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Influences of the long term aging and creep deformation on precipitation
behavior in SUS410J3
(2) Observations and analyses by transmition electoron microscopy
*Masanori Ando *Takashi Wakai and *Kazumi Aoto

Abstract

The applicability of high chromium ferritic steels to structural materials of the next
Fast Breeder Reactor (FBR) is investigated in the feasibility study on commercialized
FBR cycle systems, since both of thermal properties and high temperature strength of
the steels are superior to those of conventional austenitic stainless steels.
Microstructures of martensitic stainless steel SUS410J3 used in thermal power plants
were examined by transition electron microscopy to clarify the influences of long term
aging and loading on precipitation behavior. The almost same material modified
thorough heat treatment was also examined. As a result, the following conclusions were

obtained:

(1) Influence of heat treatment condition on precipitation behavior was insignificant as
far as this study examined.

(2) Laves phase was observed in a 12Cr steel tempered at 718°C and aged at 550°C for
160h. It was suggested that Laves phase might precipitate on early stage of aging.

(8) Though two types of Laves phase were observed, the difference between them could
not be found except the shape as far as this study examined.

(4) Low precipitation density areas were observed in 550°C/4,500h creep ruptured
specimen. Those were resulted from growth of subgrain with creep deformation.

(5) All of Nb was precipitated as NbC which was stable during aging and/or creep as far
as this study examined.

(6) In §-ferrite, only V-carbides were observed in the as-received 12Cr steel tempered at
770°C, and only needle type Laves phase precipitated after long term aging.

(7) TEM-EDX analyses revealed that chemical compositions of M23Cs and Laves phase
never changed during aging and /or creep deformation. It was supposed that solid

solution W was precipitated as Laves phase during aging and/or creep deformation.

*0-arai Engineering Center Advanced Technology Division, Advanced Material Research Group

ii



JNC TN9400 2003-115

HX

1. e e e e e e 1
9. Eﬁ,ﬁﬁ& ...... 1
21 #EH e e e e e 1

22 TEMAB#EEAL e e e e 1

23 TEMAVZUREBE e e e 2

3. TEMIizK38gBLU2% e e e e e 5
3.1 ZANMOTEMERHEE e e e e e 5

3.2 FEHMOTEMBSEEHER e e e e e 11
3.2.1 KBERLMOEZHS e e e e e 11
322 ®WEBERLMOEZRZY e e e e 12

3.3 JU—THHMOTEM&ERER e e e e 24

4. %?gg ...... 27
4.1 MasCeixfit e e e e e 27

42 MX®iE% e e e e e 27
43 Laves®## e e e e e 28
44 o674 e e e e e 32

5. Bbvizc e e e e e 34
§§ﬁ¥ ...... 36

BEEH a7

iii



JNC TN9400 2003-115

List of Tables
Table 2.1-1 Chemical compositions of the 12Cr steels used in this study (Ladle) + « - - . 3
Table 2.1-2 Heat treatment condition of 12Cr steels used in this study ~  « « « « . 3
Table 2.1-3 Aged condition of studied specimen .. ... 4
Table 2.1-4 The details of creep ruptured specimens .+ . ... 4
Table 4.6-1 Estimation for formation of the § -ferrite @~ .+ ... 33
List of Figures
Fig.3.1-1 Microstructure of 12Cr steel tempered at 718°C(as received) observed by

TEM R
Fig.3.1-2 Microstructure of 12Cr steel tempered at 770°C(SUS410J3)(as received)

observedbyTEM L. 6
Fig.3.1-3 Microstructure of § -ferrite of 12Cr steel tempered at 770°C(SUS410J3)

