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WOLIREEAEL R 0.5mm )& Hastelloy C-276 F&%L
B, AR nde 1 )

% 1 Hastelloy C—276 {L.2% 51
Table 1 Chemical composition of Hastelloy C—-276 (mass

fraction, %)

Cr Mo Fe w Mn Si
16.0 15.7 5.6 33 0.5 0.03
S P C Co \% Ni

0 0.01 0.004 0.1 0.01 Bal.

KHBEOE AkssET7 A A Nd:YAG Bk o
&, SRR AE AR, B AR 1 2
Ak RS sR!, EEUREE T ES5: 1
BkpPRESR A 1.5, M% K 30 Hz, Bk 9E/E 6 ms, 4
P Jg 100 mm/min, ST 0.1 MPa, BS54
B IRLETE RN, O RIE AR .

e N R PN E (VAR (252 A U N 7~
I, ARSI TR R N P N AT 5T IR . Y
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il 2%, RO 1 B Ge SRR BE T 1)k 4 %
M) 557 IRUE EHF-LM 251 FB ] IR0 57 i B ML
AT, PSR O IE LT, N R=0.1, ¥
FARBANE A 5~15 Hz, 35785 5 RN S KP4
ol e B R R e S SR BT 3R 1 70%~95% 2
(][] 4 AMEREPUh Ry 857 MPa, JRH kil
HRE N 759 MPa).
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Fig. 1 Size of fatigue test sample (Unit: mm)
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Table 2 Fatigue test results of base metal

Sample Maximum Fatigue Medium fatigue
No. stress/MPa life/cycle life/cycle
1 31476
2 800 39395 36490
3 39182
4 44705
5 750 66326 53685
6 52181
7 68477
8 700 71411 70396
9 71339
10 115539
11 650 129479 123285
12 125257
R3EEPOTIRR SR
Table 3 Fatigue test results of weld joint
Sample Maximum  Fatigue 1\;[;?;? Crack
No. stress/MPa life/cycle life/cycle position
13 72695 Base metal
14 700 71718 73982 Weld
15 77672 Weld
16 131644 Weld
17 650 88899 118576 Base metal
18 142460 Base metal
19 178422 Base metal
20 600 243315 210613 Base metal
21 215199 Weld
22 228526 Base metal
23 550 419329 283495 Base metal
24 237763 Base metal
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Fig.2 S—N curves of base metal and weld joint
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Fig.3 Microstructure of welding joint

Fig. 4 Fatigue fracture macro morphologies of base metal: (a) 6,,,,=800 MPa; (b) 6,,,x=750 MPa; (¢) 0,,x=700 MPa; (d) o=

650 MPa
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Fig. §
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Fatigue crack propagation area of base metal

Fig. 6 Fatigue crack propagation area of base metal fracture at different stresses: (a) 0,,x=800 MPa; (b) 0,,,,=750 MPa; (¢) o=

700 MPa; (d) 0,na=650 MPa
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R eI 57 Gy e D 57 Al I R e 4 B ). RN
Y Ee KN ] Oy H 800 MPa 38/N 2] 650 MPa i, #5144
D W7 1% 55 4 A Bk 1.35 pm 28463 0.72 pm, 7 A
BEAE DD, %57 4 MIEE RN, a2
Wl AR ST A AN, X5 S A5 R AT .

R 4 AR )N BERHR S5 W 1% 57 4515 1] BE
Table 4 Fatigue fringe spacing of fatigue crack propagation

area of base metal fracture at different stresses

Omax/ MPa Fatigue fringe spacing/um
800 1.35
750 1.16
700 0.84
650 0.72
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Fig. 7 Fatigue crack fracture area of base metal: (a) Equiaxed

dimple morphology; (b) Shear dimple morphology
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Fig. 8 Fatigue fracture macromorphologies of weld joint fractured in weld zone: (a) 0,,,,=700 MPa; (b) 6,,,,=650 MPa; (¢) Opax=

600 MPa



2560 T EA G R AR

2016 4F 12 H

SUANAE MR T i3 AL i 78 1y FLAE AR 2 3R i b 2
HANFI N A3 AR G A T 57 DSR2 T A 9 57
DX, DUbiRaE b bR BRI K9 Pon i
KR F7 600 MPa [ i S% DI 105 S8 38 115 57 Y X (11
KH, WLEE ] FIE SRR TR 55 IR X JC W Sl AR 4 < LA
o, DN AR AR R I )98 55 U m] BEAE AR AT IR
THT POV e 53 7 A= R I 3 B B KRR B3 e v (1 5 A B
St

