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Evaluation of Properties of Low Activation Mn-Cr Steel (3)

- Evaluation of Corrosion Resistance -
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JAERI and the Japan Steel Works LTD. (JSW) have developed new Mn-Cr steels as low
induced activation material. Until now, chemical composition and metallurgical processes were
optimized and some steels named VC-series were selected. The properties of the steels have been
evaluated and reported elsewhere. In this study, corrosion resistance of VC-series was studied.
Corrosion tests for stainless steels were performed to investigate a relationship between corrosion
rate and chemical composition or sensitization. Furthermore, corrosion tests under actual
environment for the vacuum vessel of the reinforced JT-60 were done for non-magnetic steels.

As a result, almost no weight change was observed for uniform and gap corrosion tests, No crack

was shown for double U-bend corrosion tests.

Keywords : Low Induced Activated Material, Mn-Cr Steel, VC-series, Corrosion Resistance,
Reinforced JT-60, Vacuum Vessel
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1. #®

BAREFHHER CITEM & %) BFBMPTIEFT, Ni, Co MMERMD Mn-Cr %
ERSHEIEREROBREED TEE, BOITRP ERMNETEBOAIY—ZVTFA M E
T, FRIOEEFTIC VC YU —X AT o EmEEilEL (1, 2], ¥5k 10 &
DABIZZ D VC 2 ) — XD FM 27> TE 2, R VCI iz EIHRE DRI DN TR,
B - WEELZEDTVS, JT-60 WEROHEZBABRROBRBMEHIETSNTL
%, 2B S. WERD IT-60 OEZEABMICIIELEE,. BB, EEE. BREEAND
W, EIAREEDEENRD SNTNBH, VO B EEREOHEBENR I NS DEREZH
EIMETHDEEALNTVNDEDTH D, RIEE TITEBRIRE - WEERE - 1aRE -
At - B Ck & M RBR 2T > TEL(3-5]. FHREFBRI TS OFLSTHEH
ONTEEDEDBDTH S, MEHRRIT IS TEDVWEATF VLV AROBRARKR S K
B IT-60 DEZERBACEREOEAREZEE L ABEHR Bk - 80T - 3500 K
M) 2f7-7.

AF UV ABEOBARBROBER. SREOHD Mn B, C BEMEHEORER. Silibick
BZBEBREOLILENHASMER- -, T, EARBELZHE L REHR BK - 80T -
3500 BEf) ORSR. SERURMEBRRR CRIEREMIIBERN >/, FTI)V-U RV R
HBRTHEhORERZR SN h >,
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2. WA

(1) BER VRS T E
ABRBRTHWE Mn—Cr 8 (VC9) 13, P8~ 9FEIC (b)) BAMMAITHEIN

bDTHB. BTITRT XS, ORfE - B, OmitskE. ORMEE. @QEAE{LL
HOBEMETHRZETHREMERELE, 2L, BREIZL— RIS, ERECHF
TV I aiRfTol. UMTCETIEROLRHEERT.

OB - 5
 BRIIREBRERFICE DTV AL 25~50kg BERICHEBE U B R4 Table 2.1
WKRTEDELE,

O s
Lton N Y=L DEBEZTV. RRICHE L. FEBEHRITHR OB H & —

B,

QI ERE
BE 30mm FTRMEEETH /-,

@E B2
EEL BN E LA 1050C X 1hour T, FO®RAKB RIT- .

®F z v I
Fx v 7 3Hid JIS-G-0321 ICERL THHON . Fr v I OKRIE Table 2. 1

IZRY,
SER L= S HtEMIIEBRAERICITLU T, BERRICHELE,

(2) BmeHR
T REFMEABRE L TX, A7V AROBREEREEZREFEEREZT >k, AT

VARDOBEEEBRIZDOWTIUIS TED 2B A BT 7z FIB S M %2 Table 2. 3~2. 5
IZRT . ATV L AMOBEBIHRIIVCO. VC 2~4. VCB8~15MDSA (EBEILILE) # &
SELALEIITN U T o 72 SUBIEALERIZ650°C X 285 & L 7=, EREEARRIIVCY
~VC15MDSAM EVCIDBHEMEFIIN L Tiro iz, BEMKEFIITIG. TIGHFMAGKR U
EB& L., BHEESMH%2Table 2. 2I2RT
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257V AROBERR (VCO. VC 2~4, VC8~15)
ChI R B &)
<JISGO571  TAFUVABMDI0%L w S ML v FidBRAE]
<JISG0575 TAF > L ASMDEEE - HRESRE KRR G )
+JISGO0573  TAF UV AHDES % MEER R GE
R &MIITable 2. 3. BRBRF BRI, 2. LIKENENRT,
(ZHBER)
<JISGO0591  TAF > VARMDS% BRG]
RBR&HIITable 2. 4ic. BB BRIAM. 2. 2ICENENRT.
(L&)
<JISG0578  TAF U L ABMOBLE SR ERR G )
HBREMIITable 2. 5i2. HBAHRIIFe. 2. 3ITENEIRT.

