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3RBTGOl
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i Rl PERE. STk [12] 7 873 ~ 923 K 44 F&iT
T 9Cr-1. 5W Tt #44N FSW 223k HAZ 2H 43R 21
XSk I AR PR RE Y RZ . (R 7R SEBR IR A TR 823 K
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SURFAE, I 3k G A8 5w AT B0, A 7E CLAM
AL E R O FSW AR50 1K 35

1 R F %

1.1 RZesr

RIS A B A CLAM #, $2 42 AR R 124 200
mmx100 mm, #2 5N 4 mm, L1 )52 980 °C 1F k.
45 min, F#£8 760 °C 11k 2 h 153, BEAF 24k

AN 1 R, B RG22 AR A Tl
Ih PR, 76 5 PR i B A o3 A 5 R e Ak,
RO 88 KRG A A 43 A6 1 My3C (M = Fe,
Cr) A ; RPN M TE N E MX (M =
V, Ta; X = C, N) iR ALY
1.2 K@i

PR I 7F FSW-RL31-010 45 b B8 48 i 14 4%
AT, BEPEE BB R W-25%Re f 4, BlE EL
15 mm, BEREEFCE 4 mm. SRRTRHE BT
T, KPR X 24 I S AR S, PRAE AR R 7
R XE . RS b4 1.2,
PPk HE 3k 250 r/min, 454 53# A 80 mm/min,
iRy 2. 5. MHEHALBE T2 760 °C (8] 1 h.

F1 CLAMNHLZERS (RESE, %)

Table 1 Chemical composition of CLAM steel
C Cr Mn \% Ta Si N Fe
0.098 8.7 0.56 0.19 <0.002 0.11 0.005 3 N

JEE KR GB/T 2039—2012 F v s 6 14 T 4%
&7 1) il 2 e AR AR AR . B RS &l 1
/. K RDLSO A8 R AR 25 iE 47 0% AR i e,
Rk 823 K (550 C), M JI7ERI2A 180 ~ 300 MPa.
AR I S S, SRR T LD, 1T Jot)s
JH FeCls IR (5 g FeCls, 20 mL HCI 1 100 mL H,0)
AT 1, Z S5 2R OLYMPUS GX51 562 & fles
(optical microscope, OM)., JSM-7800F #7 /& 5
i H.8% (scanning electron microscope, SEM), tecnai
G2F30 i& & H, 7 7355 (transmission electron micro-
scope, TEM) #1721 ZUM%E.
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Fig. 1 Dimension of creep specimen
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Fig. 2 Strain-time curve and creep rate curve of the
welded joint under different stress levels at 823 K.
(a) strain-time curve; (b) creep rate curve
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Table 2 Minimum creep rate and fracture time of
welded joints

13 /17K F-o/MPa /N A A/ T4 ] o/
180 8.09x10™° 6 769 (K
220 6.02x10”° 883
260 2.68x10° 19.2
300 4.89x10° 1.5

TEARTRINE SIS, 2% A8 [ B AR 2L st 1] o A
FUAHTR], TR S 05 728 B BEAE AR AR 5 i ep i o e
it K, X i A T i s e B . B N KT
ANSWTREAR, FRASURAR B BERES2 i RI 30, 35748 75 A
WK 1 F1oR 300 MPa B, £S5 0% AR By B Al H
2o 5 — B B e LB R NS AR B B 5 1
260 MPa Iif, S BLSE A 3 ANFrBE, RS M Be
SRR AR, 2970 18 hy 2410 1 K H] 220 MPa
i, RS I AR oy BE RS I B S, 295k 720 h;
Bt 0 R E 180 MPa, IEARHHE N 6769 h
BRI AR T2 (A k), SRR A HE A T 3%
B EL.

CLAM 45 HAbHH FSW 423K A TR F1 7K
SER B G AR i WL 2. 7E 823 K/220 MPa i 46 4%
7, CLAM $N 1 FSW 422K Wr 24 [i1] & 883 h, 1M
1£ 823 K/210 MPa 54 T #7 J5 A Ab 28 TIG #5742k
(9 T 4B 18] 7N T+ 170 h; 7E 823 K/180 MPa A [ )
RIS T, CLAM XA FSW 4L 2: 177 6769 h A/
RS, KT TIG K8 3k 9 7 245 1] 700 b,
A& W, TCISTE R R 1 KgAK K4 F T,
CLAM WN#AL RIS FSW 23k (A 85 A8 M g B 5 T
PUL IS TIG F4E3k.
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5, sk ) Fin. el sRASEIG iR, Jh

s rn R I/ AR TR 5 e Ry AR 5 kN R LG
o MW 12 far; n 24 Norton J .

