1800's
? x 18000
+ 180000 s
0.01F | 0.0001-
.| 300's
. 10° 1
0.02 0.06 0.1 05 0.04 0.07 0.1 0.4
a(h a(™
. . . . -1 . . . . -1,
001 Magnetic scatterYlng intensity (cm™) 001 Magnetic scatter!ng intensity (cm™)
Experiment
— Model
0.001- 0.001-
0.0001f 0.0001+
* Experiment
| 600s .| 1800's —— Model
10° L 10° 1
0.04 0.07 0.1 0.4 0.04 0.07 0.1 0.4
1. -1
a (i) a(r)
001 Magnetic scattering intensity (cm'l) 0.01 Magnetic scattering intensity (cm'l)
0.001- 0.001-
0.0001f 4 0.0001-
180000 s
°  Experiment > Experiment
18000 s —— Model — Model
10° : 10° T
0.04 0.07 0.1 . 0.4 0.04 0.07 0.1 0.4
- -1
q (@) q (™)

hardness

Volume fraction (%)

0 Precipitate size (nm)

——Rg
50 .
—=— Radius
40 | .
—— Thickness
30+ .
20 .
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0 2l el 2a el L ....I4 ....I5
As 100 1000 10 10
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260 T T Al T
240 .
220 .
200 | >hardness _
180 | .
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Guinier-Preston type ZONES in a pure Fe-Nb-N system

80x80x70 nm3

~-.60 x 60 x 300 NM3




back to FeNbCN system...

» 30°-650°C — 126 h. -650°C

= nitride (N)

| precursor

carbo-
nitride (CN)

HAADF (replica)

Counts Counts
(au) (au)
31 EELS - NbCos/Ngoe |
- -
NbN, 1
T~ i Nb-
Fd . >/

150 200 250 300 350 D 450 150 200 250 300 350 400 450
Energy Loss (e¥) Energy Loss (e¥)
pure NITRIDES Nb;N,

Replica (30" - 650°C) substoichiometric CARBO-NITRIDES
average chemistry NbC, 5N, »




Introduction to EELS

e quantitative element analysis

elastic —
zero-loss
peak

Sexp(E) = Ss

Ssimple(E) =

50 0

50 0

[R.F. EGERTON, ‘Electron
Energy-Loss Spectroscopy in the
Electron Microscope’, 2" Ed.,
Plenum Press (1996), 485 p.]
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subtraction

- power-law E”'

Energy Loss (eV¥)
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Fourier deconvolution
(simple scattering)
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Energy Loss (eV)
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[N-KJ/[V-L3] = 0.26 +/- 0.03; [C-K]/[V-L3] = 0.66 +/- 0.02
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analysis
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Nix
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inelastic scattering
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e Electron Energy-Loss Near-Edge fine Structures (ELNES)

[A.J. SCOTT et al., Phys. Rev. B, 63, 245105, (2001)] [T. EPICIER, E. COURTOIS, C. SCOTT, unpublished]

Counts
@u) |

Nb,C

C-Kin ZrC

270 280 290 300 310 320 330

| CI_K Iln Il\lbg: | I | - Energy Loss (gY¥)
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e energy E primary:electron
n 3s/3p anti-bond. s '
: : O 3s/3p bonding st. :
C-Kin TiC ] ® :
n 2p —
— :AE ‘energy loss
= — 2s —_—
N :
Q
. = :
- | C-KinVC _ ® 1s —
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EELS In thin foils

Counts

C-K ),

Counts
(au) [
(— Max. =
11415

300 350 400 450 500 550 600 650 700 750 #

Energy Loss (eV)

Counts

Cr'L2,3 B

" A ' - A . i 4‘
FeCrN system C-Kresidu J\J et
[P. JESSNER, PhD, GPM-Rouen]

FelL,, [ INadequate background
K\J - - too thick
- slight C contamination
- cannot extract edge areas
W e ™ ™ properly




e EELS references

Nb-M from NbC, o5, Nb;C., NDN (powders / bulk single- or poly-crystals)

C-K in NbC from NbC, o5, NbC; (powders / single-crystal)
C-K in VC from V4C; (bulk poly-crystals)

C-K in amorphous carbon from C-film (TEM grid)
N-K in NbN from NbN (powder)