HEERARR (VCO~I58H. VCORBREMETTF)
(ZHBRERUVREER)
HBR&HE  BiK - 8 0°C - 3500KFH
HBRA : 18~19X20 Xtlmm (Fig. 2. 4 XU Fig. 2. 5)
% cF AN z—h—T Y FNERAE
BiEEE A8 G - EREL

(FTNU-RYRER)
HBRE&HE  :#liKk - 8 0T - 3500KFMH
BT : 10X 75 Xt2mm (Fig. 2. 6)
il AN z—h—Y v MERAE
FeEE (SR @ Fh) - EBE(
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3. REERER
3.1. AFYVAMDBAEER

L1IKMARAEER
D10% L w SBEREBROERE Table 3. 1 12, RBREOSHEEEZ% Fig. 3. 1(a)~3. 1(H)
IZRY . VCO. VC2~VC4 DEELNEBMIIBARIER. $BULH TIX vCo. VC2~V(C3
PRRAER. VC4 IIBAERE 2o/, VCO. VC2. VC31d SUS316 ERICKERTH -
feo —7. VC8 & VC9 O SA MITEEHM. SBILM TIIBRERE 2o/, ThHD
FERE Hull[6] MR LIcET & Fig. 3. 2 KFRTEDIZ. 7+6 M) V00, VC2~VC3,
T BAOD vC8 & VC9 KU Ishiyama[l, 215 DERFHED VC4 & HIZ XK > TRRMS M
Nk, 7. Fig. 3. 1(e)~3. IOITRTEDIT. VC8 & VC9 DEMALH TIdks Sk A Ht
F<BBEIN TS, ZNIZCEMN 2% LOMBEL D BEL . SBlLINDPTVE
HE&EEZOND,

QHiME- BB FE RRBR DK R % Table 3. 1 12, RBRBONBEE% Fig. 3. 3 1277 . VCO.
VC2~VC4 OERICAIEFIIZEINIIFAE Ul o 7205 St TIRENMN R S hie,
ZHiT SUS316 LRICHERTH o7z, —H. VC8 & VC9 TIXEAE(LALEM, Sttt &
HIZENNREL., BICHBAEH TIIETORWERETENNRBEL -, Zho %
Hull[6] DMK LIZ&RT & Fig. 3. 4 IZRTXIIZr+0 D VOO, VC2~VC4. 7 BHHED
VC8 & VC9 &, HIZL > THREMNT M.

®65% HEERRBOFER % Table 3. 1 ITRT . SUS316 DFRER LB &, BECLEH.
BHBEMEDBIHWIHREZVEREE TH o 2B CHEDOT TIE VCO DEREENE
HRENO K. VOO, VC2~VC4 DFER % Mn BEFEM E U T Fig. 3. 5 1279, BBk
WEEHE, SBULM TIZ Mn BOMWMEELBDICBREELHMT 22BN -k. Sk
KEIBBEEEOHEMOFED Mn BOBMEEBITKES LS, £, B CHREDH
TO C BIEKHFHE % Fig. 3. 6(a) Mn15.5wt.%, Cr15.2~16.0wmt% N HE B X U Fig. 3. 6(b)D
Mn12.5wt.%, Cr15.2~17.0m%DBJPEE T NETNRT, WTHDBAICH C BN 0.1~
02wt% DI TIIMBEEICIZEAEENRR SN Mho 7. CERZ VC3 P VC4 DL HIZ
0.02wtB X T T WD LBEEEIIETI 246 ANEN. ERBERETIIRL LS,

1.2 2ERARR
5% MR BB ORER & Table 3. 2 1T, HRBONBHEE % Fig. 3. 7 TENENRT,
SUS316 DB REEIIEECALEM T 120, SHBULM TR 1/5 ThHok, =, BEEE
D Mn BIKHEH % Fig. 3. 8 ITRT . v+ HOBMETIZ, EELABMOBREEICAEA
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BEWIRREShAhotk, —F. S TId Fig. 3.8 IRT L DIZ. Mn BDEWN VOO T
REBAEENMETSH, Mn BEEDRVWEMETIIRERENMET T EM80ho7%,
THAD VC8 & V09 i, MREL D BEVWEREETH >, i, SHBEILLEIZXD
BEEEOE/LIIENTH -,

3.1.3ARKER

HCE —SEAERRBOKES Table 3. 3 17, RBREBONABEE% Fig. 3. 9B L UD)IZ
FNENRT., RBRIEBE 15CORERE SUS316 DRER EHARD &, BEBCLEM TK 4 #r.
SR TR 2B ERERBREETH - k. HRIEE 1SCORDOEEEED Mn BIK
% Fig. 3. 10(@)IZRT. v+ 0 HOMBETIL, VCO id VC2~VC4 DEEDEH VB REE
ERUKE. LU, $iBUEM TIE VOO OB BEEIJIZEAERILL BN 2DITH L. VC2
~VC4 DBEEEIZIIRES ML, VOO LRBEICR 7=, v BHOEETIE. VC8 D
A BT VO D 3~4 fEEM o 248, SBERIZNTHD VCo. vC2~VC4 ERIFEEIC
Tz,

RERBE 35COREREE SUS316 DRER LS &, BERLAEM TH 2 #i. Si81{LM T
K1 HREXRERBREE TH > ARBE ISCOROBREEED Mn BIKF % Fig. 3.
10(b)IZRT. 15SCERNTLEEMIIBEREENLRELTVSA, v+ HOBBTIRIR I
V2 & VO3 ORBEDOLEANKEL, VOO LRBETH- 2. N6 OMBEISBILE
HBRABEITZIEAETIL LMo, £/- VC4 OBEAEERZRD /NI o A8, SiEk
#13 VCo. VC2~VC3 LRIBEICR -7, v BMHOWMETIE. Ve OEREER. EElt
MEM, SEEIMONTND r+ HORMBEFEETH >72. VO OEBELLEN T
BEEEDESDENKEN >N, SHBIEBRIIr+o HOBMBLERBEIC> T,

