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Meet the Presenters

Dr. LeFu Zhang, Professor at the School of Nuclear Science and Engineering of Shanghai
Jiao Tong University, received his Bachelor, Master and Ph.D degrees in material science b
from Huazhong University of Science and Technology.
His research focuses on materials and water chemistry for light water reactors. He

established a joint research laboratory for corrosion of nuclear power materials with
Shanghai Nuclear Engineering Research and Design Institute in 2008.

Under his 15 years of leadership, 80 high temperature and pressure water circulating loops
have been built for general corrosion, stress corrosion cracking, fretting wear, fuel cladding
tube performance and water chemistry tests, among them 15 systems are for supercritical
fluid reactors.

He is the Chinese representative in Materials and Chemistry Project Management Board,
and the Chinese substitute representative in System Steering Committee of Supercritical
Water-Cooled Reactor Systems in Generation IV International Forum (GIF).
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Supercritical Water Cooled Reactor (SCWR)

One of the six Gen |V concept reactors: I o
_ GFR, LFR, MSR, SCWR, SFR and VHTR TN

A high capacity power reactor in Gen |V for a power plant = Vsl LA ——

— High outlet temperature up to 560°C, thermal efficiency up to 45% e
(comparing with 35% of PWR), and 10 times higher fuel efficiency

i =

Simplified design + industrial mature turbine

. A,

— Direct thermal cycle, no steam generator it )

. . . . . Bparime

— Relatively smaller dimensions of reactor vessel, main steam line,
containment, turbine, ...

— Turbine is readily available and up to 650°C

— Passive core cooling systems from Gen Ill PWRs

— Low cost

International SCWR - the best GEN IV conceptual
GENIV oo design for electric power plant
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High integrity
~SCW  Creep/SCC/FAC

I
| 500~650°C
| 450~480°C

High T Creep
Corrosion
SCCI/IASCC
Irradiation
High integrity

X

GEN
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Main pump

Turbine

g |

E 3

Fuel cladding: T, = 550,650,800°C
(No candidate yet)

Internals: T,

max

= 500,600°C

P boundary : ~30MPa
RV design : 2.25Cr1Mo ?
PT design : F/M steel

Generator

Condenser

——

Heat sink

—

Fuel cladding
material controls the
coolant outlet
temperature

Manufacturing of

reactor pressure

vessel is a great
challenge

Reducing outlet

temperature is

necessary for a
demo SCWR
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Characteristics of SCW

— Very low solubility of ionic compounds

SC point: 374°C/22.1MPa
Density: ~0.1g/cm3
High density nonpolar gas

Mix with oxygen with any percentage
Very high solubility of organic materials
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Oxygen concentration in SCW 10

AT
0 —— I ................. Steam—1— Staambar}:':i'tz'.:: H2O(g) = H2(g) + 1/ 202(g)
5 _1 """"""""" | __ pph N _.....-—: 150ppb 05
O'SPF“%f:iﬁwéﬁf?ﬁT%$::mgm ...... ........ ".1_;mm"""f". = }k7:::1y()2’ Ijliéh/ljliéy()

logk;=—AG)/2-303RT
AGY = —230 000—8.14TIn(T) +9.25T
0> =[x/2+x)|P pHy=[2x/(2+x)|P
pH20=[2(1 —x)/(2+x)| P

| o where x<<1, ki=Px’/2
500 550 600 650 700 750 800

Temperature (°C)

_ 2/3 p2/3
Effective oxygen partial pressures in steam p 02 o (k7/ 2) P2
under three pressure conditions, and the
stability of the oxides of interest as a function

of oxygen partial pressures

I. G. Wright and R. B. Dooley. A review of the oxidation behavior of structural
alloys in steam. International Materials Reviews 55 (3):129-167, 2010.
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Corrosion Phenomena in SCWR Core v

Coolant experience subcritical, critical and supercritical state,
which correspond to different corrosion mechanism.