N-K in TIN ~VN from TiN (precipitates) and VN (literature)
Ti-L from TiN (precipitates)

O-K in Fe,O4 from oxidized Fe thin films
Fe-L in Fe,O, from oxidized Fe thin films

Cr-L from CrN, Cr,N

[C. MITTERBAUER et al., Sol. State
N-K in CrN from CrN

Comm.,130, (2004), 209-213]

Quantitative Least-Mean Square Fitting
from normalized references

TiN
VN
325 350 375 400 4?5 450 475 500 525 550
Energy Loss (e¥)
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N-K i
edge tal
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300 350 400 450 500 550 600 650 700 750
Energy Loss (e¥)




CryFe,N, platelet

— —

FIT: 25,641 @RE[" + 0.231 x Ref.2 §]0.385 ) Ref 3]. Error €£80k{i67
(au) [
Max. =
CrlN]_ 15009
Fe-L2'3
708 eV
CI’-L2’3
575 eV
O-K

532 eV
N-K

"N—N M\

—
/

I I T T T T T T T T
300 350 400 450 500 550 600 650 700 750
Energy Loss (eV)

Quantitative Least-Mean Square
Fitting from normalized references

spurious oxidation
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Application to complex mixed carbo-nitrides
precipitate = aNb(Cgy,Ng,) + BV(CBlNBZ) + yTi (Cleyz) +eCyn

05<B,+B, <1+
05y, +vy, <1

y € [20.5, 1] in

c = 0 if NO CONTAMINATION cubic MXy carbonitrides

C(‘;“L:“)S experimental spectrum oy expe{imental reconstructed ok
u. - L U spectrum -
5000 - (Nlb,V,Tl)(C,N) precipitate 8000 1 P spectrum (oxidation)
6000 - [\ \W 6000 - | Vi l
A i "~ K '\ Alref. 1
4000 - s00{ | NDb-Mgs ref.
Ti-Lo3 ref. 5
ref. 3 N-K* V-La
2000 A - : 2000 7
Ritting windows
i ref/2 C-K*
0 e : : | | | 0 T T T
200 250 300 350 400 450 500 550 200 250 300 350 400 450 500 550
Energy Loss (eV) Energy Loss (eV)

[LEGUEN C, PhD thesis, INSA-Lyon, ( 2010)]



G.P. zones: —
nitride (N)
precursors

® Nb -4 nitrides (N)

1 f.c.c. carbo-nitrides (CN)

¢ MODELLING of NbN + NbCN [M. PEREZ, E. COURTOIS, D. ACEVEDO, T. EPICIER,

populations P. MAUGIS, Phil. Mag. Letters 87, 9, 645, (2007)]
06 T
. - Atomic compositions
Volume fraction
1.E-03 0.5 E
9.E_n4 £| —e— Tr_Fraction_NbN >
8.E_04 EL=°= Tr_Fraction_NbCN 0.4 _ Xp_Nb_NbCN
5 [| —o— Xp_N_NbCN
3 7.E-04 _ | o o C_NbON
% 6.E-04 < 0.3 i Xp_Nb (EELS) L
£ 5E-04 : [l o Xp_N (EELS)
S 4E-04 a 02 H o x_cEELs) _
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2.E-04 ' 01 H O X N@TAP)
1.E-04 j [ © Xp_C(TAP)
O.E+00 bl . — - —1 0 L1l RN
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Precipitation in the FeNbVC system ascomea

[D. ACEVEDO, PhD thesis, INSA Lyon, (2007)]
[D. ACEVEDO, M. PEREZ, T. EPICIER et al., Min., Metals & Mater. Soc., (2009)]

¢ A SUMMARY...

- TEM analysis (EDX, HAADF) demonstrates that the dissolution of precipitates
involves the co-existence of TWO populations: V-rich and Nb-rich carbides

C

Cu
Mb

%V |%Nb lized
STEM-HAADF (s days @ 950°) ||~ zoat g | o 20

%V ‘%Nb
v 8.0 1 92.0 Cu

1 2 3 4 ] G 7 8 9 10
Pleine échelle 438 cps  Curseur : 14.200 keV (2 cps ) keV |Pleine échelle 311 cps  Curseur : 14.200 keV (2 cps ) keV

- Thermodynamical modelling confirms this process



e STEM High Angle Annular Dark Field for CHEMISTRY

- Background on HAADF

- Experimental conditions

1
fatom(Q) = 2n%a,Q? Z
2sin(0)