3.2. EMBERAERR Bk - 80C - 3500 )

2.1 2R AR
EBEELHRAERBROFMEES Table 3. 4~3. 6 12777, 2EBERFRBRTII VCI DBM K
DIREEM. SUS316 DRMETR VC10~15 DBHONWTHTHAE - EROEILIIFREE
MNoTz,

.22 RMRAER
VC9 DEM R UBEESEFOERERVBEAFROMEZ Table 3. 7 IZ.SMEE K Z Fig.
3. 11(a)~3. 11 FNEFNTRT. WTNORBRA TORBICHESREEL . ERE/L
BiREAEENS T,
VC10~15 DM OEBEREERRBROFRZ Table 3. 8 I2. NMREE % Fig. 3. 12(a)
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~3 12(DITENEFIURT . WL DOODREBRA TREICHENRE L2 BERELIZIZEA
EEEMN ST,

3.237 7))V URY REERR
VCO DEMRUBEHJEFOEREY 7)) U REARBRORSES Table 3. 912, 4+
BEHE% Fig. 3. 13(a)~3. 130)IKEFNENRT. WThORBE THREICHENRELKE
A, FHERShhol, EREMLDIFEAEEN S,
VC10~15 DRMDETRES T U-X> REBARBROKERZ Table 3. 10 12, ABEH%
Fig. 3. 14(a)~3. 14(DIZFNFNRT, WS ONDORBE TRENCHEIRE L8, i
Rohisholk. BERBILDEIEAEEL ST,
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4. &Y

FotE () BRSPS TERSHEERER L L TR L 2 Mo-Cr BIZDWNT,
fird B 1% D 34l 247 o 7z

AT > L A O & HBR

JIS TEDLNEAT > L ARMOHEBRBREZT >R, SEEIELZ Mn-Cr OHE
MIZ MBI SUS3I6 ICHAREZENFN o, HBEREUTIIE LD S,
BT B Rl

(D) BHOEELO S v+ 0 HOBMEDH N, HHAREEVENTNS,

Q& C HEDHS. R LB OBREEER USBILICXL 2BEHREOHMINTND
Mn BEOBME EBITKELRS,

QB CHBEOHE., CEMN0.1~0.2wt.X¥DRITIX. EBERICLLEM DB &R USBIL
L BBEEEREDOHEMIC C BREFRIRRSNaho .

HERERR

1) v+ o HOMETIZ. BEVALAEMN O RHEEC Mn BRKFRR RSN Aaho7z, —4,
SELH TIZ Mn ENZVWRBETIIREHENHIET 54 Mn BRDRWEETIIHIC
BREEENMMETT 5.

T BHOMBOBREEX. r+oHOBBELDBEN . Tk, SBILEIIBR
HEOEIIENTH oIz,

LERR

D)7+ HOMETIZ, Mn BRADLRWEBOSFBBEEEN/NS W, LML, S8
Tid Mn BB VRETRBREEMILAEELLZNDIZHL., Mn BBDBVWEAE
TIIEEEENAKEHMMT 572D, Mn BREFENR SNZN >,

(2) T B OWETIE. BEAEM TIIEREEICESDENRA SN, SHBILRITy
+0HOBMELFRBRETH > 2,

EIEH KR

HBET AR ik - 80°C + 3500 K DR, 2EERTII VCO B, 1B -
SUS316 BMEbICAE - ERLILIIREEN -/, BREBERRTRBORENE SN
=0, BERT(LIIBREEN T, FTI U-XR REBRTHENORETIR SN adh -,
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Table 2. 1 Chemical composition of VC series and 316L stainless steel (wt%).

Material S M o N Mo ¢ N S J S Co
VCo Nominal | 245 135 —— —— 0.02 020 0.50
1996 [ on [ s43s T 001 aon G0t 0227 048 00 00% 0
vca |Nominal| 185 152 —— —— 002 020 0.30
1996 I Guct | 18.36 15.08 001 001 0022 0205 032 0.024 0. 005 0.003
VC3 Nominal | 155 {52 —— —— 002 020 0.30
1996 [ tict [15.16 15.08 001 001 0023 0193 029 0026 0004 0.003
vca |Nominal } 126 1562 —1on —— 002 020 0.30
1996 Iooduct | 12.30 1516 001 001 0024 0243 029 0026 0003 0003
vcs |Nominal| 155 162 —— —— 020 020 0.30
1996 I oduct | 15.47 1607 001 001 0020 0213 026 0024 0.004 <0.01
vco | Nominal| 155 160 —— —— 020 020 0.30
1906 [ [rom o0 001 —— 021 0205 030 Gos 0005 <001
vCioq|Nominal | 155 152 —— —— 010 020 0.30
997 [oroquct | 15.49 1502 001 —— 010 0181 024 0024 0008 ——
vorp|Nominal | 188 182 —— —— 018 020 030 T T T
997 |product | 15.35 1514 001 —— 0.5 0.172 023 0024 0.003 —
veiaq|Nominal | 125 155 —— —— 010 020 030
997 [product |12.42 1573 001 —— 010 0220 024 0023 0004 ——
vC1a |Nominal | 126 160 —— —— 015 020 030
1997 [broduct | 12,58 1504 001 015 0238 024 0023 0004 ——
vCq4 |Nominal| 125 165 —— —— 020 020 030
1997 [broguct | 1250 16.39 001 —— 020 0208 023 0023 0003 ——
ves | Neminal | 125 170 —— —— 020 020 030
1997 [orocuet | 1215 1742 001 —— 020 0198 024 0024 0004 ——
316L PIS spec. |<2.00 16~18 12~15 2~3 <003 — <1.00<0.045 <0.03 —
SS loroduct | 107 17.16 1207 244 0011 0.07 051 0021 0001 ——
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Table 2. 2 Welding conditions of VCS.

