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SCC Performance of Inconel 690 Alloy UFP-TIG Cladding Layer in
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Abstract: Slow Strain Rate Tensile (SSRT), U-bend and Compact Tension (CT) tests were conducted to simulate the high-
temperature and high-pressure water environment of a pressurized water reactor (PWR) nuclear power plant. The stress cor-
rosion properties of the Inconel 690 alloy overlay welds fabricated using ultrasonic frequency pulsed square wave arc (UFP)
tungsten inert gas (TIG) welding were evaluated and compared with those of constant direct current (DC) TIG welding over-
lays. The results showed that neither the UFP nor the DC specimens exhibited signs of localized discontinuous brittle crack-
ing in the SSRT tests. In the U-bend tests, two DC specimens exhibited cracks prior to immersion, and after immersion,

these two specimens developed multiple cracks with lengths of 304 um and 550 pm, respectively. The other DC specimen
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and all three UFP specimens showed no defects before immersion and remained smooth and intact without any signs of cor-

rosion damage and defects after immersion. In the CT tests, the crack propagation rates varied with different sampling direc-

tions and hydrogen contents. The average crack propagation rates for the DC and UFP specimens were (1.766-2.088)x107

mm/y and (2.372-2.889)x10° mm/y, respectively, corresponding to crack propagation lengths of 0.11-0.13 mm and 0.14-

0.17) mm after 60 years of design life. Based on the comprehensive results of SCC initiation and propagation tests, it was
concluded that the Inconel 690 alloy UFP-TIG overlay welds exhibits negligible SCC susceptibility in the simulated PWR

primary water environment.

Keywords: ultra-high frequency pulsed square wave arc; Inconel 690 alloy; stress corrosion crack; PWR primary water envi-

ronment; slow strain rate tensile test; U-bend test; compact tensile test
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Inconel 690 15 4 75 FE K MEAZ FL b b iz, B
THFER R A LGS TRl kA
K AR s R SR S MRS R 1 259 B 2 1455
BERRAT: o 1R A1 35 R A8 AR e 3 iy e U Al
L S U RN CRIEA N2k iR 70 55 22 Fh o it ke
PRI S5 W5 T AR S R HE — | [
JEE IR v B N7 8 1k 24 (Stress Corrosion Crack-
ing, SCC)AT-H", Z5 R W, F2 (b A BR AR IR A
REFR S W TE 22T 690 45 4 SCC B ZE IRl 47 e
RS, H 7R IR 30 4F 1 HL i IR I P9 A R R
SCC A HE", A, SR Bsf 1] AT 33 TA
S A K HEAZ L 3 60 4F- 75 ] N AN 25 & HE SCC 2k
B, BAEAE S TR o (B g Hs ARV
G R IR A 690 & 4 7 K E AR BE Sk B
SCC fUBNE , HAR S R s 28 AT 3K 5%10° mm/s, %
HRT 690 G AR TCTA I A% HL 3k 60~80 1511
TR ER o BEAN AR O TR e fe v A
STE 690 & & L5 L) A—E R R AR TE (0~
15%) o *FAREEEL A BFoTHs L i TR A vk
PR Y B2 i DX BT )=y 3 5% A I AR A S T 30% 12
AR AR TSR 15-16 173 A5 TE J5 1 690 45
S TEAE U Y SCCY M %435 1.0x10° mmy/s,
Y TR —FP R A 30 mm Pl o X Ui,
690 5 4 FE—E ST R R AR AT VT e A7
FE SCC AR

T35, BAR 690 &5 4 A R PRI i ERE
B SR B Sk B 7 A = iR AR B RS (Due-
tility Dip Cracking, DDC) , il # DDC /4] 4f ] 14
N AR MEBL R IC A 5k K B, R LA SCC
R SR TR A IR A b 25 5 7 e R WL
90, R AT E AT R BT S T R
DDC [R5, i & AUbK b 77 I8 H 3t A S AR (Ulltra—
high Frequency Pulsed Gas Tungsten Arc Welding,
UFP-TIG) #i 7 ik 95 | ABREE & A AR e b2 3%
R R 8 He i) 48 AU 28 it 142487 (IGBTT) , i
b A7 AAZ Rk o ) 6 v s i] LS B 10~100 kHz
PRI L I LR . UFP-TIG BB &4 .
KA AR AR B ARG UE AN > X R
B R R, UFP XRS5 2 IR aE 2
PEREHAT I BT, A BRSO a] DL e
S ek DN NA NI A0 T AR RN LT TN
SF L HR R R R R S LA R R TR D
SERT AR AT . UFP YK Se1E L, REA
R E S SR 4E & BT DDCRE ), X C7ERTIH
I AR RIUESE

