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1.- OBJECTIVE

A The objective of this work is to characterize the
protective oxide layer formed on AISI 316L stainless
steel in PWR primary water and to determine if the
differences of the environment (transients, hydrogen
and B/Li ratio) modify the microstructure and
composition of this protective layer in order to

understand the susceptibility to SCC.
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2.-BACKGROUND

Austenitic stainless steels form a chromium oxide
(Cr,O5) on surface at low temperature what could
be denominated as “ideal passive or protective
oxide layer”.

At high temperatures and depending on fthe
environment, other different oxides may form at the
surface of the alloy.

Primary water of a PWR has a strong influence on the
oxide film properties and it is linked o the oxidation
kinefics.

Under these chemical water conditions, the
protective oxide layer of the austenific stainless steels
surface can evolve to different microstructure!.

" EPRI, 2015 TECHNICAL REPORT 3002005478 . Program on Technology Innovation: Review of Oxidation and Surface Film Formation Studies

on Austenitic Alloys in Light Water Reactor Coolants
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3. Experimental Procedure

1. Material Characterization
2. Test Matrix
3. Oxidation test

4. Oxide layer characterization
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3.1 Materials Characterization

Austenitic stainless steels AISI 316L

1316L-Certif. 0.016 16.822 1.84 2.086 0.025 10.170 0.026 0.003 0.641 |

J The material was tested in two conditions:

Annealed and 30% Cold Worked by rolling

0 The plate was cut in LS direction

Cutting planes Annealed samples CW samples
14 mm 18 mm
<> <>
______ [0 RATES -~ oYe-- - .
LS a

dimensions of the samples.:™

@ 27/06/2019 SOTERIA Final Workshop | 25-27 June 2019 | Miraflores de la Sierra b



3.1 Materials Characterization

Two Surface finished

=

(P600).

The surface preparation was performed by
mechanical grinding and polishing.

« All the samples were finished with silica gel in
one of the sides. The other side was ground

« The roughness ground value (Ra) is almost three

times greater than the polished value.

* In this way is possible to determine differences of

4

P600

@ 27/06/2019

» I

surface.

0400
0,250

Ra

0,150

the oxide formed between ground and polished

Roughness

0,200 -
0.250 -
0,200 -

Silica gel —
0,050 A
0,000 -

F120 P180 P320 PEOO P1200 Bpm  3pm 1Tpm 14 pm silica
gel

finished surface
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3.1 Materials Characterization

0 The microstructure of the samples shows equiaxed grains with
no evidence of carbide precipitation along the grain boundaries.

» &

S e Cold work induced € and o’
> '____ 5_"‘_;E:er_rite ‘*— =N

martensitic transformation by
= plastic strain

| Hv [ G(ASTM) [ d(um) | (Ferritoscope)
316L annealed 145

5.35+0.18 45 0.4 (3) ‘
316L30% CW [P 5.03 + 0.43 53 35 +e+a) Position
@
Cf 27/06/2019

CIEMAT E
MAG: 2000x
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3.1 Materials Characterization

EBSD was performed before oxidation test to identify the grains boundaries, twins and &
ferrite in order to determine the effect of grain orientation in the oxide layer.

316L-Annealed _

\L 8 Ferrite

N -200 s BC+GB +LocMis; Step=0.8 s Grdgs 447

[ R |
Low misorientation High misorientation

=200 pm BC+GB+Pblue+GB+Pred; Step=0.8 um; Grid651x447 — = 65 1x447

* In AISI 316 austenitic stainless steel, the cold work increases the microtexture (101)
O » Green-yellow indicates a higher misorientation in CW material.
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3.2 Test matrix

Material
AISI316L « Material
l Annealed I l 30% CW \
Polished Ground Polished Ground
(S|I|ca geI) (paoo) (silica gel) (P600)
'1(?:(;6‘;6”;1\ l Hydrogen \ l Transient \ l B/Li ratio |
l 1000 B- 4Li I ' 2000 B- 4Li \ l 2000 B- 10Li \

o 8 samples/conditions =16 samples/test

« Conditions

» Surface
finish
J

~

* Environment

J

CCCE

o 6 tests (1000 h) — 96 samples — 2 surfaces
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3.3 Oxidations tests

The environment conditions were chosen in order to simulate as
close as possible the complexity of the operating conditions in PWR.

| -r 8T 1
E I?,Im’

Hydrogen
B/Liratio |§
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O 5 samples scheme before the test
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_ 3.3 Oxidations tests
P BiLiratio

1 The main chemical parameters of the PWR primary coolant are boric acid,
lithium hydroxide and hydrogen concentrations, and the resulting pH level.