(as received) observed by TEM ..., 7
Fig.3.1-4 Transmition electron micrographs of extraction replicas of the as

received 12Cr steel tempered at718C L. .. 8
Fig.3.1-5 Transmition electron micrographs of extraction replicas of the as

received 12Cr steel tempered at 770°C(SUS410J3) .« . . .. 9
Fig.3.1-6 Transmition electron micrographs of extraction replicas of § -ferrite in

the as received 12Cr steel tempered at 770°C(SUS410J3)  « « v« . 10
Fig.3.2-1 Microstructure of 600°C/6,000h aged 12Cr steel tempered at 718°C

observedbyTEM L. 13

Fig.3.2:2 Macrostructures observed in extracted replications of 12Cr steels

tempered at 718°C using optical microscopy (a: As received, b:600°C

/3,000h, ¢:600°C/6,0000) L, 14
Fig.3.2-3 Transmition electron micrographs of extraction replicas of the 12Cr steel
tempered at 718°C (12Cr steel tempered at 718°C, 550°C X 160h aging) - - -« o+ 15
Fig.3.2-4 Transmition electron micrographs of extraction replicas of the 12Cr steel
tempered at 718°C (12Cr steel tempered at 718°C, 550°C X 4,500h aging) =+ + + - - 16
Fig.3.2-5 Transmition electron micrographs of extraction replicas of the 600°C
/3,000h aged 12Cr steel tempered at 718C .. ... 17
Fig.3.2-6 Transmition electron micrographs of extraction replicas of the 600°C
/6,000h aged 12Cr steel tempered at 718C ... .. 18
Fig.3.2-7 TEM-EDX analysis of extraction replica of as-received, 550°C/160h and
600°C/6,000h aged 12Cr steel tempered at 718C . . ... 19

v



JNC TN9400 2003-115

Fig.3.2-8 Macrostructures observed in extracted replications of 12Cr steels

tempered at 770°C(SUS410J3) using optical microscopy (a‘ As received,

b:600°C/6,000h, ¢:600°C/12,000n) e e ... 20
Fig.3.2-9 Transmition electron micrographs of extraction replicas of the 600°C

/6,000h aged 12Cr steel tempered at 770°C(SUS410J3)  « « « . . 21
Fig.3.2-10 Transmition electron micrographs of extraction replicas of the 600°C

/12,000h aged 12Cr steel tempered at 770°C(SUS410J3)  « « « . . 22
Fig.3.2-11 Transmition electron micrographs of extraction replicas of § -ferrite in

the 600°C/6,000h aged 12Cr steel tempered at 770°C(SUS410J3)  « « « . . 23

Fig.3.3-1 Transmition electron micrographs of extraction replicas of the crept

12Cr steel tempered at 718°C (12Cr steel tempered at 718°C, 550°C X 160h

creep ruptured) e e e e 25
Fig.3.3-2 Transmition electron micrographs of extraction replicas of the crept

12Cr steel tempered at 718°C (12Cr steel tempered at 718°C, 550°C X 4,500h

creep ruptured) e e e e 26
Fig.4.3-1 TEM-EDX analysis of M23Csin 12Cr steel used in this study 00 s e e . 30
Fig.4.3-2 TEM-EDX analysis of Laves phase in 12Cr steel tempered at 718°C

(Open : Massive type Laves(Creep and Aged), Closed : Needle type

Laves(Creep and Aged)) e e e 31



JNC TN9400 2003-115

1. LB

BE, EREEEEFECLT., FBRIWZEBWTIX, BEFEDOA—RAT A bREIZHE L.
ERTRE L BRI AT VR EILKENDSEZ u AH0 12Cr ZRHEOTEABBET STV
%, 12Cr Z#iZ. 316FR <° Mod.9Cr 1Mo SRiztrEs L, miBEMEIZH LT, #HIEFERE.
ERERR LORTEND =D, BEOELOBRELC, HHEAKHERS LUOERRE
gD Mele Y| FBR BHEEORKEREBEPEFTE, BEMOR AR
5LEBZHNTWA, LazL, —F T, 12Cr %X, 316FR <° Mod.9Cr 1Mo Iz & L,
EEEMEPEN TS LITE AT, REFHEAT O EESN D, 7. 12Cr R
BRLAT A FMEEERKEZA L. T2 o CiCEBEREIZ X > TRIBERE 22
BRLTV B, T OMETHMT, FIMTRL BT DD 2 Lh b, REMOBRINE
B 5 2 2MTRORL, HHES L OBEBIZOWTHEICERA I TS EiIdVn L
2N, ~
AR T, AROICE S5 KHRERA T BB LTEEE OB 12Cr
WOZ AN, REFHREESNECIT., FDMB XV ) — 7Bl x4 2 Z0EE
FA#%#E(Transmission Electron Micrography : TEM) £k L U= R X —0BE X B
¥r#E & (Energy Dispersive X-ray Spectrometry : EDX)IZ X 355471 21TV, BUELRHE, &
BREFHGFR X OATTHI AR, FICITHEYOER - REREICS 2 X EEZHEL
7o