T A% UFP-TIG BORAE TR A5 B0 , 752
Xof e S A R /K ME A% Pl v 1R e e /K BRI
AIHT SCCHEREIEATIIGE . itk , R HTHABIF S h 3k
FHEIPEAL R UFP-TIG M4 T 2 250, il & L5 4
HEAR A, JEAT 12 0 A8 3 AR UK (Slow Strain Rate
Tensile Test, SSRT) \ U %1 25 iy 3 46 A1 K23 h it 1oL 55
(Compact Tensile, CT) , 3 H. 15 {H i (Constant Direct
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Current, DC) TIG #24% 4 J& i 5 1 7% LL , LAVPAN Al
I53IF Inconel 690 4 4 UFP-TIG HE 45 )2 1E K40 [ 7k
e —[m] #& K 8 SCC A BE , 7 UFP-TIG HLIAREEEL
RAEBRIEA S0 T AR FH MR .

1 REdainig&

1.1 RIeAR

IR0 3 M 20 mm JEE 1Y Q345B KA 4 AN .
JE A4 R 1.2 mm ) Inconel-52M £ 3L & 4 /5 22, H))
55 Inconel 690 & 4 VEHL A XA, HoAb 27 il 2k 1
FR

&1 Inconel-52MBLUFM 5 (FTESHL, %)

Table 1 Chemical composition of Inconel-52M welding wire (wt. %)

C Si  Mn P S Cr Ni Fe Mo
<0.04 <0.50 <1.0 <0.020 <0.015 28.0~31.5 #4xf& 7.0~11.0 <0.5

Nb Cu Al Ti Co B Zr A
05~1.0 <03 <I1.1 <10 <012 <0005 <002 <05

1.2 BEGHEFEE5IZSH

UFP-TIG R HR 50 6l 257 5 4 & 1 s, L dE
AR IE LA, — A B S R TAR S SR
HLUE , SR 22 MR L2 R G0 . KR r D Dk o P O
TR =50 Alus, Bk if HL AR 0~100 kHz 7] 7
SEVETT K vl VR E A 0~100 A AT ST R L AR
[ 2 AE = A Ars SIHLA b x oy 2 7 ) AT RE 435 R
1 000 mm.200 mm.200 mm. /5T —4: V35
M TAES F L ATRER 1000 mm, 35 877 115 x 97 17°F
17,183 50~1 000 mm/min.
1.3 iEERE
43 5% DC EIE AT UFP-TIG Wi AP T. 25 07 vk

>

1 UFP-TIGE#F 8 RIEFHHIGEE
Fig.1 UFP-TIG welding platform and motion mechanism

configuration diagram
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Fig.2 Schematic diagram of current waveform in DC and UFP modes

SR X EE AR AT AL AT S R RS W5 k.
ek H @3.2 mm BY5TES K (W-2%Ce) . AR E AT
FEAF P T2 S B(ULER 2) 34T R 42 4 )
7 7F 285 mm (1) x135 mm (%% ) x20 mm (J&) )
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Table 2 Welding process parameters

fE3(DC) FEAUK i (UFP)
HL A IR GBS [
/A /A 1A fikHz 6%
250 230 60 50 50

14 KSR E

SSRT i 4 . C %5 i 056 Al CT 560 1 /5 SRT-
30/LP-9 BUL 7 JE i R h kAT, R m RS
RN 5 L, KAE 2R ] % 22 9 i 4 o 8 28042k
AR, S W I 2 1] % v i i 4R (Dissolved
Oxygen, DO) F1i%fif & ( Dissolved Hydrogen, DH) 7
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i IS IR H K HE — [l % g e R K, TR
325 °C, iR 5 JE /7 15.5 MPa, /KA # M 1 200 mg/L B
(H;BO;)+2.2 mg/L Li(LiOH) , 75433 s 55 I g
FE T ES AR THIE S