[ Li and B concentrations can vary during the operation of the power plant.

[ The main objective of this subtask is to investigate separately the influence of
chemical species (B and Li) on the properties of the oxide layers formed in PWR

primary water.
_ B (ppm) | Li (ppm) m Cond.(uS/cm)
2 6.6 22

Reference 1000
Li effect 1000 4 7.0 43
B effect 2000 4 6.2 46
Li effect 2000 10 6.7 116

‘ Oxidation tests are performed in dynamic loop - 1000 h-325 °C - 30 cc/kg H,
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_ 3.3 Oxidations tests
PP Transient

Shutdown conditions were studied with a drastic environmental change from reducing
to oxidizing.
PWR (reference conditions) (325 °C - 1000 ppm B-2 ppm Li - 30 cc/kg H, - 300 h)
Oxidation are performed in dynamic loop.
Shutdown conditions (60 °C -2000 ppm B— 0 ppm Li— pH =4,6 —air- 67 h)
These two steps will be repeated until accumulating 1000 hours.

"IQDD ..............................................
N NE
1000 _ \:‘66,('(\
N\
BDU-"'\O$°""""""""‘O"
L i C,o@\/\ o
E B0 "Q®Q~ """"" é)$06 """"""""""
‘Q\“\O
. g [ PFr—-- -~
= 200 |[HR---O -l e .
" .
1 . 3 4 5" B 7
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3.3 Oxidations tests

| Hydrogen

 Hydrogen cathodic charged samples were used to correlate the SCC susceptibility

to the content of hydrogen adsorbed.

1 The Vickers microhardness (HV) of the samples was measured before and after
cathodic charge. Hardness was increased due to hydrogen induced deformation. The

hardening decrease with depth.

L After cathodic charge, the specimens were tested in reference conditions at high

temperature.

1 Residual and diffusible hydrogen was measured by hot extraction after cathodic

charge and after oxidation tests.

After cathodic hydrogen charging € martensite
| and o' martensite phases are detected by
# \| GIXRD

316L before after cathodic charge
HV (1000g) | HV (1000g) | HV (500g) | HV (200g) | HV ( 50g)
(ASTM
E112- 143.7 217.5 253.8 354.1 381.3
96) >
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3.4 Oxide layer characterization

1. Oxide surface: characterization by SEM and Profilometry.

2. Thickness and composition: analysis of the oxide layers by
Auger, XPS, XRD and Raman Spectroscopy.

3. Cross-section characterization: analysis by SEM and TEM.

The Information obtained by different techniques s

complementary and provides a comprehensive understanding of
the oxide layers formation.

Location of oxide layer alterations which can give rise
to crack initiation
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4. Results and discussion
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Results: REFERENCE CONDITIONS-Auger

O The oxide layer formed in reference conditions was characterized in order to obtain a “reference
oxide layer” and to compare with the other ones obtained in different environments.

2 Thickness and composition: analysis of the oxide layers by Auger Spectroscopy

80

70

O Outer layer Fe- ®
rich and below this %0
phase appears a 10
Fe/Cr/Ni mixed *
spinel. %

% at

10 ¢

0

[ The thickness is

0 200 400 600 800

determinated when oo depth (nm)
Cr/Fe and Ni/Fe+Cr ’ o CiFe (REF-3I16-P)
are close to 040 —B2— Ni/Fe+Cr (REF-316-P)
nominal values

3 "8 PP N;"!