, Current Voltage Welding speed o ,
I g
Welding (A) V) (mm/min) Position Sealeding gas
TIG 240/280 11~12 80 Flat Ar
TIG+MAG | 220~280 25~35 200~500 Flat  Ar,Ar+20%CO2
Flat .

Table 2. 3 Test conditions of corrosion tests for stainless steels.

(Inter granular corrosion tests)

Test method | Test piece : Test t Evaluation Tested
(JIS specification)| ~ (mm)  Testtime Testtemp. o  materialsx
10% oxalic VCo, VC2,
acid etch test (‘,;’";‘ Iy f(;;”) 90sec. R.T. Etched . VC3, VC4,
(JIS G 0571) o and 316SS
Copper sulfate - VCO, VC2,
sulfuric acid test |2=9 ><2501xb4 16h R.T. Cracks VC3, VC4,
WIS Gos7s) | (Fig-2 1) ours VC8, VC9
and 316SS
% nitri i VCO0, VC2,
65% rt\ggtc acid 25X25X3 ghoursx3  Bailing Weight  vc3 vCa,
(Fig. 2. 1(c) ) loss VC8, VC9
(JIS G 0573) s
and 316SS

X As solution annealed and sensitized
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Table 2. 4 Test conditions of corrosion tests for stainless steels.
(Pitting corrosion test)

Test method Test piece Test time Testtemp. Evaluation Tested
(JIS specification) (mm) (hour) (C) item materials
. , VCO, VC2,
Fernct :;Ionde PEX25X3 20 15 Weight VO3, VO4,
. loss VC8, VC9
WJIs Gos7g) | (Fig-2.2) 35 and 316SS

% As solution annealed and sensitized

Table 2. 5 Test conditions of corrosion tests for stainless steels.
(Uniform corrosion test)

Evaluation Tested

Test method Test piece Test time Test tem
P- item materialsx

(JIS specification) (mm) (hour)

9 ri VCO, VC2,
Seu/z:igl{clél;t ° 25X25X3 05 Boling  Weight ~ VC3,VC4,
((Fig. 2.3) ) loss VC8, VC9

(JIS G 0591) s, voy

X As solution annealed and sensitized
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Table 3. 1 Results of corrosion tests on VC series and 316L SS.

10% oxalic acid  Copper sulfate - 65% nitric acid test
etch test sulfuric acid test (weight loss ; g/m2 /h)
SA Step No Crack 8.86 8.87
1Y 0 1 S
Sensitized Ditch Cracks 17.51 20.79
SA Step No Crack 5.83 4.02
VC2 === = - === — oo oo o—e-ooo-o oo
Sensitized Ditch Cracks 11.07 12.03
SA Step No Crack 4.36 4.36
VC3 L o e o o e o e e e o e e o o o o o o o e e e e e e
Sensitized Ditch Cracks 7.18 6.65
SA Step No Crack 417 4.26
VC4 Femm e e e e e e e e e e
Sensitized Dual Cracks 5.14 4.62
SA Dual Cracks 14.53 11.77
VC8 Fmmem e e e e e e e e e e = =
Sensitized Ditch Cracks 26.50 24.18
SA Dual Cracks 1492 11.37
VCO - m s e e e e el e oooo oo
Sensitized Ditch Cracks 2648 28.18
SA — 13.22 10.23
VC10 [ o= === === --==-----------mmm oo -- o
Sensitized — S 28.66 26.22
SA E— —_— 10.55 12.10
Ve |-mmm e Lo
Sensitized ——— — 25.21 27.88
SA — -_— 5.55 5.89
10 - R R e e e e R p——
Sensitized _— _— 2248 22.02
SA — _— 7.00 5.53
VC18 == === =-----------m- oo
Sensitized E— —_— 23.39 21.54
SA 4.01 4.41
Y e S
Sensitized -_— — 2245 2262
SA EE— — 8.59 5.68
VC1S |- = m |- m s e m e e e e oo
Sensitized — —_— 22.92 21.82
SA Step No Crack <0.5
316SS |- -~ - - - m e oo =
Sensitized Ditch Cracks 1.5~2.0
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Table 3. 2 Results of uniform corrosion tests on VC series and 316L SS.

5% sulfuric acid test
(weight loss ; g/m2/h)
SA 11369.27
AY/ ¢ o T S e e
Sensitized 11639.47
SA 11412.31
Y07 B e e b ey
Sensitized 11017.74
SA 11203.24
VC3 | o et o e e e e e e e e e e e e =
Sensitized 10343.69
SA 11113.08
LY/ 07 S I S
Sensitized 10353.57
SA 9854.87
¥/ 7 - N AUV [y S U i e
Sensitized 9768.65
SA 9768.21
¥/ 01* I ' N P et
Sensitized 10138.55
SA 460~480
316SS |- e e mr et e e = -
Sensitized 1900~2300
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Table 3. 3 Results of pitting corrosion tests on VC series and 316L SS.