B9 KM J) 600 MPa T2 X W 4% H i 55 Y X
Fig. 9 Fatigue crack source area of weld zone fracture on

weld surface at 0,,,, of 600 MPa
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G XG5 4 BRI 5 Frale R M BN,
71 Oumax HH 700 MPa 98/ 51] 600 MPa I, H5-4% X Wt 193
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Fig.10 Fatigue crack propagation area of weld zone fracture
at different maximum stresses: (2) 0.=700 MPa; (b) 6,,,,=650

MPa; (¢) 61,x=600 MPa

RS AR )T A X 1 57 4% ) R
Table 5 Fatigue fringe spacing of fatigue crack propagation

area of weld zone fracture at different stresses

Omax/ MPa Fatigue fringe spacing/um
700 0.73
650 0.65
600 0.45




26 4558 12 XD, ZE: Hastelloy C—276 AR BOGRHE K95 57 1 B 2561
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Fig. 11 Morphologies of fatigue crack fracture area of weld
zone fracture: (a) Shear dimple; (b) Equiaxed dimple

w, WEABOR, HRRes LS RN, X
O B R e 1 it kL Al A A0 T 3R AT TS

3 %t

1) 4] 0.5 mm Hastelloy C—276 {442 S Al
BERFR) S—N th, Mok, REERIRACHIE],
SRR I DT PERE R B A 2 o X0 ph T
TR EARBHOR T BERF IR SR 0 [ v s A AR, 2 U 4%
AL ARSI ARO[ A O
PRSI kL4 AL

2) BERFWT 9% 57 REGE I TR, HORZ
BT RAAL, P97 R LW AT Y ik
KN F7 Hi 800 MPa #/N 1] 650 MPa [N, 9% 5795 X
IR Ty A, TRARGY R DT 5517 R EEH 1.35
pm JE/N 3] 0.72 pm, P97 RGT IR PRN . BEIKTX
LM S IR Rk B D e AL

3) MR SRR D5 KT A A% DX R BEAS X BE L

Ao JERERESLAER DX T 11 2 WU SR REAL A — 35
T R4 S I 55 DX T 1 1982 27 S SRR T2 1T 8 £
AbANIREEFRT, HorpEss b RME LB TR,
J7 RGN R T 10 AT R TR REIX
TR HEfR BRI RLRFAE, 8RN ) B 700 MPa fi/ 3
600 MPa I, TR L e X 9% 57 4% Al FE HH 0.73 um
JNE] 0.45 pm, I/ 38%, FETT AT RN 1.8 155 WE
W7 DX S ) o B L B s FLE B K

REFERENCES

(1] xfsE, FARY, SRR, XK, Bwed, DY mtkbe

BTN JE kS O OT Bk R (0] AR AR, 2013, 27(5):
99-105.
LIU Hai-ding, WANG Dong-zhe, WEI Han-dong, LIU Qing-bin,
ZHAO An-zhong, LUO Wei-fan. Development progress of
high-performance nickel-based corrosion-resistant alloys[J].
Materials Review, 2013, 27(5): 99-105.

[2] 2% Bi, K7, AP1000 S HE 452 B e il T 2.
rp R Ha, 2008, 1(1): 49-53.

GUAN Rui, GAO Yong-jun. Brief analysis on fabrication
process of AP1000 reactor coolant pump can[J]. China Nuclear
Power, 2008, 1(1): 49-53.

[3] B, kakE, THEUE. bR LD RCE L 1 B AT
[7]. Wbk S5, 2012, 33(4): 26-28.

FENG Ying-hui, ZHANG Ji-ge, WANG De-zhong. Simulation
and analysis of electromagnetic force on shield of canned
motor[J]. Machinery Design & Manufacture, 2012, 33(4): 26-28.

[4] CIESLAK M J, HEADLEY T J, ROMIG A D. The welding
metallurgy of HASTELLOY alloys C-4, C-22, and C-276[J].
Metallurgical Transactions A, 1986, 17(11): 2035-2047.

[S] CIESLAK M J, KNOROVSKY G A, HEADLEY T J, ROMIG A
D Jr. The use of new PHACOMP in understanding the
solidification microstructure of nickel base alloy weld metal[J].
Metallurgical Transactions A, 1986, 17(12): 2107-2116.

[6] AHMADM, AKHTERJI, IQBAL M, AKHTAR M, AHMAD E,
SHAIKH M A, SAEED K. Surface modification of Hastelloy
C-276 by SiC addition and electron beam melting [J]. Journal of
Nuclear Materials, 2005, 336(1): 120—124.