2 0,20 =i

Nominal 8 “Sseafy o o ogleo
composition  0.25 0.12 i fﬁg{
0,00

o 0 200 400 600 800
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H(E)

0 Max 2

Curve Fit Summary

Gobdness of Fit: 70.11
# Comment Position
708.98
711.10

713.28

14
2 3
5

Fe;O,

sat

N(E)

7IST8 71437 71296 78S  Ti0n
Binaing Enecgy (#V)

0 The XPS analyses were firstly made at the

outermost surface, revealing that the main

elements were: O, C, Fe, Cr and Ni.

0 The most probable species are Ni(OH),,

Cr,0O; and Fe;O,, including possible (Fe, Cr)

and (Fe, Ni) spinels.

i O 1659

Curye Fit Summary

Gogdness of Fit: 174 87 terations: 1
® | Comment Area%

1 Ni(OH)2/espinelas  38.3%
2.1 17.5%
3-8 sat 442%

Ni(OH),

spinel more probably
CrFe,04 -NiFe, O,

wax 2437

Curve Fit Summary
Goodness of Fit: 67.34

= Comment Position
1 ; Cr203/espinelgs 576.33
2 ' 578.88

% at

202 5793 5784 s77s 66 7S
Binding Energy (sV)

D1-4
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80 -\ cr
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X

40 4 Fe
20 _&i.,’%
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-0 T T T T T T
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Results: REFERENCE CONDITIONS-Raman @ERIA

A Oxide Surface Characterization by Raman Spectroscopy confirms the
presence of mixed (Fe, Cr, Ni) spinel.
A The Raman spectrum is associated with inverse spinels : NiFe,O,, (i

Q The higher the 700 cm-! signals the higher the crystallite size could be.

i NiFe,O,

Intensity / a.u.

200 400 600 800 1000 1200

Raman shift/ cm™

NiFe,O,. 700 cm (strong); 660 cm-! (shoulder); 600 cm' (weak); 490 cm' (weak); 338 cm™' (weak)

i. ~ Froment, F., Tournié, A., Colomban, Ph., J. Raman Spectrosc., 2008. 39: p. 560-568.
Monnier, J., Bellot-Gurlet, L., Baron, D., Neff, D., Guillota, 1., Dillmannb, Ph., J. Raman Spectrosc., 2010. 42: p. 773-781.

i
@
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Results: REFERENCE CONDITIONS-TEM

) Samples were
prepared by FIB to study
the cross-sectional oxide
morphology

1 EDX analysis was
performed from the
external surface to base
material and across

Ve v
[ A

LR SH WA TR
HV  cur mag= WD mode tilt

5.00kV2.8nA6000x4.1mm SE 0° LMAV\“AVUZ grain bou ndary
i penetration.

AT RS RS
ﬂ.!“ S B

Ni enrichment was
observed under
inner layer and

across grain
AR ' e o boundary

5.00kV0.69nA 8000x40mm SE 54° LMA - INA - UZ

100 200 300

. g
o
Platinum La1, 0xygen%7//u2@1‘| 9 3 Chromium Ka1 Platinum La1, Molybdenum Ka1, lickel Kat Iron Ka1 20
-



Results: REFERENCE CONDITIONS-TEM

Cr/Fe and Ni/(Cr+Fe) ratio were determined.

Cr/Fe is close to 1 in the inner layer ratio, this results support
that the inner layer is formed by an FCC spinel (Cr, Fe,; O,) "1

The external oxide layer is composed by magnetite (Fe;0,)

Ni/(Cr+Fe) close to 0,18 indicates the Ni enrichment below the
oxide layer.

Cr/Fe ratio

/[ N\ |

inner layer 0,50
E ) original alloy surface / \
) \ 0,25

4 Base N 2inner 1 outer
outer layer oxide crystal material enrichment  layer layer
} 0,20
Ni/(C r+Fe)/\

7 g 015

0,10

0,05
i Soulas, R et al. (2013).. Journal of Materials Science. 48. 2861-2871.

il Couvant T, Vaillant F, Boursier JM, Delafosse D (2004) Eurocorr 2004, Nice 000

12 base T1MI 10 inner 9inner
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Grain without

crystallit?s ABZO 4 I

Nickel enrichment
(Cr and Fe depleted)

* Oxidation and cation release of stainless alloy in ligh water reactor. P. Combrade. ANT International (2015)

1. The outer layer is composed of large oxide crystallites Fe rich (Fe;0,)

2. The inner layer is compact. The Cr content in the inner oxide layer is similar to that
in the matrix (Fe content is lower).