K 3 RN ron 5o SO Bk P 2, SR
/N T IRIE AT MRS, WA L RIE N 17.4,
Bl n=17.4. PEBLAHI KRB R = 0.956 60.8,
PN 7 5 /I A R R B AR OG, A AR
4f. BT n KNS B AR AR AR TE ML A
FHRVIN R, X TP o 6l /i AR o 72, n (538
HOM 1L XA AR AS SRR, 0 (B 3-
7U BT T A A R A B Bk R AR,
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Fig. 3 Relationship between minimum creep rate and
applied stress for friction stir welded joint of CLAM
steel
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220 MPa 528 Jij Ji 0 10 FE 2647 S SR Dk, 4n
Kl 4c, 456 R0 BE oA AT OW L 2R 0] 4. R4
Sk ER S X AN & 4b FiroR, MRREEAE BER AR U 2 0
X (stir zone, SZ), #5200 [X. (thermal mechanic—
ally affected zone, TMAZ), 4l #5200 X (fine grain
heat affected zone, FGHAZ), Ilf %t # i [X. (inter
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Fig. 4 Rupture specimen. (a) rupture specimen at 220

MPa; (b) views of the joint at 220 MPa; (c) hard-
ness profile of the joint at 220 MPa

critical heat affected zone, ICHAZ). #7457, SZ ZH41
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A ORI, AR IR AR N, 2R AR W
2. AN IR, AR W2 A A o g, DR L
STV B g 2 (1A U AR FLA, T e 1 K- AR
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Fig. 5 Creep void of specimen under different stress levels. (a) fracture at 220 MPa; (b) fracture at 300 MPa;
(c) 220 MPa; (d) 260 MPa; (e) 300 MPa; (f) quantity and area of the creep void
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Wr 1 1 2B KN — B SR S ISR, /NI 4
AT FE I 55 o R, A — e KR 8 i ok B — A
F. FEMRR 77 220 MPa , )85 RSF 20 A1 Hu #5344
(&1 6b); T &5 71 260 K 300 MPa T, £, 45 —4H
B (30 85 R I 5 KT R S8 R /N R s
Horn AW R AP (F 6d, 6f).
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Fig. 6 Morphologies of crept specimens under different
stress levels. (a) macroscopic feature at 220 MPa;
(b) microstructure at 220 MPa; (c) macroscopic
feature at 260 MPa; (d) microstructure at 260
MPa; (e) macroscopic feature at 300 MPa; (f) mi-
crostructure at 300 MPa

ZEA W OB 2 LA OTE Sk &, AS R F1 7K
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FOAS KLU T 11 398, F 1] Sa 220 MPa T AT FTHE S
ATLAE . ZEARRL )T, S5 A8 A 7 i o e, AR AL
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260, 220 MPa T, IS W24 /2 fy K iR AR LI R &
KR AIAPEASIE L [GAE T 25251, (B8 T2 S
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SR R R 2 BB T RAEN, Rz i
TEFRRYSEI , WA L AE Acy ~ Acy ZIH, I e/
AT LB P Vs A, 053 1m0 ok 5 EAAR R AR AR AR, e
A B LCAR, ¥ 200 7R rp A A Al 4% 5 TR AR,
IIE BT[]k TR AR 558 i Al 55 5 IR TR & 4
21, TERf ) B S P B R E T AR Sk ] ok A
HA, TR TP IH R A My;Co BB FBTT W1 4R
RS AL (prior austenite grain boundaries, PAGBs)
FIES MR R AT (18] 7b), R BLHRRAN

i
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. 400 nm
= . ¥ o=y
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Fig. 7 Microstructure of welded joint in the inter critical
heat affected zone. (a) without heat treatment;
(b) with heat treatment; (c) My3Cq after heat
treatment; (d) MX after heat treatment
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BRIE, FHIR A 116 nm + 10 nm; 764 S F SR
NS & L T 40/ 8 MX TR B ALY, SER R SR
25 nm + 2 nm.