[77 AHMAD M, AKHTER J I, AKHTAR M, IQBAL M, AHMAD E,
CHOUDHRY M A. Microstructure and hardness studies of the
electron beam welded zone of Hastelloy C-276[J]. Journal of
Alloys and Compounds, 2005, 390(1/2): 88—93.

[8] MANIKANDAN M, HARI P R, VISHNU G, ARIVARASU M,
DEVENDRANATH RAMKUMAR K,ARIVAZHAGAN N,
NAGESWARA RAO M, REDDY G M. Investigation of
microstructure and mechanical properties of super alloy C-276
by continuous Nd: YAG laser Welding[J]. Procedia Materials
Science, 2014, 5: 2233-2241.



2562

PR R AR

2016 4 12 H

(9]

[12]

[13]

[14]

[15]

[16]

£ OCF, 3% W, BYE MIK C-276 A< KA EEE ok
HRIHBED]. A TR & 5B, 2002, 5(2): 103-106.

WANG Ping, PEI Feng, DONG Li-sha. The manufacture of the
large thin-walled corrosion components of Hastelloy C—276
alloy[J].
103-106.
OO, UL, BR R, WRAR. IRIRE S C276 HIEM L
BRI D1 AR T A IR IC 3 BT [0]. AL LB, 2006, 13(2):
99-102, 113.

Chemical Equipment & Anticorrosion, 2002, 5(2):

JIANG Wen-chun, GONG Jian-ming, CHEN Hu, TU Shan-dong.

Finite element analysis of the residual stress and distortion of the
welding of Hastelloy-C276 alloy pipes[J]. Chemical Engineering
& Machinery, 2006, 13(2): 99-102, 113.

TS, RARIL, MR, wUG R, SR, R
C-276 Wkt OB EAR SRR L AR [T]. W <@ A5 T
i, 2013, 42(6): 1241-1245.

MA Guang-yi, WU Dong-jiang, GUO Yu-quan, Gao Zhong-min,

Hastelloy

GUO Dong-ming. Tensile properties of weld joint on thin
Hastelloy C—276 sheet of pulsed laser welding[J]. Rare Metal
Materials and Engineering, 2013, 42(6): 1241-1245.

GUO Yu-quan, MA Guang-yi,

WU Dong-jiang, GUO

Dong-ming.  Numerical simulation and  experimental
investigation of residual stresses and distortions in pulsed laser
welding of Hastelloy C—276 thin sheets[J]. Rare Metal Materials
and Engineering, 2014, 43(11): 2663—2668.

GUO Yu-quan, WU Dong-jiang, MA Guang-yi, GUO
Dong-ming. Trailing heat sink effects on residual stress and
distortion of pulsed laser welded Hastelloy C—276 thin sheets[J].
Journal of Materials Processing Technology, 2014, 214(12):
2891-2899.

BT, BEH, oW, TR, O, BEE, KA
PAR P A OREFIN TR AR 5 < C276 il G R 7 5
BRWESUI]. LT REAAR, 2010, 33(17): 74-78.

MAO Xue-ping, LU Dao-gang, XU Hong, ZHANG Li-yin,
WANG Gang, XUE Fei, YU Wei-wei. Experimental study on
high temperature low-cycle fatigue of Ni-based alloy C276 under
strain-controlled with time holding[J]. Proceedings of the CSEE,
2010, 33(17): 74-78.

oE, B NARTEMGRRRIN X C-276 A SRR KT

Far g, M & E A RLS TR, 2013, 42(5): 1075-1079.

LI Ting, MA Yan. Effects of total strain range and dwell time on
low cycle fatigue life of C—276 alloy[J]. Rare Metal Materials
and Engineering, 2013, 42(5): 1075-1079.

WA, BRIRE, B My, AT, JRIRS. AM60 RIEHEY
SO ECR A S MR ). A L8R AR,
2007, 17(4): 525-529.

QUAN Ya-jie, CHEN Zhen-hua, LI Mei, YU Zhao-hui, GONG
Xiao-san. Microstructure and properties of joints of wrought

magnesium alloy AM60 plates welded by laser beam welding[J].

[17]

(18]

[19]

(20]

[21]

[22]

(23]

The Chinese Journal of Nonferrous Metals, 2007,
525-529.

RiEEsE, PRI, WAk, EFH, E/A. NIiTINb )70t
BT 2RI AR SR HEA O EEMR
2014, 24(10): 2490—2496.