3. An intermediate layer of spinel AB,O, was found. (CrFe,O, and Ni Fe,O,)

4. The thickness of the inner oxide layer is heterogeneous, between 20 and 200 nm.

5. Higher oxide thickness is detected in some grain orientation.

6. Nickel enrichment is present under the inner layer and across grain boundary.
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Test Resulis

Surface finishing: if roughness increase, the heterogeneities on the surface
are higher.

CW produces a significant increase in the dislocations density.

Environment changes can affect the structure and chemical composition of the surface
oxide (B/Li ratio and transient condition) because the water chemistry had significant
modifications in its environment.

Hydrogen atoms produced by radiolysis or redox reactions can travel
through the surface of the material changing the structure of the oxide layer.

Heterogeneities: & ferrite, grain boundary and twins produce different
microstructure and composition of the oxide layer.
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Surface finisingh- 1000 h- Primary water ERIA

Polished side Ground side

* The uniformity of the oxide surface
was affected by surface preparation
methods Saniinil B

CIEMAT R1-7 MAG: 1000 x HV: 25,0 kV

MAG: 1000 x_HV: 25,0 kV o
A ground surface finish produces

heterogeneous growth of the
oxide layer comparing to the
polished.

Cr 0
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Surface finishing- 1000 h- Primary water SOTE RIA

A

Polished side: Top surface is perfectly smooth  Ground side: Top surface is very rough

Crystallites of external layer rich in Fe

/

.Yl oo H.A”\l(\..;a —

No disturbed surface layer is visible

1-1.5 pym thick disturbed surface layer is

SEM observations of the cross section
visible along the entire cross section width.

samples shows areas with different
thickness oxide and different density
of crystallites

SU5000 5.0kV 5.0mm x15.0k BSE-ALL

SUS5000 5.0kV 5.0mm x10.0k BSE-ALL 5.00pm

Lower roughness contributed to improved oxidation resistance
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Surface finishing- 1000 h- Primary water

Crrich inner oxide layer Disturbed area

/ Slip bands

Base material

Defects may act as diffusion short-circuits
for oxidizing species

Outer  Inner Ni Base
layer layer enrichment material
The chemical composition of the oxide layer on the Ni enrichment is also
ground surface is different of the polished one. observed under the inner
Ni and Cr are present in the outer layer. layer
O 27/06/2019 SOTERIA Final Workshop | 25-27 June 2019 | Miraflores de la Sierra
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Cold Worked Effect - 1000 h- Primary water

Magnetite

Base material f{
- 100

1,00 0,40 —Cr Fe = Ni
CriFe /\ Ni/(Fe+Cr) /\
/-‘ 0,75 0,30 80

AR A e — 60
I \ . — N/ . N\ w
L S -

Balse‘ o Ni‘ o ‘Inn‘er | Outer b Base Ni Inner Outer - ;_/\/ v/\ 1%
materia  enrichment layer layer material enrichmer  layer layer : : 0
12 7 2
The composition of the oxide layer on the CW alloy is Base Ni Inner Outer
similar to the ground surface. Higher Ni are present in material enrichment layer layer
the outer layer too. Ni is present under the inner layer and in

the outer layer.

Slip band act as diffusion short-circuits for

oxidizing species

*S. Merino, G. de Diego, C. Maffiotte. Effects of the environment and surface finish on the
) oxide layer formed on a 316L SS in simulated PWR primary water. SOTERIA MIDTERM
27/06/2019 SOTERIA Final Workshop | 25-27 June = WORKSHOP. Prague 9, 10 & 12 April, 2018



Environment: (B/Li ratio and Transient condition)

The higher the
crystallites size is
observed, the
thicker the outer

-, I_:.'.‘ ' I.‘ ¥ W ;- I' & --,I s b "w-:‘; \‘. ”‘.:: = 7- 3 I ‘I l- .‘ ‘ oxide Iayer is
formed on the
Size of crystallites is lower in reference conditions surface.

