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2.1

# 1 WM R (B340
Table 1.  Chemical compositions of the studied steels (mass fraction%).

PIVES Fe Cr Ni Mo % Si C Nb N Ta A%
T9I1 Bal 8.50 0.25 0.95 0.19 0.20 0.10 0.067 0.05 — —
SIMP Bal 10.50 — — 0.20 1.40 0.20 0.01 — 0.15 1.50
* 2 WS ALO, WEAYILAL T 2241 (1 scem = 1 mL/min)

Table 2.  Typical process parameters of the AlO, films prepared by magnetron sputtering.

I /W A% /kHz, O, itk /sccm A /scem R/ C IR /(nm-min )

400 350 8.6 32 25 9
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Fig. 1. A simple schematic diagram of the corrosion test

equipment.
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Fig. 2. Experimental condition of thermodynamics in a sim-
plified Ellingham diagram. Thermodynamic data for Fe, Pb,
Cr and Al oxides are obtained in Ref. [8].
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Fig. 3. X-ray diffraction patterns of T91 steel and SIMP steel after exposing in oxygen-saturated static liquid LBE at 600 °C for

300 h and 700 h: (a) T91 steel; (b) SIMP.
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Pl E) SR #) 700 bR, AR B BUBURCIR S A6
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B 4 T91 £ SIMP 4N 7E 600 <C i LBE )i il 300 h A1 700 h J5 (922 1 SEM &

(a) LBE @ fih 300 h J5 T2 1Y T91 #15%

Ifi; (b) LBE "1 it 300 b J5 45 7% )2 1Y T91 M 1 ; (c) LBE 11t 300 h J5 LUk 2 1) SIMP X% fi; (d) LBE H il 300 h J5 A ik
JZ B9 SIMP 4R 1fi; (¢) LBE " 700 h J5 ToIRk)JZ2 A T91 4K 1A ; (f) LBE #F i 700 h 54 1k /2 89 T1 MK 1Hi; (g) LBE & i
700 h J5 L2 B SIMP 4R 1 ; (h) LBE & it 700 h J5 Gk 2 A9 SIMP 893 1

Fig. 4. SEM images showing the surface morphology of SIMP and T91 steels after 300 h and 700 h corrosion in LBE at 600 “C:
(a) The uncoated surface of T91 steel in LBE for 300 h; (b) the coated surface of T91 steel in LBE for 300 h; (c¢) the uncoated sur-
face of SIMP steel in LBE for 300 h; (d) the coated surface of SIMP steel in LBE for 300 h; (e) the uncoated surface of T91 steel in
LBE for 700 h; (f) the coated surface of T91 steel in LBE for 700 h; (g) the uncoated surface of SIMP steel in LBE for 700 h;

(h) the coated surface of SIMP steel in LBE for 700 h.
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Table 3. EDS analyses of the surface oxides of T91 and
SIMP steel exposed to static LBE at 600 °C in Fig. 4.

A% L

Fe Cr O Al Pb Si
Point A4 43.89 — 55.12 — 0.34 0.65
Point B 0.89 — 61.9 36.4 — 0.81
Point C 42.7 —  54.37 — 0.38 2.5
Point D 3.01 — 5863 34.6 — 3.76
Point £ 4421 — 54.30 — 0.88 0.61
Point F 41.17 — 5R8.26 — — 0.57
Point G 40.59 — 55.23 — 0.60 3.58
Point H 32.51 — 63.80 — — 3.69

El 4(b) FE 4(d) SR TREA AlO, IRZH
TI1 B4FT SIMP N i BLAY X B I A, 12
AT XL 2e 8, @2 LR, H SIMP 4N7R 23]
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N2 208, UiHRZEA Bt XA 4
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F%. B s D S EEITE R R ARRE. N
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PR T, KA FE R E TR
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T91 MR TR 2S5 B ERK T SIMP 4N, Xt Af
i B TO1 4K 1 1% )2 1 2 18 BV T SIMP 9. 24
J& il s[RI ) 35 700 h S, WR)E T91 R EIE R T
R EAARE. XTI 4(F) o F ST EITR TR,

Bl 5 7£600 °C [ LBE HJi i 300 h J7 SIMP #4342 R WY SEM BRI A FIZRAE XK AL, O, Cr il Fe 20 &
Fig. 5. SEM micrograph of the coated surface of SIMP steel after 300 h corrosion in LBE at 600 °C and the elemental mapping im-

ages of Al, O, Cr and Fe.