(0=""5 . ag=¢gh?mmye? - Bohr’s radius -, Z : atomic number) 10
8 .

f2atom (@) €22 and lyaape(d) roughly oc 72

(Rutherford scattering)

Annular detector = collection of
INCOHERENT electron scattered

at high angle

NO DYNAMICAL SCATTERING

18 1
16 -

12 1

= M Y [=7]
1 1 1

power-law

y = 0.0038x %%
R? = 0.9995

lHaADF oc 7189

collection angles
70 — 186 mRad

60 80 100



e Quantitative chemistry in ‘mixed’ (V,,Nb,)C precipitates

extraction C-replica of (V,Nb)C
precipitates within ferrite

4.5

3.5 A

2.5 1

1.5

VC (x=0)

2

#

%V %Nb | (at. normalized) .
™ 75.1 24.9
~ 100 0 EDX.
analysis
— O7.7 2.3

the HAADF intensity is linearly linked to the chemical
composition for a given mass-thickness

4 liaaDE

y =0.0283x + 1.5385
R? =1

fromlawZ= aZ1?

atomic density
correction

y =0.0221x + 1.7863
R? = 0.9945

% at. [Nb] in V, ,Nb,C
—

0 20

40

60

80

100 NbC (x=1)



0 Intensity "pure VC" = f(size, diameter in nm)

“‘ COMPTAGE/BINARISATION de Précipités pour C:\Documents and .
@ anil:ulen‘1diaétre:43.55nm dedlcated Software
7000 A o _ _ to analyse the
5000 | norm5acl)|zat|on to a given thickness HAADF images
(e.g. 50 nm) (quantitative
2000 1 measurement of the
penely sesuning
3000 - R°=0.0922 . p p
P 'It' Lal tory
1000 4 O O precipice
size (nm) N [EPICIERT.,
0 : . . : TOURNUS F,,
0 100 150 200 250 SATO K.,
e w " e - - KONNO T.
Intensi ure NbC" = f(size, diameter in nm y
000 P ( ) IMC17, (2010)]
7000 -
6000 -
Y= 4?:669:( + 56.64
5000 4 R*=0.9864
4000 -
3000 -
OJNONG
2000 -
1000 -
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O T T
0 100 150 200 250



0 Intensity "pure VC" = f(size, diameter in nm)

7000
so00 | MOrmalization to a given thickness
(e.g. 50 nm)
5000
4000 y = 25.021x - 260 .83
3000 4 R = 09922
2000
1000 - Q O
size (nm)
0 T T T T
0 50 100 150 200 250
Intensity "pure NbC" = f(size, diameter in nm)
000
7000
6000
y = 47 669x + 56 64
5000 - R® =0 0864
4000
3000
OJRCNG'
2000
1000 -
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0 50 100 150 200 250

3500

3000 ~ »
2500 A
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1000 A %
500 4 e lhaaor = (1-X)ly + Xly, + Ic
- inV,,Nb,C
0+ . .
0.00 1000.00 2000.00 3000.00
"chemistry” (% at. Nb) = f(Intensity "normalized to 50 nm")
120
100 -
50 | [Nb] = 0.0632 | - 64.315 O @
R’ = 0.9556 I :
60 -
40
20 | accuracy on the [Nb] at.
content ~ 20 %
(non-spherical particles) |Intensity
0 T Pl T T T e
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e lllustration (alloy Fe-(V,Nb)C: reversion at 950°C)

ASCOMETAL
08 - 0.8
07 normalized histogram of chemical composition o normalized histogram of chemical composition
| 570 particles ' 235 particles

06 - 0.6 -
05 - 05 4
04 950°C, 0’ (reference state) 0 950°C, 120’
0.3+ 03 -
02 - 0.2 -
0.1 - 0.1
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0 10 20 30 40 50 60 70 80 90 DI lm 20 30 40 50 60 70 80 90
mean [Nb] (at.%) mean [Nb] (at.%)
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0 10 20 30 40 50 60 70 80 90

LARGE V-rich particles, SMALL Nb-rich particles




e Thermodynamical modelling

Volume fraction

global enrichment in [Nb] as a function

of time:

coarsening / dissolution of VC-rich
precipitates
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