Size Increase with lithium and in transient conditions

CIEMAT 15.0kV 14.0mm x5.00k SE

I Remarkable decrease in oxide layer thickness with increasing boric acid concentration () I

* Arioka et al. 11th Int. Conf. Environmental Degradation of Materials in Nuclerar System. Aug. 2003
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Environment: (B/Li ratio and Transient condition) ERIA

Cr/Fe Reference - 1000 B/4 Li (316L polish) Cr/Fe Reference - 2000 B/4 Li (316L polish) Cr/Fe Reference - 2000 B/10 Li (316L polish)
Cr/Fe (REF-316-P
S (I I) Cr/Fe (REF-316-P) (| |) / ( )
0,400 Cr/Fe (REF-316-P) 0,400 o CrFe (31620008 0,400 ) o e Cr/Fe (316-10Li)
- CrlFe (316-4Li) g r/Fe (316-20008) e
-\ °
I o, °° '.“\.'\
0,300 0,300 gy 0,300 ' "oy
-2 ’ % oo, T — o ! /ﬁg RPN S
© /_/\\_/\_,.‘\.‘\“,/,.T‘.:./.__\.__“ . /—A SN 000° 00 0000e%p0°® ® ® 0o .Il /_A\/\/\’\ oo .’".‘.090
£ .’ 0,200 £ 0,200 %
£ 0,200 e . 4 ,
% /‘/ / s /\/ /\,I
[ ]
” d e
0,100 0,100 froeeeeee ? 0,100 .
!
U Y i )
0,000 0,000 0,000 ‘ :
300 400 500 600 700 800 900 0 100 200 300 400 500 600 700 800 900 0 100 20 00 400 500 600 700 800 900
depth (nm) depth (nm) depth (nm)
Ni/Fe+Cr Reference - 1000 B/4 Li (316L polish) Ni/Fe+Cr Reference - 2000 B/4 Li (316L polish) Ni/Fe+Cr Reference - 1000 B/4 Li (316L polish)
——— Ni/Fe+Cr (REF-316-P) ——— Ni/Fe+Cr (REF-316-P) ‘ : : — Ni/Fe+Cr (REF-316-P)
0.000 Ni/Fe+Cr (316-4Li) 0.000 —e— Ni/Fe+Cr (316-2000B) 0.000 (I") "+ @ Ni/Fe+Cr (316-10Li)
o0
o 0.000 9_,000 _Q'OOO e
g < g
L L 2
g 0.000 o (EOOOO g.OOO
= \\/\ e ® \1\/\ ®
D M"ﬂ ) "\ >
0.000 0.000 A 0.000
0.000 0.000 0.000
0 100 200 300 400 500 600 700 800 900 0 100 200 300 400 500 600 700 800 900 0 100 200 300 400 500 600 700 800 900
depth (nm) depth (nm) depth (nm)

Auger Spectroscopy indicates that the different environments produce variations in the structure and chemical composition of
the oxide layer. (I) Samples tested in high Li environment show a thicker outer layer (Fe rich) than reference sample. (ll)
Cr/Fe ratio is higher in high B. (lll) NiFe ratio is higher in high B & high Li.
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Environment: (B/Li ratio and Transient condition) ﬂ
Environment; B () eRiA