5
1 pm
- L »

Kl 6 ¥RJZ T91HA SIMP #I7E 600 C i) LBE )@ 300 h J& £ i #i 7 Bt BB A (a) T914; (b) SIMP 4
Fig. 6. SEM micrograph of the coated surface of T91 and SIMP steels after 300 h corrosion in LBE at 600 °C: (a) T91 steel;

(b) SIMP steel.
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Fig. 7. Cross-sectional SEM images and EDS linear analysis of T91 and SIMP steels after 300 h corrosion in LBE at 600 °C: (a),
(b) The coated T91; (c), (d) the uncoated T91; (e), (f) the coated SIMP; (g), (h) the uncoated SIMP.
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X5 SRk [29—31] il — 2. SEAR)Z R Z 4L,
P2 AR B R R AR A2 ([Fe,Cr],0,),
SN NISBIRERR )2 (Fe0,). 1HIE, I8 7(a) FI
Kl 7(e) KA FI B A AAL)Z, RIS I & 0 2 1H
ARIEE (WK 7(b) AN 7(F)), X ULH T AHRER
T AT A A A SIS, REAS i 4 3 1A B 37 S Bl 5
T Pl 8 H I A SR — IR S T A A AR I R A

PRI RE.

9 W/ T T91 #A SIMP 47 600 °C LBE
T Dl 700 b JE B LY AR AL E S5 A ROT R A A
& 9(a) FIE 9(e) 43l /R TR A AlO, IRIZH
T91 FNF SIMP F4J8 1l Z 5w ], S ALR R
25k 38 um Al 22 pm. & 9(c) & 9(g) 55
B8 TRETC AlO, IR 21 T #F SIMP )&
TUZFE B, A2 R 25358 53 pm
F1 30 pm. JTER ST UL EAL)Z N BRI R b A
FANZ G 8. SNZRERT (FesOy) SN2
Fe-Cr REAZERE L2 1.11, MR T HAl 4R
T 1.282 350 o R AR PAHE, =il LBE
TRZ5 5 s . 75 U2, T91 WA SIMP N 7E
600 °C (1 LBE " 700 h J7, EDS JCER4HR AR
R E S, UL E LRI ZCEME T HZE, TI1
FXFN SINVIP 479 ThIJE o 22 JE B B d AN ], A Abdi iR
JETEM T AT E WD T WORHE s 2. HeAh, T91
RN SIMP 5 1) S Ak J2 J5E 32 Bt g e B 1] 1) B
MR, T91 WAL Z IR 3 KT SIMP 4.

4 7 W

4.1 SUHERNERIEER

WFFERM, FEA AL T, #2241k
PyIC LB - i B BRI AR P e 1) 1
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8 £ 600 °C 1Y LBE # &1 LBE & 300 h 5 T91 4441 SIMP #411) SEM K A1 EDS K%

Fe-Cr, F€304 ]

Intensity/arb. units

10 pm

Intensity/arb. units

0

B 9 Tl KA SIMP 4 7E 600°C (% LBE = Ji il 700 h & iy £ 8 SEM B4 1 EDS £k 43 Hr (48 7 i A 22 B A7)
2 T91H8; (c), (d) o2 T9LH; (e), () 142 SIMP 4K; (g), (h) Toig 2 SIMP 4.

10 20 30 40 50 60
P /pm

10 pm

7l

(a) ¥ 2 T91 44; (b) k2 SIMP 4K
Fig. 8. Cross-sectional SEM image and EDS mapping of T91 and SIMP steels after 300 h corrosion in LBE at 600 °C : (a) The
coated T91 steel; (b) coated SIMP steel.

Intensity/arb. units

Intensity/arb. units

s H

|
FSHA : F6304 :

(a), (b) Tk

Fig. 9. Cross-sectional SEM images and EDS linear analysis of T91 and SIMP steels after 700 h corrosion in LBE at 600 C: (a),
(b) The coated T91; (c), (d) the uncoated T91; (e), (f) the coated SIMP; (g), (h) the uncoated SIMP.