2. HEBRFE
2.1 HEERAF
M DR Sy % Table 2.1-1 12, BVLEL M4 % Table 2.1-2 1Z5RT, #ERHHIZIE,
KNHEETZ L P TRHOWONDBELREORNELZE L7, KE 52mm © 12Cr KR
770°C X 440min FER L@ (SUS410J3 S MEF, AT, mBERRE LM LT3, ) &,
[F & D BIRIRIZTRR L 21T > 7o AR/E 30mm @, 718°C X 60min SER L#f (BT, &
BEERLMETD,) OBLEBICREORZR S 2 BEOELEHURE AV i,
HEMIT AIROTE SN2 H D L R T NEEIEYE (Ar) & FV T 600°C T 3,000h,
6,000h 3 K U* 12,000h fREF L72BF8t &, 7 ) — T (RIBEER LM OR) TH B,
BRI B LU U — 7 4% % Table2.1-3 3 L X Table 2.1-4 (Z5R$, 2238, (KIBEE
RLHMLBEER LMICBIT 22 ) —7HBROBRE X U % OB E IS
| XN TV B BNDEED),

2.2 TEM F#RERASH
TEM B EA0O&BERERICH > TL, FNETNOMEILY 1mm BEOER %
JERETS A & BEICHETINIERIC K VO H URBRICHE U7, BEHMERLICIX, Bt
(70~80 p m) L7=%%. 5vol. %iBEFRELE L 95% vol FFEEIAIR DIBATRE R WA Y A P =



JNC TN9400 2003-115

v NEMMTEEE AV s, EERIFEIZRB W TIE, 240 B0 1,200 B TOxT A Y —#%
PROVWTIERMEB 21TV, EELEEBOEREZMAT-, £7-. SREWFEX. SFELH
46~48V L L., BABOMEB L UOEEIL. FHERBRICTCHER T,

2.3 TEM ALV 7Y »&E

HIH L7 ) A RB OERIC b7z - TlE, ZhZNEES R & BEHR( ) — 7
MIZEZEFEICEI VL, BB C L VERLB- %, EEMER- vF L /'

(SPEED {£09) [t XV =y F 7 %fTotz, BMRREIZIT 10%TEFALTE h—
1%7 T AFNANT B LIOTA4 R=AF AT a—LVRIERY AW, = vF
VR EVHHINEEEL, TEFALEA 0 —REBEICERE A FAICL D IREDE.
H—RUEEETV, TEFLEN O —REELTRCEBEA FALICL WV IBETE DL
T, I—RUEEEERE L L, B, I—RUBERERBNI. Cu A v =R
BT L—AckY TEMIZEEIND, EEMNEMRT v F U V&4, FHRARSEOR
R XV, EBE—100mV T, 5C/cm2 & L7,



wwzgs =1 (ELOTFSNS)D0LL
OV wWuQpy X 9,044 OV utwQQr X 0,040°T
aeld | e paradwse) [ea1s IDZT
wuwgg =3 0,814
OV Ulug9 X O,8TL OV uruig9 x 9,090°1
ajeld | e paradway (893S ADZT
Surradway, 3uizipeurtoN adeyg sferIle

Apnjs STy} Ur pasn s[993S IHZT JO UOTIIPUOD JUsUIjeaI} 1S} Z-1'Z 9[qel,

wwgs =1 (ELOTPSNS) O,0LL
6200°0 1500 3900 6I0 €60 641 280 T80 €S0T 1000  8I00 ¥G°0 920 11°0

aeld | 7e paxadwa) (9938 IDZT

wwog =1 0,814
38000 €900 ¥50°0 610 86°0 81 g0 680  ¥SOT G000 S10°0 29°0 .82°0 11°0

ajye[d | je pareduie) [e9)s 1DZ1

q N aN A noy M oW N D S d U IS 0 adeyg [eLIsIey

JNC TN9400 2003-115

(%4M)  (3[pe) Apnjys STY) Ul Pasn s[993s IDZT 9y} Jo suontsodwrod [esrwayy) 1-1°Z o[qel,