LU Wei-wei, CHEN Yu-hua, XIE Ji-lin, WANG Shan-lin, FENG

17(4):

Xiao-song. Laser welding process of NiTiNb foil and
microstructure and properties of welding joint[J]. The Chinese
Journal of Nonferrous Metals, 2014, 24(10): 2490—2496.
RRELEL, BRI, BOKME, 9, E/DR. B NITIND i 12
BB LG OB M AGE X AR FIERE ], THEA &
SRR, 2015, 25(1): 63-71.
LU Wei-weil, CHEN Yu-hua, HUANG Yong-de, FU Qiang,
FENG Xiao-song. Laser weld forming of ultrathin NiTiNb shape
memory alloy and microstructure and properties of heat-affected
zone[J]. The Chinese Journal of Nonferrous Metals, 2015, 25(1):
63-71.
TN, RARIL, B, AR, ARV BahEosrE e
W Hastelloy C-276 #R4&RIEMIREMI]. T E#EE, 2011,
38(6): 161-165.
MA Guang-yi, WU Dong-jiang, WANG Zhan-hong, GUO
Yu-quan, GUO Dong-ming. Weld joint forming of thin Hastelloy
C-276 sheet of pulsed laser welding[J]. Chinese Journal of
Lasers, 2011, 38(6): 161-165.
SR BRG] 3 )) TR, 1986, 7(4):
69-79.
HUANG Cheng-ming. Failure analysis for canned-motor
pumps[J]. Nuclear Power Engineering, 1986, 7(4): 69—79.
B, RGBSR, A BORALLUE 2B12 e
PFEO5 Ly ] P EA SRR, 2010, 20(7):
1275-1281.
YAN Liang, DU Feng-shan, DAI Sheng-long, YANG Shou-jie.
Effect of microstructures on fatigue crack propagation in 2E12
aluminum alloy[J]. The Chinese Journal of Nonferrous Metals,
2010, 20(7): 1275-1281.
M %, Beili e, ke, M
7475-T7351 34 < JEAR IR 97 1L fiE
2015, 25(4): 890—899.
CHEN Jun, DUAN Yu-lu, PENG Xiao-yan, XIAO Dan, XU
Guo-fu, YIN Zhi-min. Fatigue performance of 7475-T7351

FF, mEE, FE
(0] AT 4 m 2 4R

aluminum alloy plate[J]. The Chinese Journal of Nonferrous
Metals, 2015, 25(4): 890—899.

KL, BOEEGE, 6K, K, Tk, FUKIE.
5A06 % %&IE#?%%%E’JI“JJ WA ). EA SR
4R, 2013, 23(2): 327-335.

ZHANG Hong-xia, WU Guang-he, YAN Zhi-feng, PEI Fei-fei,
LI Jin-yong, WANG Wen-xian, LI Yong-lian. Fatigue fracture
behavior of SA06 aluminum alloy and its welded joint[J]. The
Chinese Journal of Nonferrous Metals, 2013, 23(2): 327-335.



H26 G5 12 XD, ZE: Hastelloy C—276 AR BOGRHE K95 57 1 B 2563

Fatigue property of laser welded joints of Hastelloy C—276 thin sheet

LIU Shuai, WU Dong-dong, CHAI Dong-sheng, ZHOU Si-yu, MA Guang-yi, ZHOU Ping, WU Dong-jiang

(Key Laboratory for Precision and Non-traditional Machining Technology, Ministry of Education,
Dalian University of Technology, Dalian 116024, China)

Abstract: Fatigue test was conducted on the laser welded joints of 0.5 mm thick Hastelloy C—276 thin sheet. The fatigue
properties and fatigue fracture mechanism were investigated by S—N curves and fatigue fracture morphology of the base
metal and the weld joint. The results show that the slopes of S—N curves of the laser welded joints and base metal are
basically the same and the fatigue properties of the laser welded joints are almost equal to those of the base metal. The
fatigue crack of base metal originates from the side surface of samples and propagates along the width direction of fatigue
fracture. As the stress decreases, the number of fatigue sources decreases, and the fatigue crack growth rate also decreases.
Fatigue fractures of laser welded joints distribute in the base metal and the weld zone randomly, and the fatigue fracture
macro morphology of the weld joint fractured in the base metal is basically identical to that of the base metal. The fatigue
crack of weld joint fractured in the weld zone originates from the edge of side surface and the weld surface, the latter is
the main fatigue source. The crack propagates along the thickness direction of fatigue fracture. Fatigue crack propagation
area of the weld zone fracture presents quasi-cleavage fracture.
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