PR BORAMIE LRk, Wi SO B

B AR T A R

BRI, SRR

R L A% DT SR IR B AR R A P9 ) 928 R

ToWE R T91 8N F SIMP 4N 7E 600 °C % LBE
J& 1k 300 h #1700 h 5, T RS EAS A ) E AL 2,
{HAEALZ I N AN Z . SN2 R, NE N
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BREEAR A . — Ok U, 7R iR LBE MR8
i )8 T AW S E =R A = ST TR RS
JZ /) T91 A1 SIMP X4 3 300 h &, 2% i %
BILBAEAZ. XU T AlO, W E X S A9 1)
Pt LBE JEPERER R T SUEH, X530k [34]
HRIE 45 R —3

T91 A1 SIMP #¥7E 600 °C LBE HJ@fth 700 h
J&, RAARZMICIR)ZREEBIE L T AAZ,
HAALZ AR, anlE 9(b) M 9(d) i, &
JERZRE AR 29, 38 um, THJCIRZN
FH A ARAEIE LS 53 um. JEUHE, 40l 9(f)
KL 9(h) Fios, RIEAR)ZR SIMP #4311 1) 4
ARIEIREEE 290 22 pm, MR TSR JE R SIMP 405%
T RSB IR JE 24908 30 pm. SEM il EDS 45 3R
AR 2] F LA, X FREHTE 600 °C B9 LBE Hg il
700 h J&, WFEE LA A0, B2 RE.

ZE LAk, 78 600 °C AR B LBE
JE i 300 h i, A0 7(d) FOE 7(h) FEos, FEiE T
AlO, %21y T91 A SIMP 4N IR T B AY
AAL)ZE. X T T, AALZ RN 25 pm, i
SIMP WAL Z R 2 18 pm, [AIAE T91 B A1
SIMP #7£ 600 °C LBE H &1 700 h J&5, &1 Jo
AlO, IRJZH) T91 A4F1 SIMP I R B AL 2 R B
43900 53 um A1 30 pm, FEA AlO, I&JZH TI1
N SIMP T B S8 A2 73 518 38 pm Al
22 um, X Eb LA S5 S AT, 78 Pl ] R 300 h
H1 700 h B, TO1 A4 % 1A L T2 B A9 A A0 BT e
SIMP )5, Uil SIMP HH & ik BEZAL T T91
4. i B STMP A9 5L T b i i) J PR S Ak
2 2R AR A A7 56 L T91 B A SIMP 40 22
() fy 32 22 DX 5 AE T 4 R IT A, o RE AR 43 X
LBE H 40 (14 J i A7 A 3 B s2 g B0l T91 40 AN
SIMP 4 Z 8] Fe-Cr 4R it f1 1l 25 22 S J& 4k ) &b
P HUEE T FLBR M, LUK Fe-Cr AR5 A 3R Z
[ T AR B (P 9), ax & i T91 844 STMP
B2 [A] ) Cr A Si 7 18 LA K A UL 235 4 ) 22 S s
(). SIMP F4H(#) Cr (i 4340294 10.50%, T91
WY Cr 1Y B4 5020 8.50%, SIMP X H 11y
Si () BB R 2 TO1 AN 7 4% (W& 1 R).
5 Fe #H L, Cr A1 Si 7F Fe-Cr 2381 BT ) /\ i A&
PLEARERUE, X FEORM AL MR % . B0%
IR AT G5 ARG AT B B8 10 AM B Fe-Cr 2R
A Cr ST B bR, Fe I8 HOA IR 55101,

SIMP N H AL I AE TAR SRR A, OF R 4R
TV RS PR 8 ) 1411, 36 2o R 2% Rt B ) AR
k. R, BT A BA R 20 v, TE R
T RN R R AR 28 O 12 DT B 1R 4k
MAMERS, T RRERR. DL 5 AT fi B SIMP 4
FAY TR JE et LT T91 4.