>500°C outlet

Supercritical region

Oxidization, evaporation of corrosion products, creep,
IASCC <

Critical Region
Precipitation of oxides

Subcritical Region

Electrochemical dissolution, metallic ions dissolved in
coolant, SCC due to electrochemical factors

..I‘”e &o”.
5 L]
i, & =

~280°C inlet

GEN/ |V [iternational CSR1000 designed by NPIC, China

Forum
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Formation and stability of protective oxide film

Subcritical water Supercritical water/vapor

OH) CrO,(OH), Diffusion
X (gas) I I Porous film (Fe,0,)
with cracks

preC|p|tat|on
= O O 0

*e O ¥

[T I I T I T I T T ITIIT I Protective film |||||||||||||||||||||||

j ‘ O”TM ‘ ‘ (grow) ‘ ‘ O”TM ‘ |

Matrix Metal M- Fe, Cr, Ni, Mn, Mo, Al etc Matrix Metal
GEN Iv International
Forum
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B. Stellwag. Corrosion Science 40 (2-3):337-370, 1998.
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Protective oxides on metallic materials of interest

) . . = 1/2 k15 = pCrO(O 0*pH,0
Protective oxide films Jer= K (0/1)Y/ 2P kis=pCrOy(OH),/(p0;" pH,0)

— Steels and Ni alloy: Cr,03, (Cr,M);0,, Fe;O,, (Cr,M),0, AGY, =53 500 +45-5T pCrO2(OH), =kys(kr/2)"/ P2
— Al, Al alloys: corundum type a— Al,O,
800°C 650°C 500°C
— Zr and Zr alloys: un-stoichiometric ZrO, _, ST | —
. . . Steam, 340 _bari Al 510"! ]
Vaporization in steam -6 L | &3 ba;“’"?
~ 12Cr,04(S) + H,0(g) + 3/40,(g) = CrO,(OH)(g) ; B e L T
= L | T .
—  Cr,04(S) + 5H,0(L) = 2Cr0,2 + 10H* + 8e. T Steam! 240 barw-\\\ 4
— 1/2 AL,O,4(S) + 3/2H,0(g) = Al(OH),(g) ; g’ ﬁ
=5 4
~ $i0, +2H,0(g) = Si(OH), (9) ; i 5 e o e e
_  Si0, + H,0(g) = SiO(OH), (g) : T Steam 7} :
2 + H,0(g) (OH), (9) N Tbar | \.\ 4
— SiO, + 1/2H,0(g) = 1/40, (g) + SiO(OH), (9). R i1 \\\1
130885 17 .05 11 145 12 125
GEN Iv International
Forum 1000/T(K)
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I. G. Wright and R. B. Dooley. International Materials Reviews 55 (3):129-167, 2010.
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Cr evaporation/depletion kinetics

Steam Velocity, u R
P P N 4k LRT
! 2 Cr0,(OH),
deplete Cr ke, as CrO,(OH),(g)
CrO,(OH),(g)
Steam Pipe / Evaporation
Scale
Alloy _ . N\ Cr,0,
time time Formation
J~, m All
cp 1 ATOY Reservoir to
Ce° Ce, supply Cr
: Cell Length, L :

International

GEN |V Forum
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© Gordon R. Holcomb, Steam oxidation and chromia
e AEEIVIEEIL o c mmP=EOSEE

evaporation in ultra-supercritical steam boilers.

dax _k, The Limiting _ky
dr  x e scale thickness % [k

In laminar flow

D
k(%) = 0.664 Re2*Sco** =2

A'{c;-oz (OH), p

LRT

In turbulance flow

Cf'02 (OH )2

.

D
. ) ¥ r0,(OH),
ke (rffs)z 0.0592 Reg SSCO v : Ll;;: = PCJ'O: (CH),
4 N\
' 2k t
Cr concentration o (0’ f) =C, - e
at surface M 0. 0m), \ e
Time to Cr% ~0 g D, M CrO, (OH), Ca-
at surface 4 e
Coefficient of Cr ) 20(ra
diffusion Do 4 Pajtr—Per
Surface shot Dislocation Grain size
pinning density ~nano GB 1

J
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Short listed candidate materials for SCWR

Fuel cladding materials (<0.5 mm thick) Group | ._ *’GmupllL a Group I
— 310s : borrowed from fossil fueled plants, corrosion resistance -"""-=.__
— Alloy 800/800H, 825, 625: promising E ‘-‘\.\
— Oxide dispersion strengthened (ODS) steels E N s Cas A S S o ot -
— Alumina forming austenitic (AFA) stainless steels g \