Kl 8 J ik As J& 180 K1 220 MPa i J1 /KT 42
3k ICHAZ (AR 1. BRIk, 323k 4 1
TR By AR ], H ICHAZ BYZH 28 S AFAE 3¢
K25 ME 8a, 8b h i LIA Y, 7EUk A i f o,
ICHAZ 14 B [ fi B 2R, 431l G4 Al
FREERIIEAL, BT T ECE, 180 MPa T IE B 11 I

(e) 220 MPa MX

A ROT 2974 0.6 pm, KT 220 MPa T HYIE i R
0.3 um. 38k, 75 AN USRI B AL, AIAEAITE
BB B G BN Z 0] E AR A Z A AR,
WL T gEES LS, A TSR (s
) (A5 S ) 14 5 L 8 4 B AR, (IR 77 180 MPa
N AYETAZ AL B, HA A B AR, S5, i
AR i R, ICHAZ B [RIRHZUR A= 0152, # ok
Tk DAL B A R IR AR A, s e
AAL R E N, BRI RN, (o] 52 B 2
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Fig. 8 Microstructure of ICHAZ of welded joints under different stress levels. (a) subgrain at 180 MPa; (b) subgrain at
220 MPa; (c) electron diffraction pattern of M,3Cg; (d) My3Cg and Laves at 180 MPa; (e) MX at 180 MPa;

(f) electron diffraction pattern of Laves

Bris P A e AR M RE A R R R
[Fi) A A B ) A R A AR S AR A AT Gnf&] 8d
Jr7, 7E 180 MPa $EAR U FR K ML, Co BRALITT
& PAGBs FIH A 55045, SRS 2978 180 nm,
%42 B oML, T 220 MPa T 1 Moy Ce i % i
FEXTHE D, MHARR B g%, RSF2°h 160 nm. 7&
R IR AS SRR, AUk AR AR, BT S R L
AR, AT R S IR TP T R R
S, TEALE S IR o T 3R Y Cr, W SE IR R T
IR AT Y, AT KR, fE T
H, O ER N AR A D A sk s, T B A BT R A
RS R, AT % i A B s AR VR FH A5 . 76

P43 A 1) MX FHRSE 298 24 nm, K4 S ERCIR,
i 8e Frow, PAFIN J17KF-FAHZEAR K, 5 5EAE T
BB AR E . MX ARG AR i R R R g,
HA R PURALRE 1, AT AR A5 8% shild 214 T
FLAE, AR ReR L FEE 2R

£ 180 MPa L 7] 7K F- T 19 $ f 2 2 rp L 4% )
Laves #H, )] 5HFE 200 ~ 300 nm 2545, &l 8d, 8f A
7, MAE 220 MPa i0FE H A M %8 51 Laves A, HF
TRRE I 32 I J1 58K, Laves AHA & A2 i £ 24
Laves MHTER BB AS th i B, £ 24E PAGBs. 5 [%
P 53 SR Al SO, TR MpsCe BAE R
HARML T IR E, WA 8d iR, Laves MFFLAMT
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Fig.9 Curve of creep rupture property based on
Monkman-Grant equation
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AR WSS B 2 156 MPa, 177 AR Hi izt 50 45 5 )
AR IR AR T 24558 B R 178 MPa, AR LR AY 88%.
SCHk [19] T A CLAM 0485 #ACBE TIG #5423k
BEAR W 455 5 R 106 MPa. 1] LA H, F )5 b 3
FSW #2235 5 BE 200 TR 5 A BT TIG R4k,

3 ik

(1) CLAM AR5 b BRI PP EE I ek LA
FABERE A ITAE = B BEAS TR RRAE, #F 823 K LA
R F, W F17K i 180 MPa 3] 300 MPa
fF, CLAM SR 1R S i N AR T Y 8. 09%
10 °h " 4% 4.89x10 *h .
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FRLI B B PR R A Sk MRS 110° b Fry A5 b
S45R 200 156 MPa, A EEH Y 88%, HA K 1f
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