S ERENIERSRESES T

MG FRZESR, 7E 600 °C ) LBE )it 300 h
J&, RIEA ALO, W2 AN R HBA T ROUZ At
JIEE. Y J65 b sk ] 25 2 700 h i, KA ALO, IR 2
)0 2% T P ST R JEE BE IR T T U )2 A 2 1 P AL
JEEJEE R . AR AR N Fe-Cr 23541 I LML,
Fe-Cr R it A A K HUR A SL IR 25 1 v LU LR HL
TR AR R DAL P 38 1) 14 4k 9 /Pb-Bi
HiEH, B EINEIE A 0, 5 R, 455
VI R AR Al A AT e LR, BA SR AR
$& Ellingham &, 5 FL R s 45 19 2 A8 s,
TER Fe-Cr 22 ffA . PR LA AR i M LA 1) R 1T
P, FEORESEMIE R, XIEGHE T A2 S
SR B AL A AR B B L B3 PR, Fe-Cr 2344
A K IO T A ARG R 2 P R, D 4k
IR AR A 2 PR, MRy A K F 2 H
BRIF AR AR i A 2 PR R Y 11 1823345 3
WG 5K Bk, B TR Z kA, ek
R A SR B, RefE R HBH K L 55 A4
FIPH. PR, T T2 A R R R e Tk
FVE TR 2. R AR 2 N AITC IR )2 B 7E
600 °C B LBE )i 1th 300 h F1 700 h &4k 5
B, AlO, RN 532 LBE JE, X 22 AlO,
W2 — T R R W P LA ol 53 b — T T
BB REAE EAR AR e A SRR R AR .

WE 5 fras, 78 600 °C LBE il 300 h )5,
SIMP H4 1) M5 4 B, SIMP 84 1) 2% i 1 J2 3
Wi . SEM Fl EDS 455 WK 8(a), SRIRIZHIH
GEARKII . Ak, 7E 600 °C LBE HJE 1 700 h )5,
T SEM A1 EDS 23 M vl 1, 8938 A & AR TR
2. HFEMAG)ZH T1 9981 SIMP X7E 600 °C
LBE T %% 300 h J5R AL (& 6). k4
BB, A0, IR EEE AP A e n. AlO,
PEARFE AT REJE R A0 : 1) LBE J& U5 12 L)
AR R 5 HAR Z A ) SR AR G [ S A
R A A R Z R A K R 502 52 m R

4.2
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FRON; 7 O AR R A R v, Y A T R ] s
IR —E IR, SRS R BIRIREERS, T
JEAT BRI IR RO R, REGE I+ 5 42)
e 232 RS20 . JEdlil, Fe-Cr 541 298—
973 K I I IK ZETE 10x10 6—13x10 6K 1 2
B), HIAEZ MK R ARG A 4 Cr & i i3 K ms A
AR 4461 AE 1001000 K T, a-AlLO5 14
JEAK 2 BHE 0.79x106—10.3x 1076 K1 {5 Py [43-45,
AR R R 390 GPa, AL BLAYIARA
Ltk 0.2510. T91 4N [ & 187 GPalt,
SIMP H4f47 [CBMER N 172 GPa. )2 LA
S8, NP K R IR RS LU RN SR X AR AR
PN AT 2SR BRATHAY T BH R AU nR l:

o= o (a0, )
K, ESRiR 2 A AT 2R 22,
o 1 o 3B TR 2 AR ) I Ik R, w2 i
FalLl. 7€ 600 C B, F ALK 2520 7.59
x 1076 K149, [k, ¥HIE, oy 1£-1617.59 MPa
%-720.59 MPa JEHIN, T91 81 oy, 7£-831.01
MPa £ -370.191 MPa i [l 1, SIMP #H (1) oy,
1F-764.36 MPa Z-340.50 MPa J[H 4. MR 5
EFED: e = o/B, Hoh B2 G, o &N
1, e ENAE. I, IRZEHE e 75 0.184%—0.415%
ZMa], BRI e 7E 0.198%—0.444% 22 [8]. L4
IR T, B AR N I EMZEA K, ¥
G URIZFIER S e FE BE A 22 AN K. R L, 4
NI 2R 800 25 55 IR ) AN 2 B ALO, TR 2
Wr 24 % = ZE R AL 2) JE ik e 5 i SR RRURN it A A O
JCERMRDT, FBORZE T ARG REREAR, Wi
FIE RS, 3) #il 5 AlO, )2, BmAFAE K
(1) 4 JB SR ANSS P BRI, 48 BRTE R IR AN B A T AR
b, RS, SEAE K, B2 HERL. 5
Gb, WASHYERR A SL80H AR, T B A AL .
AL A KB AN IR 2, T EOR 2 R X
%, WE 5 fs. ARSCHIEE A10, W2, TASE AlO,
W2, FERLTW I IEE, —JrifZ& AlO, IR
B ES, BRI SR Z M, X — s
R Ay REAREEE B H— R EEA
AR IEE, E5MRNIEBA, BB
R R RLC. SR, AR S g T IR BRI R
B, MRORZEEAT 5. X EEZEF S E AL R