Reactor internals E )
— Austenitic stainless steels, such as 310S % ‘l
— Super stainless steels ﬂ; “t

Reactor pressure vessels and primary piping mu 1. e L SRR Y
— P22/SA508cl.4 cladded with SS, super stainless steels 304, 347 \\.‘_
— P91/92, P122, alloy 800H ]

Alloy Cr content (wt%)

GEN(IV g
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Concerns of SCWR materials

General and flow accelerated corrosion:
— Oxidation
— Dissolution + vaporization

— Exfoliation (oxide particles)

Creep and stress corrosion cracking

— Corrosion-Sensitization/Grain boundary oxidation

— Creep cracking

— Cyclic rupture of oxide film and repassivation at crack tip

— Blunting of fatigue crack tip

GEN(IV g

Expertise | Collaboration | Excellence
R EIVIEEEIL o - mPE0SREE

weight gain (mgldmz)

14

| Results for 310S S§

12

10

Organization

weight gain (mgldmz)

)
bt TOG Y
i 3

Results for Alloy800H

RATEN-G [EMAT - JRC- B GNL ~NPIG---SJTl——-CA Un

Organization
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Concerns of SCWR materials

SCWR cladding materials

— Excellent corrosion performances

— Very low environmental cracking susceptibility

(SCC + creep)
Commercial and novel materials
— Alloy 800H, 310S austenitic stainless steel
— AFA steels based on high Cr alloy
— ODS steel or ODS+AFA alloy
Cladding tube manufacturing
— Deformation, heat treatment, surface ...

GEN(IV g
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Focus on materials

Chemical
Compositions
aiming at
corrosion and/
creep

S

Al, Cold work

Si,

corrosion
rate=

| T
N\

Grain Precipitates
Slze and

effects /| precipitation |

- hardening /

-
L

Effect of
creep on
cracking

—
—l

Radiation hardening and embrittlement
is not the major work at present 17
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Commercial alloys

18
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Ferritic/martensitic (F/M) steels

3-layered oxide film:
—outer layer: Fe;O,/Fe,0O,
— middle layer: FeCr,0,, (FeCr);0,
— internal layer: oxygen penetration

High corrosion rate:
— weak-protective oxide film

— Spallation due to mismatch of thermal
expansion within temperature range
550~600°C

GEN(IV e

Oxide thickness (um)

8 & 8 8

N
o

T91 in 600°C/25MPa SCW with Oppb DO

o
Loy oy

o

1.2
—0O—Weight gain Y = 55.12x0-3%4 |
—— Internal oxide R2=0.997 b
—&— Inner oxide ] 1.0
—A— Outer oxide / ]
O Y =2.22x0422 N’g
/E/ R*=10.997 "] 0.8 %
e lo6 £
n/ 1 . -‘—B
Mg,@.:ﬁs | ‘l?
R?=0.994 - 0.4 -E’
] ()
- ] =
1 A T Y =0.45x%475-4 0.2
R2=0.970 |

"'I"'I"'I"'I"'I"'I"'I"'I"'-O.o
0O 200 400 600 800 1000 1200 1400 1600 1800
Exposure time (h)

Outer oxide layer

Inner oxide layer
Internal oxide layer

Matrix

Expertise | Collaboration | Excellence
R EIEEIL om0 EREE

Acta Materialia 194 (2020) 156-167, Acta Materialia 194 (2020) 522-539, Corrosion Science 209 (2022) 110757
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Austenitic steels: 304/316/310S

2-layered oxide film:

—outer layer: Fe;O,/Fe,0,
FeCr,O0,, (FeCr);0,

— Inner layer:

Medium corrosion rate:

— suffer nodule corrosi

Concentration (at%)
(]
(=]

International
Forum

GEN(IV
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60 -

5 00 kv 4.0 4000x SE

304NG SS, 300 h in 600°C SCW

Metal —wta——Inner oxide layer——=t=——~0Quter oxide layer
(Fe,CrNi0s NiFe:0s | Fe0n
A, . L
Tt :F‘M HA“#J?':"" Wp?-w !
" 1 CrOy layer? P an
. E it !,.,.-:-NJ
mj Sttt | 5
i D A .
JCr depletion WT 1 * ":::?
o] % . L o 'ﬁ.,.- - Ni
0 5 10 15 20