JNC TN9400 2003-115

pamidna deaay
0T XSGV 899 LT 4 YT T )
Y005 /0,069
0.81L
Je pazadwa)
[9918 IDZ1
poanydna deax)
z0L XT3 GGL G¢0g ¥8¢€ G191
Y191/0,06¢
0, 0, 0 e
%) CA) ) N @ commads ——
ajex doaio wnuwully | eaxe Jo uorjoNpoY uonje3uoly | ssexyg | euwry axnydny

suswads painjdna deaId Jo sfrejep YL, §-1°Z O[qE],

(1 181°8V€/0,069=)

(U€169°91/0,099=)

(4910°08/0,055=)

(03=D UNMD,08G st J peje[nofesey)

[02=D]
62013 29L°03 66702
dIN'T
(eondey) (eordey) (rog pue eodey)) | wwgg=3 | (ELOTFSNS)I,0LL Ie
O @) ®) are[d pazedurs) [ea)s DT
(1o pue eorjday) (eorpdoy) (eorpday) (eorpdoy) - (1o pue eorday) | wuwgg =1 2,81 e
O O @) @) O a1eld poxedway [e83s aDZT
poesde pede poese poangdni /page | poanjdni pofe
poatsoex sy adeyg feraajey
4000°31-2,009 4000°9-0,009 9000°€-2,009 4597 7-0,099 U191-3,099

uswrtoads parpngs Jo UOIJIPU0D Pady £.1'7 J[qe,




JNC TN9400 2003-115

3. TEMIiZX3BERLOSH
TEM {2 X 2828 L UL, Philips 80 CM200FEG & EDAX £l EX4i 2
WTHERERE 200kV I THEERB I OO EITo -,

3.1 ZAh#t> TEM BE#R

KIRSER LB LUORIBER L OZ AN OEE TEM 887 R % Fig.3.1'1 8 X
W Fig.3.1-2 IZ7%, BOBOOERBENOTRENDLIITERLYAT 04 M
DEHTH DHM7e 7 AP BES N, BRER LMBLUSEER LA L bIZ,
FAEIZ05umBETHY, BERLEBEEOEZEBIXILALR N o7, Fo, @
MELE biZ, 7 RABERITR > TITHBAEE S, 7 ARICEBWTH — Ty s»8leE
ANz, £, BIRER LMIZBW L, Figd.1-3 WRTIIHIZEFDS 7=F4 b
BDEEIN, § 7274 e~ T oA MOBERIZR- T, FTHBBEE IR,

ERER LMBIUEEER LMOZ ANV OMEBE LY 10 TEM BEKER%
Fig.3.1-4 BX U Fig.3.1-5 IZENEFIRT, ZTANMOHE L 7Y VEEIZB W TIL,
By RABIOATy MERICITHBABE SNz, EDX OOBEREZEICZNLD
WHMOEFNEZ — L ZRE LTIER. M2sCs, NbC BL U ViCe/VsCs TH D LRIE X
., 1A V*\iﬁjﬁlfﬁ/{I7V MEFRIZIZEL LT M2sCe 234TH L T =, FTHOFEE,
FHREBIUKRE SZIIRITTHLEBESFGOEEIL, BEINRPo7, 2B, EDX F
D Cu OE—ZFRAE 7L -0~ ThHD, TANM T, LKEHEHIZDLE3
EDX-Mapping # AW THOM 21T o 7228 Laves FRIIMH TE R o= Z &2 b, BTHRO
DT HYHHBEREST ORRP LR EIND L DT ZANM I T Laves FHOHTHIZ
Rz B,

FIRBER LMIZBWTIX, 6 7274 MRETEEIN -, TOL 7Y I BEERY
Fig.3.1-6 (27”7, Fig.3.1-:6 ITRENDHLIIT6 7= T4 FOREIZEB W TIE, M2sCe
R Laves FIZBIE ST, VRILHOLPBESN, RBEREEEICBWTEREIN
726 774 bORIFFEFEOHF ML, M2sCe T o7,

EROI I ZANMOEER I U L 7Y 12 X 5 TEM BEB L O Tl
IRIEEER LA L BIREER LM T, BRE LT o34 MNER & AT O ki Bk
RBWVIR ORI 5T, 72720, BRER LM TBEEINZ§ 7= 74 MATIZET
DT, VRIEHOHB TH o7,