Transients 1000B-4Li 2000B-4Li 2000B-10Li

MO N7 Min:0  Max 2590

Curke PR Sumonary i Curbe Fit Summary Min0 M 941
f“‘?”‘“s offE ‘2%" ; = - ' Koy il ' Goddness of Fit: 374.95 Iteratiprsnd Culve Fit Summar
. ommen L siion . 0pdness o 4 erations: 1 "
1 ' P i i iabia’ f # Comment Ared% Position Gopdness of Fit: 250.15 Iterations: 1
2 | 1 70811 1 1-2 Fe ox/spinel 794% 710.77 # Comment Area Position
3 : 2 Fe(77) 7074 ! 3 FeOOH 4270 71253 12 Fe ox/spinel 58 g% 709.92
P 3 71085 4-6 Multiplet splitting 15.4% 713.92 3 Fe A 707.19
' 47 ulipletes 71288 | 4 FeOOH 19/0% 71156
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: e i N(E) 2
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! s ;
1 ) :
1 . ] .
: 5
e THE . 7183 i THar T4 a1 T8k 08 T s - i .
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Curvd Fit Summary H g o 9V Binding Energy (¢V) T T80 Tiss  TIT2 7156 74 7021 10008 1079 70678 . 7056
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3 4 N203 (?) 85594 Ne: Comment Areats Postion ¢ 1 Ni(OH)2/spinel 51.1% 854.64 12 NiO/spinel 26.4% 854.17
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H
\
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’ 3 2
4 6
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Binging Energy (V) R —— Curve Fit Summary
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H h Curve Fit Summary H # Comment Area! Position Curve Fit Summary
Curvé Fit Summary i Goodness of Fit: 15.32 Kerations: 1 1 1 Cr203/spinel 56.5 576.11 Goodness of Fit: 64.59 lterations: 1
T Comment St SR H L Comment Position | 2 CrOH)3 577.73 # Comment Area% Positiop
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. =7 =< — _
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XPS spectra of the outermost surface for Fe, Ni and Cr regions at different conditions tests
show the presence of Cr,0; and Fe;0, together with Fe-Ni-Cr spinels.

Only in transient conditions NiO is observed

NiFe,O, and Fe,CrO, are the most likely in 1000B —4 Li and 2000B —4 Li environments

® Only in 2000B —-10 Li conditions NiCr,0, appears

In 2000B —4 Li environments Cr(OH),is detected
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Environment: (B/Li ratio)

Very high Ni
enrichment under
the inner oxide
layer indicates a
different
stoichiometry of
the outer surface
than reference
samples.

CIEMAT 30.0kV 5.6mm x80.0k TE

80
. 0,50 -
70 ——Cr —iFe =N 1,00 1 CriFe Ni/Fe+Cr

60 V“ 0,80 - 0,40 |

50 282
0,60 - 0,30

40 "'! !

30 0,40 - 0,20 -
20 - -
0,20 - 0,10 -
w = ‘.5.' 0,00 Y ) 0,00

20 3 13 23 3 8 13 18 23

@ 27/06/2019 SOTERIA Final Workshop | 25-27 June 2019 | Miraflores de la Sierra 31



Environment: (B/Li ratio)

The thickness of the different oxide layer was || The thickness of the
determinate from Auger, SEM and EDS analysis. total oxide layer was
estimated at the
point at which iron
concentration is the
base material.

H increase

The thickness of the
total oxide layer was
estimated at the
point at which the Cr
begins to appear.

Total oxide layer

spinel layer

Fe rich layer

W
)

Remarkable decrease in oxide layer thickness with increasing boric
acid concentration )

Remarkable increase in oxide layer thickness with increasing Li (pH)

* Arioka et al. 11th Int. Conf. Environmental Degradation of Materials in Nuclerar System. Aug. 2003
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Hydrogen charged + 1000 h- Primary water -@E RIA

O Residual and diffusible hydrogen was measured by hot extraction.
O After cathodic hydrogen charging the polished samples contains 54 ppm of hydrogen
O In the ground sample the hydrogen decreases until 37 ppm.
O After oxidation test the hydrogen content is near to 0 ppm.

Hydrogen is adsorbed into the crystal along the crystalline planes leading to produce cracking
(recombination H+H 5H,)

Cracks parallel o ‘
to slips lines =y N ; , adl 1 # Je
' ) : / austenite 1

Al
‘!"“. .";"jf |

Polish side

CIEMAT 5.0kV 5.8mm x2.50k BSE 20.0um [ CIEMAT 5.0kV 7.8mm x1.00k BSE

O Cathodic hydrogen charging leads to plastic deformation of the surface and produces a
higher cracking in austenite than in o ferrite. The two phases show a difference in plastic
accommodation )

O The octahedral sites are more likely to hydrogen absorption than the tetrahedral ones ()
(*) Gadgil V. et al. Scripta Metallurgica et Materialia (1993) 1489-1494

® (**) Meng F. et al. Corrosion Science 53 (2011) 256568-2565
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Hydrogen charged + 1000 h- Primary water -@E RIA