Distance (um)

Base film

Protective film

Non-protective film

FeQ— Fes_
Fe* \

Fez Magnetite oxide island

Crl'

Grain interior

‘/ T
- / Corrosion pit

o / /
A _

Corrosion Science 48 (8):2014-2035, 2006.
Corrosion Science 170: 108652, 2020.
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Austenitic steels: 304/316/310S

High cracking susceptibility:
— high intergranular cracking rates in SCW
environment, especially in oxygenated SCW.

Sensitization:

— Above 400°C, austenitic steels suffer
sensitization, which increases the cracking
susceptibility of grain boundaries.

Ilmm

316L SS after SSRT in 600°C SCW

GEN(IV e
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0 10 20 30 40 50 60

200 L | - L L L 1 1 200

150 - p L 150

4 550°C-SCW k
= .

1 e o, ~ [~ ]0
E o 600°C-SCW r
7
g
Lo L 50

0- Lo
] 316LSS |
T T =" |
0 10 20 30 40 50 60
Strain(%)

Corrosion Science 127 (2017) 157-167

1.Cr
Ni < ;
55%Cr

02 04 06 08

Position (um)

1.0

21
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Austenitic steels: 310S SS

10-6:"'I""I'"'I""I""I""I""I"'
1 |- m= 310S in water with Ar
—@— 310S in water with 1.6 ppmH,
- -- A-- 310S in water with 2 ppm O,
I —wv— Type 304 in water with Ar [23]
= 107 - —%— Type 316L in water with Ar [23]
3
o
g
o
o))
8 _
X 10
{
(&)
SCC CGRs in SCW .
between 400°C and 550°C | T
10°

! L L L L L
400 425 450 475 500 525 550
Temperature (°C)

GEN(IV e
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Austenitic steels: 800H Sl s
B
General corrosion vs cold work _i:«m_
B Corrosion rate and the affecting factors <§
B Surface effect, fine grain surface layer gﬂm_-
B Diffusion enhancing factors: dislocation, GB, T... =

—

. 0 ] v L] v ) v L) v ) v 1 M ] v I
800H, 1000 h in deaerated 600°C SCW, 0% vs. 80% cold-rolled 0 200 400 600 800 1000 1200 1400
e Ni plattingz 0 [HADD ' T —m—n—or Time (h)
\ X ‘ n ’ p line scanning 70 —FMS Si Ti
:I bt vy 40
| Cold rolling Alloy 800H
- ] Pure SCW(Ar)
e : 600°C, 25 MPa
: h/.'-\ g
=
£ 30 ¥x
: , : Y)
1000 1500 2000 2500 E * L=
Position (nm) - -
= ~e2ll---
< ey
U 20 - -~ ----
z B UL
-5 - -—-- - .- - -§
z ="
10

T T T T T T T T T T T ] L ]
0 200 400 600 800 1000 1200 1400
Time (h)
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Austenitic steels: 800H, polishing vs. ground finish

70
— ) Fe Ni Cr
60 - Mn Al Si Ti
\’: Pt |Fe, Cr,0, Mn,O, Tio
2= 504 S5i0,
| = 1,0
2
T 40 A
£ f
Cr-depleted zone 2 30
Lo ‘
& |
= 20 /
104 )
0 = P NT»- "_x_:_..l—.

T v T T T T T
0 200 400 600 800 1000 1200
Position (nm)

GEN(IV &t
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Austenitic steels: 800H

General corrosion vs grain size

B Smaller grain size — lower oxidation rate

B Deformation (cold rolling or surface grinding) and
grain refinement promote the outward diffusion

of Cr to facilitate the formation of Cr,0,

1E-15
] Undeformed surface Deformed surface
] Outer Inner Outer Inner
] Fe,0,
: N
1E-25 - 1-2pm
] FeMnCr spinel
E s
1E-35 o 1-2pm
h ‘—CV701
] I Cr.Mw.0
]Thick film ! Thin film | *; 10 "0
] I | (~1E-59)
1B Small P, drop Large Py, drop| /- |