TRREK, #EARBET SRR, 5L,
SRy A, A ANk, S 3R E T
AP A: K. IEUN Miorin 45 BY i GE 1), 152
SR Ao SR ARG AR I SR T 1 AP SR i
JE WS, JE 0l 1200 h 5 H R EE R AL ot
A, EAERRE T DL RS B B AR T i bR 1%
SERRN ) EARERIRIEAE 550 °C AYATTEh 1200 h
SRR R rR e . 5 BRI S a5 SR L,
AlO, % J21E 600 °C By LBE J# 4t 700 h 5, ik
PRRr R e, A TTREMIR IR AlO, TRJZ 45
FRE)5] ) BEFESE A AN RIS P s () B A7 1 0%
RN ST FRE. N, B lEEOR, i
TR A TR | RN £ S5 P B A T X AR
19w B ALO, TR, LAWE A &R LBE H T91
F1 SIMP A 32 17 14 i 5 b

5 4 b

£ 600 °C WA Y LBE Hg ik 300 h F
700 h &, T91 A1 SIMP 4K H 8 inh Sty 46 S 2 1

1) fEAR A A9 SE 56 4578 T, SIMP 44tk T91 X
A AR . T91 A1 SIMP 4M7E 600 °C
Mo AT BE Y LBE HPJE 1k 300 h #1700 b J5 ¥4
A A T, IR TR A2, O]
DIBR I IR G 2 WA H B R3835 , 18 1T DL ] 30k
TCER [V VB T 18, DA RS T A S
Pl & AL SR, TO1 ANASIE FH TR & T 600 °C
1) LBE, BB ESIESEIEMNALZ, FEFMER
BOPGREAL. AR, YR R KR R
JERT, SAALJZIRE G BT

2) 7E 600 C MR R LBE HJg ik 300 h
J&i s ALO, ¥R JZ BH LR T 8RR 7E SL A H (R S0 9 ORI
AN, A T SRR, (HIRZE 2
R BLSCRIRER AT Y% . 7 600 °C HuFIE MR LBE
HE 700 b S, R BER TR IR 2 AR i 0 A TR B
HRARZE G A, FALRET G, (IR B S EA S
E S

TR, T — eI S T4
SR, PR RS | AR & | IS DR A S B
B, LIRS B A i SRR R . IR ZEXT LBE J§
TAT A S A R — 2D PPA
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Stability and corrosion behavior of AlO_ coating on T91 steel
and SIMP steel in static liquid Pb-Bi eutectic at 600 °C”
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Abstract

Ferritic/martensitic steels, such as T91 steel and SIMP steel, are chosen as the main candidates of
structural materials for the Generation IV lead-cooled fast reactors and accelerator driven system. However, the
compatibility between container steel and liquid Pb-Bi eutectic (LBE) at high temperature limits their
applications. The corrosion of ferritic/martensitic steels is serious in LBE at 600 °C. In order to avoid corroding
the ferritic/martensitic steels in LBE, it is proposed to coat AlO, (z < 1.5) on the steel surface. The AlO,
coating is conducted on T91 steel and SIMP steel by magnetron sputtering. In this exploratory work, the
corrosion results of AlO, coating steel are compared with the corrosion results of the uncoated steel in LBE with
a saturated oxygen concentration at 600 °C for 300 h and 700 h. The results show that the AlO, coating can
effectively prevent the iron chromium and oxygen from diffusing, so the oxide scale of the coated steel is thinner
than that of the uncoated steel. However, the coating cracks after 700 h corrosion in LBE. Meanwhile, T91 steel
and SIMP steel also suffer serious oxidative corrosion, indicating that the coating can protect the substrate from
being corroded by 600 °C static LBE in a short time. However, the coating cannot keep stable for a long time in
LBE at 600 °C. This may be due to the weak film base bonding force of AlO, coating prepared under the
experimental conditions, or a large number of metal aluminum and structural defects existing in AlO, coating.
It is needed to further study the stability of AlO, coating in LBE at elevated temperature.

Keywords: T91 steel, SIMP steel, AlO, coating, liquid Pb-Bi eutectic, oxide layer, thermal expansion
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