 Cross-section TEM image shows a crack formed during cathodic charge or hydrogen
desorption. EDX analyses: ) Fe rich oxide at the crack Ill) Ni enrichment IV) Base material
« Cracks were filled with Fe-rich oxide

Crack wall shows a Cr-rich penetration similar to the surfaces
Ni enrichment layer is also observed on both sides of the cracks

Hydrogen may be trapped in Ni-enriched (Cr-depleted) zones underneath surface

—————

] : 70
Ni enrichment in crac , 0 &G —+fe ——N
: r\f i 60
. ®
‘n Fe Oxide )
- ™ %
3

10 8 6 1 0
K. Kruska, D. W. Saxey, T. Terachi, T. Yamada, G. D. W. Smith, and S. Lozano-Perez.16th International Conference on Environmental
@ Degradation of Materials in Nuclear Power Systems - Water Reactors, |, 2013
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Heterogeneities: grain boundary -@E RIA

The study of heterogeneities in the material plays an important role to detect
the growth of the oxide layer through them.

[ . .
Cracks usually appear The oxide penetration

along grain boundaries
with different dislocation
densities (")

is deeper across the
grain boundary than
below the surface.

O Nienrichment is observed across the grain boundary by EDS analysis.

(*) Herbelin, A. et al.e, Gabriel. (2010). Oxidation of austenitic stainless steels in PWR primary water. (2015)

[ Tt o WD e

. Lt J'HHW' o “J‘RWW'V\@M%&
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CIEMAT 10.0kV 13.9mm x10.0k BSE T 5 00um

The oxide layer seems to
penetrate deeper through
microstructural defects
(interface y-9).

Oxide penetratic”
% 2. 1

o
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Ni enrichment across grain boundary Ni enrichment: below Cr rich layer Very high oxygen in austenite
; 7 (oxide and hydroxide)

500nm L : 500nm : : 500nm
80 - 80 4 80 -
—0 e Cr Fe o= Ni ——0 Cr Fe Ni —Q =——Cr Fe Ni
70 - 70 70 -
60 - 60 - 60 - ﬂ
50 - 50 - N 50

40 - \40: ,—-\ 40:

zz — NN\ 0 ” ]
/\/\j . LS 0 - I %\‘ /I/ o ’ //\/’

10 10 -
0 5 10 0 2 4 6 8 0 2 4 6 8 10

Less oxidation is observed in 5 ferrite than austenite.
Ni rich-region could act as a barrier for oxygen diffusion and oxide growth ()

) Kruska K. et al. Corrosion Science 63 (2012) 225-233
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4. Summary
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Different environments and different finish surface modify the thickness and chemical
elements distribution of the oxide layer formed in simulated PWR.

EBSD analysis previous to oxidations tests helps to select specific areas to determine the
composition through another techniques AES, XPS, Raman and TEM

The effect of cold worked and ground finished surface produce a higher nickel
enrichment than reference condition in the oxide/metal interface. Ni rich-region could
act as a barrier for oxygen diffusion and oxide growth.

Increases the dislocations density in the microstructure (CW, surface finish and/or
hydrogen) produce a detrimental effect on the protective layer, leading to the increase of
Fe;O, on the surface.

Heterogeneities on the oxide surface are clearly identified and are associated with
different phases and orientations of the grains.
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Structure proposed

Fe;0
3 Grain without $ Fe;0,
crystallites

Outer Fe-rich oxide :
&l LOng/na/ surface : AB,0,
‘ —_ Inner Cr rich oxide layer

|
®%¢

—

91!113} 9

2
2. Nickel enrichment
~ (Cr and Fe depleted)

The protective oxide layer formed in SS plays a very important role in corrosion
resistance.

This oxide layer evolves depending on the environment and can be lost the
protective character. Cr, O, -> AB,0,-> Fe,0

« Higher outer oxide thickness is observed in high Li
Spinel Nickel rich on the surface is observed in very high Li

A deeper penetration of the oxide layer due to the heterogeneities
High oxide penetration due to the deformation and CW

The quantification of all of these effects must be conducted to complete the model.
Results obtained from XPS, Auger and EDS will be reported in the deliverable.
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thanks for your attention
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