International

GEN I Forum
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[=7

-
S
=)

£y
=3
=)

o
=3
=)

rainSize (pm)

o 200

i

Average Grain Size: 473 pm

T T T T
2 4 6 8

T T T T T 1
10 12 14 16 18 20

Area Percentage (%)

Area Percentage (%)

50

Alloy 800H with different Grain Size

_600°C 25MPa DO<5ppb
Fitting curve for the first 500h =

m Large -
® Medium i 3
- -
A  Small X
._:-3"
-
= N
S meeme- J iy

“W=11.585%7

W=27.92("1%2

T T T T
100 200 300 400 500
Time (h)

T T
600 700

Weight Gain (mg/dm?)

Area Percentage (%)

100

Alloy 800H with different Grain Size
600°C 25MPa DO<5ppb
Weight Gain after 500h exposure

T T
10 100 1000

Grain Size (um)

25



450 500 550 *C)

GEN IV International Forum ' ) ' ) '
Alloy 800H, 20%CW, 450~550°C, K=25MPaVm
mg" . 10* | SCC in SCW
Austenitic steels: 800H B Creep in Ar
0 = 282 kJ/mol
Q.= 248 kJ/mol

High crack growth rate after cold deformation:

B 100% intergranular crack

CGR (mm/s)

B High percentage contribution by creep

B In-situ sensitization, which weakens the grain boundary 1074

0.00140  0.00135 0.00130  0.00125 0.00120

\ ;:: > o EDS Line Scaning Temperature 1/T (1/K)

0.5M H2S04 + 0.01M KSCN

original material
SCAN RATE: 1.67 mV/s

0.14 Al hefore SCC Test in SCW

g 0.12  F==after SCC Test in SCW
''''''' § S 0.10
z E ]
2871 DOS~44%

\g();f,: FeCr,0,4+ Ni -

100nm 0 30 60 9% Lﬁu L‘;l.l Lén 210

DOS = 39%

1 DOS <0.1%
0.02 —

vt e A _ T T
Cr depleted along GB .- Ni enriched along GB -0.3 -0.2 -0.1 0.0 0.1 0.2
E (V vs SCE)




7 L L - r rr 1t - T 1 r* 1
(a) | Alloy 690
SCWR (Ar deaerated)
1 600°C, 25MPa
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Nickel-based alloys: Alloy 690

Low oxidation rate:

Weight gain (mg/dm?)
A
1

B 2-layer oxide film 3 - 1
B High Cr content enables the formation of 2- -
| O Vibration polishing 690‘
protective Cr,0, scale. ) —fitting curve

T T T T T T T T
0 200 400 600 800 1000 1200 1400 1600 1800
Exposure time (h)

10000 E L L A L LAY LA RELLLLEL) AL LA b
1 600°C/25MPa, SCW, Deaerated, @ Austenite SS
1 Total exposure time:1000h @ Ni-based aIon:
& 1000 3
1= . ]
3
o)
E
£ 100
© E
o _
el
L
o
()
= 10- .
(*)
1 L L I LY LAY RS RALLLLLL] RALLLAL) RALLLELLS LELALLLE LALLLL
14 16 18 20 22 24 26 28 30 32 34 27

Bulk Cr content (wt.%)
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Nickel-based alloys: Alloy 690

Medium cracking rate:

SCC CGR (mm/s)

B Creep and in-situ sensitization contributes.

B Cold work and T increase the cracking rates.

600 550 500

T (°C)
450

400 350

1E-3 :
1 Alloy 690, 30%CW, K = 25MPaV'm

1E-4—;
1E-5—;
1E-6—%
1E-7—;
1E-8—;

1E-9 -

| L L L

T T T

SCW Subcritical

~
~
~
~ %
)

Creep CGR / . .