Ferric chloride test (15°C) Ferric chloride test (35°C)

(weight loss ; g/m2/h) (weight loss ; g/m2/h)

SA 92.84 91.27 140.13 141.52

VCO === === m m m o e e e oo
Sensitized 93.55 93.54 137.04 132.76
SA 21.77 15.23 116.97 120.09

(/0738 pluiaiaiinis bl Uittt
Sensitized 96.99 95.51 134.84 125.89
SA 15.92 15.76 131.61 126.47

|74 = J e
Sensitized 92.71 93.65 122.71 133.38
SA 11.20 11.16 21.02 17.25

1Yo S
Sensitized 78.35 79.39 128.22 124.52
SA 81.62 58.85 110.69 106.62

VC8 | mmmm e oot oo
Sensitized 89.06 88.68 131.81 132.36
SA 21.56 16.33 175.32 44.68

1o T
Sensitized 90.75 88.07 118.97 113.97
SA 3~5%10-3 7~8%10"1

831688 |-~ - - - d - o ._

Sensitized 0.5~1.5 12~14
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Table 3. 4 Results of uniform corrosion tests in actual environment.
(VC9 and 316L SS base metal)

T P.No Visual Before test  After test \é\ggh;
- P NO- examination (9) (9) g
(9
M1 No rust 8.448 8.448 0
M2 . 10.638 10.638 0
VC9 M3 . 8.029 8.029 0
M4 . 8.027 8.026 -0.001
M5 . 10.346 10.345 -0.001
St No rust 15.155 15.155 0
82 . 14.677 14.677 0
316L | g3 . 14.925 14.925 0
ST T N S
sS4 . 14.076 14.076 0
S5 . 12.358 12,356 -0.002

Table 3. 5 Results of uniform corrosion tests in actual environment.

(VC9 welded joints)
Visual Before test After test Weight
T. P. No. e change
examination 9 (9) ©)
X 0
Base | OB1_ | Mot : R ]
metal | cgo . 23.84 23.84 0
CD1 . 23.95 23.95 0
MAG | _ o o o e m o
WM cD2 . 24.07 24.07 0
MT4 No rust 23.07 23.08 +0.01
8 5 (c Y S e
WM | MBS 2307 2307 o
MT6 . 22.84 22.84 0
EY1 No rust 18.146 18.146 0
EY2 " 18.112 18.112 0
EB |____ 1
WM ES1 . 18.127 18.127 0
ES2 " 18.147 18.147 0
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Table 3. 6 Results of uniform corrosion tests in actual environment.

(VC10~15 base metal)
Visual Beforetest  Aftertest Weight
(9)
1 No rust 21.811 21.810 -0.001
Y03 [0 I R R e
2 . 21.237 21.237 0
1 " 21.763 21.763 0
17O i e S
2 " 21.690 21.690 0
1 " 21.215 21.215 0
VC12 |- mmm e e e e e e e e e e e e e oo e o
2 " 21.737 21.737 0
1 " 21.819 21.819 0
VC13 e b o e e e e e e e e e e e e e e e e e e e e e o
2 " 21.316 21.316 0
1 " 21.395 21.395 0
VC14 |- - b - - m o e e e e e e m o2 ]
5 " 21.034 21.034 0
1 " 21.745 21.744 -0.001
VC15 b --d - e e e e e e —
2 . 21.269 21.269 0
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Table 3. 7 Results of gap corrosion tests in actual environment.

(VC9 welded joints)
Visual Beforetest Aftertest Weight
T.P.No examination  (g) (@  change (0)
Large Rust 13.920 13.923 +0.003
fc) =} I TS P et
Small » 8.430 8.427 -0.003
Base
metal Large o 14.170 14.175 +0.005
[c]- -3 PR S
Small " 8.430 8.426 -0.004
Large Rust 13.990 13.988 -0.002
Gbl b~--d---"-""-""-"“"c--"“cccmmer - - - - - 4
MAG Small " 8.440 8.438 -0.002
WM Large . 14.020 14.019 -0.001
GD2 fF-—-—-q----"-"=-"-"-"=""“" - - - - - — - - ===
Small " 8.380 8.377 -0.003
Large Rust 13.70 13.70 0
Y1 2 T T e e
Small " 8.05 8.05 0
TIG Large " 13.65 13.65 0
MT2 b--=-----——=~c - m - == === 1
WM Small . 8.02 8.03 +0.01
Large . 13.60 13.60 0
Y 3 T A R et
Small . 8.02 8.02 0
Large Rust 16.911 16.911 0
EY] F=-=-=~d=-="— e e - = =
Small " 6.513 6.513 0
Large . 16.975 16.975 0
EY2 | g - E ------------------------------
mal " . 6.520 0
EB 6.520
WM | Est | Large " 17.014 17.014 0
ES2 | Small " 6.549 6.549 0
ES2 | Large " 16.932 16.933 +0.001
gs1 | Small . 6.541 6.541 0
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Table 3. 8 Results of gap corrosion tests in actual environment.

