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Nondestructive evaluation of long-term creep damage and its availability
in ASME Grade 91 steel welds
by
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In order to evaluate residual creep life of ASME Grade 91 weldment, Phased Array Ultrasonic Testing (PAUT),
High Temperature Superconductor - direct current - Superconducting Quantum Interference Device (ECT « HTS-dc-
SQUID), observation of replica and hardness measurement were used to detect creep damages for creep interrupted
specimens. It was clarified that the threshold of the creep damage that PAUT and ECT « HTS-dc-SQUID could detect
appear in later stage of creep deformation. Creep voids were detected on the replica obtained from surface of creep
specimens just before creep rupture. Capacitive strain sensor, laser displacement meter and SPICA strain measurement
were tried to detect creep strain. Creep curves by the capacitive strain sensor and laser displacement meter were similar
with that of conventional extensometer with a linear gauge. Strain measured by SPICA in heat affected zone
monotonously increased during creep. Strain measured by capacitive strain sensor, laser displacement meter and SPICA
and damage detected by PAUT and ECT « HTS-dc-SQUID were assumed to be useful for residual creep life assessment.

Key words:Grade 91 steel welds, residual creep life, creep damage detection, non-destructive method

o OFRSE SR F A H  Received ©2019 The Society of Materials Science, Japan
* IE & B WE-MEHFIHEE REIEMEMIFZEILA T 305-0047 ©<IEHTTHL

*  Microdevices Research Center for Structural Materials, National Institute for Materials Science, Sengen Tsukuba 305-0047.
sk PRASHEIHL HARBRFE A T 235-8501 e i 1~ K8 S RT
**  Technology & Intelligence Integration, IHI corporation, Shin-nakahara-cho Isogo-ku, Yokohama 235-8501.
stk PRARARIHI B =L — - BREE S0 T 135-8710 LU
Resources, Energy & Environment Business Area, IHI corporation, Toyosu Koto-ku, 135-8710.
sowor kBT TE MUt DFZEBHSE R ELATATZERT T 661-0974 JRle it £
*** R & D Center, The Kansai Electric Power Co., Inc., Nakoji Amagasaki 661-0974.
weeet JUNBEARRDHL 77200 2—2al MFEASH T815-8520 48 [l i e X4
Technical Solution Headquarters, Kyushu Electric Power Co., Inc., Shiobaru, Minami-ku Fukuoka 815-8520.
soppeer PEBNRASHE =L T7REMITERT T739-0046 HUA S
Energia Research Institute, The Chugoku Electric Power Co., Inc., Kagamiyama Higashihiroshima 739-0046.
skl 7B HAFZERT TR —hTURT 4 — AT al AFZEARES T 240-0196 BEZEE R
Energy Transformation Research Laboratory, Central Research Institute of Electric Power Industry, Nagasaka Yokosuka 240-0196.
sopiicook. FUEE J)R— VT 42 7 AR E 1R BAITRISATZERT T 230-8510 BRI TS 5L XK IT 4 IR AT
TEPCO Research Institute, Tokyo Electric Power Company Holdings, Inc., Egasaki, Tsurumi-ku Yokohama 230-8510.
slioiortier. JURLND —7 7 /ay— Rt B T212-0015 )11 i =2 AT
Engineering Department, Tokyo Power Technology Ltd., Yanagi, Saiwai-ku Kawasaki 212-0015.
wpkoppoek | BT 7 /m D —RESHE BAEEZEAT T 660-0856 JRIR T UM &5 74 & HT
Hanshin Unit, Nippon Steel Technology Co., Ltd., Nishino-cho, Higashimukoujima Amagasaki 660-0856.
spkpokkiok — 280 TS BRAIFSEAT T851-0392 KR THERMET
Research & Innovation Center, Mitsubishi Heavy Industries, Ltd., Fukahori-machi Nagasaki 851-0392.
skepriooeios. ZZE T TGN SPMIEEEERRA ZHAITE T 850-8610 IR mifid DT
Boiler Engineering Department, Mitsubishi Heavy Industries, Ltd., Akunoura-machi Nagasaki 850-8610



1 %

ASME Grade 91 #ili%, BxRNEKNFEETT > D
Bl SN TWD. L, 77 > MEERR2 20
TR EBZ D bORHTETEY Y, M OREMBET
HfimNEE (272> T 5. ASME Grade 91 $OEH 125
WL, RIS - BRSO U —THEKT 2 12k
D, ENTHRIGHORE LIMTHNTE =Y. ASME #i
¥ TIE, Grade91 SO RSy D FLEL L 23T, Type2
MRESNTY. —F, Grade9l SHOEHHRIX, BHICk
_CH - BERBFICERT-D Y, L7 ) —7
SREEDMIK S, VABEE TR EE IR ECO F M A A3 3R
INTNWD O, 2D, FEEHOHL - BERRREZ R
L7z BT, REMDWEZOMICIT) ZENEELRST
W5,

Grade 91 SOEHEEGEIHAZ)OMBIR TIX, KIS
71« BRRSGIET O ) —THICR A RSN ERL,
[FITEIR CREEENE U5 Z & (Type IV B3 3 b T D
N ZOk, FOEENORFEMEKIZ B E LT,
HAZ HRDE CORA RROoX WA kR4 2 iiECtt 3 2
FITONTE RO~ L, ZhbHOBEHE, £
ENR DB LT Thl T b, £FED
BHMED D VTR AOBEEZ#ERT D 2 SIXREETH
%, & ZTAMIZETI, Grade91 Sl RIIABEET 0 Fh
27 U —7 kR 2170, F—RBR Ao LT o
BRI Rk~ R BRGFMFLEZEAT 5 2 & ¢, £FED
HMERERSS FIEOM A DI KEMB BT
BT HZ EEERE L.