Q~220 kJ/mol

<> SsCCinSCW
<] creep

@ SCC in subcritical water

1E-10 -

L B BB A LA
0.0011 0.0012 0.0013 0.0014

T (1/K)

—_—
0.0015 0.0016 0.0017

wt (%)

804
60 4

40

20

0
0.2

Cr

04

Minimum Cr: 12%

06 08 1.0
Position (um)

line 2

1.2

14
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Irradiation effects
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Radiation induced segregation at 500°C up to 7dpa

70

60+

j0r

Percentage (%)

20¢

107

GEN(IV

Cr-depletion and Ni-enrichment at grain boundaries

40t

30r

[ Bulk

304

O Irradated to 7dpa
P SRR s Y
Cr Mn Fe

International
Forum
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Percentage (%)

a0

7O

GO

a0 r

40}

30

20

10 +

S I?Iﬁlirfa:: ated 6 9 0

@ Irradiated to 7dpa

M B

Cr Fe

Journal of Nuclear Materials 371 (2007): 107-117
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Increased SCC susceptibility after irradiation

600 T T T

200 |-

400 | <16L-7 dpa _&UJ""'&"

F R Y

[

=2

=
T

304L- 7 dpa

Stress (MPa)

200

100

0 1 ] |

S04L- unir

b

*+ 316L- unir

0 10 20 30
strain(%)

20
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Stress (MPa)

600

200

400

L2
]
=

200

100

€90- 4 dpa
690- unir

|
690-7 dpa

20 30 40
strain(%)

Journal of Nuclear Materials 375 (2009): 11-22

20




GEN IV International Forum

Increased SCC susceptibility after irradiation

Unirradiated sample, showing less intergranular cracks Irradiated to 7dpa, showing much more cracks

International Facing the high corrosion rate of candidate materials, irradiation damage is
GEN Iv Forum presently not a biggest concern, but we need to consider this point in R&D of

Expertise | Collaboration | Excellence nove' materials_
CTEEMEEI e ¢ DS 32
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Novel alloys
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R&D of novel alloys

O For general corrosion performances
B Increasing Cr up to 25 wt%
B Adding Al > 2.5%, Si ~1%.
O Strengthening by ODS or precipitations
B ODS increases YS upto ~300 MPa at 550 °C
B But ODS may introduce oxygen and defects
O Cracking mitigation
B Cold work increases creep and SCC

B Sensitization at operating temperature
B GB carbides and precipitation

GEN(IV &t
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400

w
=3
(=3

100

Weight gain (mg/dm?)

1 1

_____________ .1 Alloy 316 |
' Alloy C276 ! | 18Cr-12Ni-68Fe-2Mo |
I 16Cr-59Ni-5Fe-15Mo- | “=———— -~ ym—————-
| ___34wasCo | / +Cr, Ni

./ Corrosion resistance

Alloy 800H Alloy 310S
21Cr-31Ni-46Fe-0.4A1-0.5Ti 25Cr-20Ni-55Fe
< +Y,0
+Al > 2in refi
SN Grain refinement
-Cr, Ni

+Cr, W

Corrosion resistance
Strengthen

AFA-18.5Cr-4.6Al

AFA-14Cr-2.5Al

14Cr-24Ni-56Fe-2.5Al-2Mo

~
. . ~ . Strengthen
Corrosion rgsistance ~
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High concentration Cr AFA alloys — effect of Al

BSE morpholo
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High Cr AFA alloys — effect of Al on corrosion behavior

The addition of Al effectively improves the Relationship between corrosion resistance and oxide
corrosion resistance scale morphology ]
Aluminum content (wt.%)
0 1.5 2.5 3.5
(a)sn 600°C, 25MPa, Ar deaerated SCW (b)50 4126 600 °C,25 MPa, Ar deacrated SCW
® 0Al il 1000 h exposed

40 e 15al _Aor

B A 25Al %

E"m + o .w 1.71497t%465% (R?=0.96829) ?:_“‘30 F

_g Aw=3.178400*"77 (R*<0.89123) 5 b

20} ' 220t

§ Aw=3.23109(" %0 (R?=0.85116) §
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Aw=2.231611"2"% (R*=0.92955)

0 200 400 600 800 1000
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High Cr AFA alloys — effect of Al

Minor effect of BCC-Fe (delta) on Al,O, formation:
The precipitation of BCC-Fe (delta ) needs to be avoided

FCC side BCC side

Quter oxide

Inner oxide S¢ale
scale

500 nm

£

500 nm @ % 500 nm

—

500 nm

m  Al,O; scale: uniform in FCC side and fluctuate in BCC side
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¥ Cr-Mn-oxide
N ALO,