(VC10~15 base metal)
Visual Before test  After test Weight
T. P. No. e change
examination (9) (9) )
Large No Rust 12.856 12.855 -0.001
Small " 7.626 7.625 -0.001
VC10 e e Sy
Large " 12.340 12.339 -0.001
Small " 7.588 7.588 0
Large Rust 12.701 12.701 0
Small " 7.597 7.597 0
VC1i1 i el
Large No Rust 12.450 12.450 0
Small . 7.561 7.561 0
Large . 12.621 12.621 0
Small . 7.647 7.647 0
VC12 |- - === === === mmm o m e e e e e e - - — 4
Large . 12.082 12.082 -0.001
Small " 7.622 7.622 0
Large Rust 12.944 12.944 -0.001
Small . 7.356 7.356 0
VCi13 it el R R R R Rl R R
Large No Rust 12.811 12.811 0
Small " 7.706 7.706 0
Large . 12.664 12.664 0
Smaﬁ B . 7.581 7.581 0
vC14 il e e et
Large Rust 12.550 12.550 0
Small " 7.678 7.678 0
Large No Rust 12.657 12.657 0
Small " 7.596 7.596 0
VC15 iutatl pliadee el el
Large Rust 12.686 12.686 -0.001
Small . 7.583 7.583 0
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Table 3. 9 Results of double U-bend corrosion tests in actual environment.
(VC9 base metal and MAG welded joints)

. Wei
T.P. No. V|§ual_ Before test After test ch aghg
examination Q) () (g)g
1 Inner | No Rust No Crack 11.226 11.226 0
VC9 2 | Outer . . 11.652 11.652 0
base
meta' 3 Inner Rust " 11.537 11.537 0
4 | Outer . ] 11.445 11.446 +0.001
Inner Rust No Crack 11.734 11.734 0
BD1 b e e e e e e e e e e e G S e EE R e SR R O R e R S @R e S SR e e
MAG Outer " . 11.569 11.570 +0.001
welded
joints Inner " . 11.468 11.468 0
(=177 it S
Outer{ No Rust o 11.057 11.057 0
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Table 3. 10 Results of double U-bend corrosion tests in actual environment.

(VC9~15 base metal)
Visual Before test After test Weight
T. P. No. examination @ () change
(9
1 |Inner | No Rust No Crack 9.621 9.621 0
ve10 2 |Outer " " 9.861 9.861 0
0 1o T S
3 |Inner * . 9.948 9.949 +0.001
4 |Outer . . 9.649 9.649 0
1 |Inner Rust No Crack 9.587 9.587 0
2 |Outer y " 9.764 9.764 0
103 B B I ] R e e ppp——
3 |inner " " 10.022 10.022 0
P e T R T T
1 |Inner [ NoRust No Crack 9.844 9.844 0
2 |Outer " " 9.596 9.596 0
{03 - R R e e R p——
3 |inner Rust " 9.647 9.647 0
4 (Outer " " 9.611 9.611 0
1 |lInner Rust No Crack 10.008 10.008 0
2 |outer .. 9682 9682 o ]
VC1I3 | -1~~~ ==-=- - m e e e e mm -~
3 |inner | No Rust . 9.836 9.836 0
4 |Outer " " 9.624 9.624 0
1 |Inner | NoRust  No Crack 9.781 9.781 0
2 |outer " " 9.792 9.792 0
VC14 -1~~~ ="~ =" " " mmm e e - -~
3 |Inner " . 9.630 9.631 +0.001
4 |Outer " " 9.604 9.604 0
1 |inner | No Rust No Crack 9.583 9.583 0
2 |Outer " n 9.789 9,789 0
Y03 R e B B Rt
3 |Inner " " 10.164 10.164 0
4 |Outer » " 10.069 10.069 0
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(a) 10% oxalic acid etch test (b) Copper sulfate-sulfuric acid test
4.0 20
15 15 +
- - —

15
] —
50

Y

X Bending

(c) 65% nitric acid test

3.0
25

25

(Unit : mm)

Fig. 2. 1 Test pieces for intergranuler corrosion tests.
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5% sulfuric acid test

3.0
25

—

25

(Unit : mm)

Fig. 2. 2 Test piece for pitting corrosion test.

Ferric chlorided test

3.0
25

25

(Unit : mm)

Fig. 2. 3 Test piece for uniform corrosion test.
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(a) Base metal of VC9 and SUS316L

(b) Base metal of VC9, MAG welded joints

and TIG welded joints
3.0 20
2.5~4.5 20 ]
N ~ $3.0 O\ $3.0
(=]
~
Q
[Te}
metal
(c) EB welded joints (d) Base metal of VC10~VC15
3.0
, 20 20
O\ $4.5 O\\ﬂ
g gt
| Welded 3
metal
|| Y
(Unit : mm)

Fig. 2.4 Test pieces for uniform corrosion tests in actual environment.
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(a) Base metal of VC9, MAG welded joints and TIG welded joints

3.0
20

30

\
Welded
metal

(b) EB welded joints

3.0
10

30

of

$4.5
“

(c) Base metal of VC10~VC15

3.0

/O

ll 20

Tefion bolt
and nut

PEEK screw
and nut

PEEK screw
and nut

(Unit : mm)

Fig. 2. 5 Test pieces for gap corrosion tests in actual environment.
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(a) VC9 MAG welded joints

¢7.0

gy e

2
-

—

¢

O

’l—i | —

Welded
metal

O

(b) Base metal of VC9~VC15

$7.0
A

N o

—

O

g
H
2

1

iz
f

-

O

Teflon sheet

\

SUS304 bolt
and nut

Teflon sheet

(Unit : mm)