i

2 EEBRAE

HEERERIX, ASME SA-335M P91(#M% 356mm, PI/E 50mm)
ThY, PR R OIS % Table 1 12777, [RIEH
IZ%F LT, 760°C « 2h OIS FIBREBESIFH Y DELER % F e
L, Table 2 DALZERESY DEHAENT T TIG(1~2 &) +
SMAW(FEJE)NC X 0 IEBEE 1TV, 760°C « 2h OIEHEEEL
HAFE L. bbb, RMEL2 [, WA
T2 1 BOEEB BV Z 517 T\ 5. Figd [ZR7AL
FORBEERN D, EEESSRBA ATHOHLNI e S
L DT H OB A TFATER DR ELE OERNEIZ/R D K 5
ISR (&5 1 1-2,2-2,3-0) BB L=, 7ok, &%
B0 S BR Ay & Lz, 7 U — 7R AT O Wrim
SHEI 48mm X 25mm T, ATENR S1d 200mm TH 5.
7 ) —7hliaBRIL, 625°C + 60MPa TIHEfE L7z, FHlT
B, O3 HFH, MRS, G, FEEmATH
5. BB 12 TIE, 7 n ROTHREHT, MOEE, #
ERBEOT Hat, L—P—2AEH & My, SPICATEIZ LD
JRFATOT R ORI S Fh L7-. 3B 2-2 & 3-2 Ti, #
LA L IR 2 FEM L 7. RREIETTIE, vTUd
B L 2B REORA R, SL2BMeE, ERAE
BAMEE(SEM), JRF BB AFM)IZ THIZE Lo, JEK
WAL LT, 7o—X K7 LAIEPAUT)E L URIA

UY— L BCT 22 A )V EFAA o 72 ECT - HTS-de-SQUID
ERTRIC X DR E AT o=, Fig2 1ot EB0, L
%, 7V — 7R OBIEELEM LI E LT, BE
DAKRENAL T DA [H4RE), B ORIEFICH
STlifiad MiliE) & ERKLT 5.

Table 1 Chemical composition(mass%) and heat treatment
condition of the steel studied.

C Si Mn P S

0.10 0.29 0.45 0.014 0.002
Ni Cr Mo \Y% Nb

0.17 8.56 0.85 0.208 0.077
Al N Ti Zr

0.003 0.0375 | <0.003 | <0.001
Normalizing Tempering

1050°C, 10min A.C. | 785°C, 45min A.C.

Table2  Chemical composition(mass%) of welding wire.
C Si Mn P

TIG 0.12 0.26 0.75 0.003
SMAW 0.10 0.28 0.85 <0.01

S Cu Ni Cr Mo
0.004 0.01 0.49 9.25 1.01
<0.01 0.02 0.43 8.9 1.04

\Y% Al Nb N

0.25 <0.01 0.06 0.04
0.22 <0.01 0.04 0.03

600mm

Fig.1 Appearance of P91 weldment.

outer surface

& =~ =

50mm

side surface

Fig.2 Appearance of creep specimen.
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Table 3  Creep interrupted tests at 625°C under 60MPa.

Sample interrupted time / h rupture
No. (t/tr) time/h
12 2400, 5400, 7800, 10800, 12215, 13215, 14215 14403.0

(0.17) (0.37) (0.54) (0.75) (0.85) (0.92) (0.97) ’
2400, 5400, 7800, 10800, 12215
22 (0.19) (0.44) (0.63) (0.87) (0.99) 12400.1
30 2400, 5400, 7800, 10800, 12215, 13215, 13665 13665.0
(0.18) (0.40) (0.57) (0.79) (0.89) (0.97) (1.0) ’
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Fig.3 Creep deformation behavior at 625°C under 60MPa.
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Fig.4 Schematic image of measurement with a capacitive strain
Sensor.
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Fig.5 Schematic image of measurement with a laser displacement
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Fig.6 Photograph image of SPICA strain measurement position.
(BM : base metal, WM : weld metal, HAZ : heat affected zone)
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Fig.7 Comparison of creep curves by various measurements.
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Fig.8 Comparison of creep rate versus time curves by various
measurements.
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Fig.10 Relationship between axial strain of HAZ and creep time.
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crept specimen (2-2, t = 12,215h). (a) entire replica, (b) fine
grain HAZ
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Fig.18 Surface morphology of HAZ in metallographic reflective
replica from crept specimen (2-2). (a) height image (t =
10,800h), (b) height image (t = 12,215h), (b’) vertical deflection
of Lines in height image (b)
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Fig.19 Change in hardness distribution on surface of specimen 2-2.
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Table 4 (2, PAUT i, ECT * HTS-dc-SQUID 43 Bt 5
X, Rl V7Y BEEE, S FHINC X 2 IR O fS
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Table 4 Results of non-destructive damage evaluation. (@: detection, /\:signal, —:no detection)

Specimen 2-2 £=2400h t=5400h t=7800h t=10800h t=12215h | t=12400.1h
(625°C/60MPa) (0.19) (0.44) (0.63) (0.87) (0.99) (1.0)
) Setting A - - - o o
Inside PAUT -
Setting B - - - . ‘
Replica (OM) - - - - o Rupture
Surface Replica (AFM) — — — — [ )
Hardness - - - - -
Specimen 3-2 t=2400h t=5400h t=7800h t=10800h t=12215h t=13215h | t=13665.0h
625°C/60MPa) (0.18) (0.40) (0.57) (0.79) (0.89) (0.97) (1.0)
Setting C - - - o o o
PAUT
Inside Setting D - - - [ ) [ ) [ )
ECT-HTS-dc-SQUID - - - — A () Interrupted
as rupture
Replica (OM) - - - - - -
Surface
Hardness - — - - — —
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