JNCTN9400 2003-115

Fig.3.1-2 Microstructure of 12Cr steel tempered at 770°C (SUS410J3) (as received)
observed by TEM
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Fig.3.1-3 Microstructure of § -ferrite of 12Cr steel tempered at 770°C (SUS410J3)
(as received)observed by TEM
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received 12Cr steel tempered at 770°C (SUS410J3)
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Fig.3.2-1 Miérostructure of 600°C/6,000h aged 12Cr steel tempered at 718°C observed
by TEM
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Fig.3.2-2 Macrostructures observed in extracted replications of 12Cr steels tempered at
718°C using optical microscopy(a:’ As received, b:600°C /3,000h, c:600°C
/6,000h)
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Fig.3.2-3 Transmition electron micrographs of extraction replicas of the 19Cr steel
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Fig.3.2-4 Transmition electron micrographs of extraction replicas of the 12Cr steel
tempered at 718°C
(12Cr steel tempered at 718°C, 550°C X 4,500h aging)
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Fig.3.2-5 Transmition electron micrographs of extraction replicas of the 600°C/3,000h
aged 12Cr steel tempered at 718°C



JNC TN9400 2003-115

. . . MoK
. A ' ’ A
200 400 600 600 1000 1200 1400 1a00  18.00 20 40 600 R0 WM 20 4D 1600 1800

VC

GK
Kb cK
i
§Crl
L
K HbK
Crtc CoR bt HbL
VK ‘ ‘ oI
LL o, e, it
200 400 600 8O0 000 1200 1480 1600 1&00 200 400 600 BOD 100D 1200 1400 1600  18.00

Fig.3.2-6 Transmition electron micrographs of extraction replicas of the 600°C/6,000h
aged 12Cr steel tempered at 718°C
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Fig.3.2-7 TEM-EDX analysis of extraction replica of as-received, 550°C/160h
and 600°C/6,000h aged 12Cr steel tempered at 718°C
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Fig.3.2-9 Transmition electron micrographs of extraction replicas of the 600°C/6,000h

aged 12Cr steel tempered at 770°C (SUS410J3)
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Fig.3.2-10 Transmition electron micrographs of extraction replicas of the 600°C/12,000h
aged 12Cr steel tempered at 770°C (SUS410J3)
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Fig.3.2-11 Transmition electron micrographs of extraction replicas of § -ferrite in the
600°C/6,000h aged 12Cr steel tempered at 770°C (SUS410J3)
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Fig.3.3-1 Transmition electron micrographs of extraction replicas of the crept 12Cr steel
(12Cr steel tempered at 718°C, 550°C X 160h creep

tempered at 718°C
ruptured)
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Fig.4.3-1 TEM-EDX analysis of M23sCs in 12Cr steel used in this study
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Table.4.6-1 Estimation for formation of the § -ferrite

12Cr steel tempered at 718C  12Cr steel tempered at 770C

Newhouse 8.52 8.36
Md 0.851 0.850
Riccket 9.24(appear) 9.23(appear)
FP 2.46 2.70

Newhouse®¥ (wt%)

0 -ferrite may appear if Creq>9
Cr,, =Cr+6Si+4Mo+1.5W +11V +5Nb +8Ti +1241 - 40C - 30N —~ 4Ni—2Mn

—-Cu-2Co

Md parameter®  (atm%)
0 -ferrite may appear if Md < 0.853

Md =1.059Cr +1.034S5i +1.663Mo +1.836W +1.610V +2.335Nb + 2.497Ti — 0.230C
—0.400N +0.661Ni + 0.854 Mn +0.637Cu +0.755Co

Applied Ricckett Diagram®?  (wt%)
J “ferrite may appear if Creq> 7.5C+8.2

Cr,, =Cr+2Si+1.5Mo-2Ni - Mn—-15N

eq —

Ferrite parameter©s (wit%)
0 -ferrite may appear if FP<1.0

FP=22C+0.6Mn+0.9Cu+1.4Ni+0.8Co+28.7N - Cr —1.28i —2Mo — 4.4V —3.2Nb
-1.4W -7Ti+11.5
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