Fig. 2.6 Test pieces for double U-bend corrosion tests in actual environment.
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10."" I R R > R
[ - (VC9;dual /ditch)
- _—_ (VC8;dual /ditch) ® 7
8 _Hu||[4]/ """""""""" . A ;;;Ishiyama [2],
z 6 7T phase ‘,—""'
z : @ (VC4;dual /ditch) ]
4 ."v"iﬁ' .
- ot .. (VC3;step /ditch) .
[ (VC2;step /ditch) )
2 -.-;."-3-'.. ........................... U S
> (VCO;step /ditch) ]
+ 8 ohese ((SA /sensitized) ) -
0 1 4 11 8 2 0 2 b 1 i .k 4 1 ' 2 2 0 1 - 1 i Il . 2 i 2 1 1 L-
13 14 15 16 17
Creq

Fig. 3. 2 The relationship between phase and the results of corrosion tests
in 10%o0xalic acid.

Creq=Cr+0.48Si+1.21Mo
Nieq=Ni+24.5C+18.4N+(0.11-0.0086Mn)+0.44Cu+0.41Co
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As SLT

V(9

V(@8

VG2

Sensitized

VC2

ion tests

H28504/CuS0a4.

in

3 Macro photographs of VCO~9 base metal after corros
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10 i LEL BN L] ! LI ! LI | LI l L) LA | ' LENL I B J
i (VCQ Cracks /cracks)';
- VC8 ; Cracks /cracks) | @ L .
8 s @ lsh;yama [2]
LVHU" [4] . "‘. o**
6 hase ot
g 3 “‘ o“
Z " @ (VC4 ; No crack /cracks)
4 a
- ‘Q (VC3 No crack /cracks)
I e (VC2 No crack /cracks)
2 bW
[** (VCO No crack /cracks)
i +6 h as ((SA /sensutlzed))
0 - j LA L ] 4 A L L l L 1 L I - Il L4 l LA 1L l 4 1 B2
13 14 15 16 17
Creq

Fig. 3.4 The relationship between phase and the results of corrosion tests

in sulfate-sulfuric acid.

Creq=Cr+0.48Si+1.21Mo
Nieq=Ni+24.5C+18.4N+(0.11-0.0086Mn)+0.44Cu+0.41Co
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30 L LI SO NN SO (UL SRR SN AU SN SRR SOV NN NN S MR N SN
[ A /—€@O0— :VCO,2, 3,4('r+6phaséﬂ'-
25 . 41 —m{1 : VC8 (7 phase)
- o —&A— : VCI (rphase) )_t
— 20 i O ]
< L VC9 vC8
t : -0
=) 15 L An Sensitized
o i ~
o .
= a g
s 10 "o
[72] - -
O 5 WS / h
[VC4 vC3 VCo
0 C, PR IR R

12 14 16 18 20 22 24 26
Mn-content (wt.%)

Fig. 3. 5 Manganese content dependence of corrosion rates in 65%HNO3.

¥ Sensitization condition : 6560°C X2h
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30 v ¥ L] L l L L L] L v L) Ll T !’ L4 l L ¥ L] L 4
F@Mn=155Wt.%, O o 0 ]
F Cr=15.2~16.0wt.% {5 : a ]
25 | Q 0O :
£ 0l " (-®0—:vca3si011 Y. . ]
% [ —{1: VC9 i
o 15 Eo Sensitized ' i
© [ ® ; ]
g [ s ",;'-% h
g 10 L K SA"‘ i ‘ H -
o S : = VC8,9 .
5 g . vcio Ve :
ST ¢ 7 single phase
[ VC3(1+0) |
0 P R T B — L
0 0.05 0.1 0.15 0.2 0.25
C-content (wt.%)
e e pe ettt
[ (b)Mn=12.5wt.%, ]
25 L Cr=152-17.0wt.%  7single phase :
_ F S
< X ,ﬁf O g
T 20
@ 3 S -
o) -O0— 1
© 15 Lo Sensitized....|.... + VC4,12,13,14 .
= - s —{—: VC15
3 :
e 10 -
© . FVC15
5 L. 6’...._.._.._.._.;.,;_,SA ------- _ B T B .
- VCi2  VC13 : ]
[ VC4(7+6) | VC14
0 PR I N P BT T
0 0.05 0.1 0.15 0.2 0.25
C-content (wt. %)

Fig. 3. 6 Carbon content dependence of corrosion rates in 65%HNO3.

(a

YMn=15.5wt.%, Cr=15.2wt.% and

(b)Mn=12.5wt.%,Cr=15.2~17.0wt.%.

¥ Sensitization condition : 650°C X2h
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VCO

V(4

Sensitized

V(3

V(9

V(2

c8

v

VCO

V(4

37

5%H2S04.

in

Fig. 3. 7 Macro photographs of VC0O~9 base metal after corrosion tests
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12000."' ""'ll LI ! g ) gumes gaann | ,..-
- VC4 VC3 vC2 vCO |
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. s
. /O/

/Sensmzed

10000 F VC9 o
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! A

/~@0— : VCO0,2, 3,4 (7 + 6 phase)\]
—8{1— : VC8 (7 phase)
\—&A— : VCO (7 phase)

g 3 2 1 4 4 5 1 4, . 4, 1 .

9000 Ll o o romram rwraf
12 14 16 18 20 22 24 26

Mn-content (wt.%)

Fig. 3. 8 Manganese content dependence of corrosion rates
in 5%H2S04.