Thickness (nm)

FCC side BCC side

m The thickness variation is only 40 nm in two side

«:Outer oxide
scale

Inner oxide
scale

500 nm

B Inhomogeneous distribution of Al in BCC side results in the

fluctuation of Al,O; scale
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Strain (%)
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High Cr AFA alloys — effect of Al

The effect of Al element on SCC

600°C/25MPa Deaerated

40 4

304

20+

10

T T T T T T T T T T T T T
0 50 100 150 200 250 300
Time(h)

Crack initiation under constant load
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200 nm

200 nm

« The Al,O; sale in crack tip hinders corrosion
* Precipitates impedes crack propagation
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High Cr AFA alloys — effect of Si

O Addition of Si improves the
corrosion resistance effectively

v" The corrosion weight
gain in SCW at 600
° C@25MPa decreases
with the increasing Si
concentration

v" The alloy containing
1.5% Si showed 10x
lower corrosion rate than
310S stainless steel
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High Cr AFA alloys — effect of Si

[ HAADF | o] Fe , O iclcs|

\d,
g Selective oxide]
e

[ ¢

oy o Y

,Em B o

500nm 500nm : 500nm % ., ‘g

¢ Laves

Alloy with O Si: No SiO2 layer can be Alloy with 1.5%Si: A layer of SiO, can be found
found in the protective oxide scale. in the surface oxide scale together with Cr,0,

and Al,O,. Synergistic effects of Cr, Al and Si on
GEN/ |V Hternational corrosion resistance is of great interest in our
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High Cr ODS alloys

The addition of nano-size Y,0; refines the grain size,

which may improve the high temperature strength.
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High Cr ODS alloys
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TC 1-Above the
Formalization of testing procedures in SCW ‘

« Specimen preparation: polish to mirror surface, removing mechanical
effect, better to use vibration polishing. Removal of the cold worked
surface is of great importance.

« When testing surface effects, prepare the surface carefully,
homogeneity and reproducibility.

» |nstall at least two thermocouples in the autoclave, so that the
temperatures above and below of the coupons are recorded.

« Water purity: maintain high purity water (low conductivity and TOC),
stable pH, and specified dissolved gases. Maintain autoclave refresh
rate until the same conductivity readings from outlet and inlet. So that,
the water chemistry in autoclave is stable.

 When stopping the autoclave, 1) stop the autoclave heater; 2) stop the
high pressure pump after autoclave temperature drops about 20 ° C; 3)
gradually depressurize the autoclave down to about 2MPa, then close
the valves of autoclave inlet and outlet, and let the autoclave to cool

down.
GEN I :Znternational TC 2-be.|ow the
i .orum specimen
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Obtaining the effect of creep on cracking

The creep CGRs can be measured after the SCC tests
by removing water with argon in the autoclave to
establish inert environment-no effect of corrosion.

o

b

Pre-crack &
transition

Crack length (mm)

SCC in water

Measure the crack
growth rate at various
temperatures

Remove water and inlet

pure argon for > 24 hours

Creepin Ar

ne

Measure the creep crack
growth rate at identical
temperatures

»

Test time (hours)'

Critical rule on obtaining good crack growth rate data:
-- getting reliable data on the same specimen

-- change the testing conditions on the fly

-- Only one parameter changed in one step

-- Repetition to confirm the data.
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Takeaways

SCWR concept is facing great challenges in cladding materials
= No commercial materials are available at present

 R&D of novel material is facing a great gap in corrosion, creep and cracking
performances

The ideas for R&D of novel SCWR cladding materials
= High Cr + moderate Al% + Si%
» ODS can be considered to strengthen GB

= Bulk or surface hardening by cold working is necessary to reduce general
corrosion rate
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Upcoming Webinars

N

27 September 2023 EPRI Virtual Reality Training Robert Eller, EPRI, USA
31 October 2023 The Nuclear Workforce of The Future — Callum Thomas, Thomas THOR,
Opportunities and Needs for The UK

International Nuclear Sector

02 November 2023 MOOK: The knowledge management Gilles Rodriguez, CEA, France
method applied to a Gen IV project. The
continuation of a successful story
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