X Sensitization condition : 650°C X2h
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VC4
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Macro photographs of VC0~9 base metal after corrosion tests

Fig. 3. 9(b)

ferric chloride (35°C).
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(@)Test temp.15°C
160 T [ rr1rrro7rrrr T ]
- —@-O— : VCO, 2, 3, 4 ( r + 6 phase) 1
140 :. ............ . D : VC8 (,rphase) ..................... _:
[ —&A— : VCI (7 phase) ]
—~ 120 o - Ty ]
< fvc4 | vC3 vc2 VCO ]
§ 1 e O——Sensiizsd——g
.
o
R r
§ °°¢ vce ™ SA
77) L
g 40f -
8 [
20 F-
I.
g

12 14 16 18 20

Mn-content (wt.%)

200 (D)Test temp.35°C

22 24 26

A

150 'VC4 VC3 vc2

VCO -

100 .../ vcs

:gensitized P

SR

SK VC9

(6}
o

L

Corrosion rate (g/m2/h)

A 7—@0— :VCO,2,3,4(r+06phase)Y]
—8-1— : VC8 (rphase)
\—&A— : VCI (7 phase)

0 Lais PP R

NS R D

12 14 16 18 20
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Mn-content (wt.%)

Fig. 3. 10 Manganese content dependence of corrosion rates in
ferric chloride ( test temp.(a)15C, (b)35%C).

¥ Sensitization condition : 650°C X 2h
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GREBER (B
GB-1

BRIEE (B4)
GB-2

OO0 000 TINS5 0 s

Fig. 3. 11(a) Macro photographs of VC9 base metal after gap
corrosion tests in actual environment.

BEREE (MAG)

GD-1

BEEERE (MAG)

AT

(TR

Fig. 3. 11(b) Macro photographs of VC9 TIG+MAG welded joints after gap
corrosion tests in actual environment.
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BREEE (TIG)
MT-1

BEER (TIG)
MT-2

I

Fig. 3. 11(c) Macro photographs of VC9 TiG welded joints after gap
corrosion tests in actual environment.
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RREER (EBTF)
ES-1_

BREIER (EBTF)
ES-2 -
il]illl|HJI]IHI|HH}HH}HH]_HU}HH_]Ujjlmlé}}i

I

Fig. 3. 11(d) Macro photographs of VC9 EB welded joints after gap
corrosion tests in actual environment.
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BB R (B4
vVC10-1.2

BRRIRE (B#)
VC10-3,4
e

Fig. 3. 12(a) Macro photographs of VC10 base metal after gap
corrosion tests in actual environment.

fRRERER (B41)
VC11-1,2

%ﬁ%ﬁ(gﬁ)
C11-3.
MWWMWWWMWWWWWWWWWWWH

Fig. 3. 12(b) Macro photographs of VC11 base metal after gap
corrosion tests in actual environment.
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BB R (B
vCi2-12

%%ﬁa(lﬁ)
v012 3,4

e

Fig. 3. 12(c) Macro photographs of VC12 base metal after gap
corrosion tests in actual environment.

EREIER (Bf1)
N _VCJ 3—142

%%%E(!M)

WWWWMWWWWMWWWWMWWWH

Fig. 3. 12(d) Macro photographs of VC13 base metal after gap
corrosion tests in actual environment.
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fBERER (BM)
VC14-1,2

[REER (B4)
" VC14-3 .4
T T R R TR

p

WWW

Fig. 3. 12(e) Macro photographs of VC14 base metal after gap
corrosion tests in actual environment.

WRER (BH)
VC15-1,2

FRIER (B+)
~ VC15-34
s U T

Fig. 3. 12(f) Macro photographs of VC15 base metal after gap
corrosion tests in actual environment.
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W-UAN> KEER

B
VC9-1,2 :

Fig. 3. 13(a) Macro photographs of VC9 base metal after double
U-bend corrosion tests in actual environment.

W-U N> FER (TIGFMAGIW-U N> KER (TIGHMAG)
VCO-1.2 ; VCO-3 4

A R

Fig. 3. 13(b) Macro photographs of VC9 TiIG+MAG welded joints after
double U-bend corrosion tests in actual environment.
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Fig. 3. 14(a) Macro photographs of VC10 base metai after double
U-bend corrosion tests in actual environment.

W-U N REER (
VC11-1,2

Fig. 3. 14(b) Macro photographs of VC11 base metal after double
U-bend corrosion tests in actual environment.
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W-UA~> FES (B W-U?\/M@E (B )
VC‘IZ 1 2 VC12 34

I A

Fig. 3. 14(c) Macro photographs of VC12 base metal after double
U-bend corrosion tests in actual environment.

W-UNL RER (BH) w.u~y FER
’ VC13-12  yC13-34

AT

Fig. 3. 14(d) Macro photographs of VC13 base metal after double
U-bend corrosion tests in actual environment.

(B}#4)
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W-U N> Fﬁa (B#) w-u~> 1\‘{:
VC14-1,2
TR iy

Fig. 3. 14(e) Macro photographs of VC14 base metai after double
U-bend corrosion tests in actual environment.

W-UNS REER (B#) W-UXNY FBE (BM)
VC15-1,2 VC15-3,4

e T

Fig. 3. 14(f) Macro photographs of VC15 base metal after double
U-bend corrosion tests in actual environment.
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