2 (IR RARIXIE

2.1 REIKEFRER

SSRT i i GB/T 15970.7—2017¢ 4 )@ F1 &5
G WY T b 1 7 8 ke B 7 A 40 < 18 N AR AR
B YRR FIEER 1T . #E DC FIUFP e I,
AT FIRIE 7 R B4 KR 4% SSRT 1bkE I RESE 1
] S v By AR ] o RS 5 RT3,

8

77

B3 SSRTRBEZEHTE
Fig.3 SSRT specimen structure diagram
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UFP iR FEFI DC iRE SSRT IR H Y 187 71 2% iy
LA 4 PR o SR 3 R

PR T SRR 2500 L, DBy T S AN
MR, HA B 0 22 LA T2 AL A T 3 . O
L WO A E S AR PR IE S 25 7 R A
DR B0 S 3k R ) ) B B (B, R /NS
— RS AL HE, R XA
BT T8N A AR AR . SIRIESL X
wrp R, B R AR TR,
T BB B 8 DX BB S % b

UFP Fl DC i A B B TR 36 43 ) An i 5 i
NG PIZSAREIE AR L. SRIMAATE Z A0 28 i 4L,
EARMEL BN UT R, A RS/ AFE SRR
JEE 0 BN S A 5 A ) R BOR XK BEEE 2 ik
X3

ZEA PRI IG 25 FL RN R AR K RSNl , UFP
TR AT DC IR B — [l v 1 e TR K IR rh o ™
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Fig. 4 Stress-strain curves from SSRT tests
%3 UFP#IDC il SSRTIRIG LR

Table 3 Results of SSRT tests for UFP and DC specimens
NRRAS AR BURCIREE  WTEC R f

0

WA
/s /h /MPa /% /%
UFP 5%x107 286 529 65.2 59.5
DC 5%x107 284 495 61.9 51.3

3 UBISHLLE

3.1 REIREFEMER

U 025 i 30 A 98 GB/T 15970.3—1995( 4 &
FA 4R b 1 7 1 a8 26 3 384 U AL i 3
FE 1 i 28 A ) B e TR 47, 76 DC M
UFP MR b, P AT FREE 7 ) I e SR 4 4 )R
U RV U, 3R 98 8 1) 53U 58 B il AR TR
KARE R ST 6 /s . DC 5 UFPIRAESR 34, ik
FEIZWLITE] 2 778 h, I SE d e I TE /K £ Bk 7 3
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Fig.5 Crack morphology on the side of the gauge length

E6 UBTHiXHENTE
Fig. 6 U-Bend specimen structure diagram
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MR, Won B RS 4 . X Tix stk
[T, 12553 Kk DDC 2, 25 il 5 48y e 2 H Al
AL UL . UFPUFE R SR B R4, ikt 5 17 9 if
FEAAHI) UFP BRI 4 DDCHL I 458 AH—3.

(2)DC1 1 DC3 i R T AE A P25 i ™ A 1
R Ao X R TS R A RS2 B R Y AT ()
J1, FE BHE RIS R AR T AR TE , TR
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Fig. 7 Crack morphology of DC specimens before water immersion
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RIAT 6 5480, e KRS % 0 304 pm, 2 4k
A e SLNE 8 irk . DC-3 iR & Bl 22 %4
S, i KRB 550 pm, Horb 3 4 2L SR AN & 9
PR KT IX B RLL ™= A HIR T 2B KR,
PG 2E—2 78T . DC-2 3R Al 42358 UFP iR A K
D225 i P s A e

4 ZEHMHIRNE

4.1 RBREFFIRE

RIS GB/T 15970.6—2007¢ 45 J& Al &4 1Y
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Fig. 8 Crack morphology of DC-1 specimens after water immersion (a) &5k 5 R
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Fig.9 Crack morphology of DC-3 specimen after water immersion
15 TARTE J7 1) 1 P A TR A BT A 38 7 1) 1 T
BRI 10 FR o

T 56 28t (N 758 B R Koo ) 30 MPa=m®, i
BOHFRIZE 2 730 ho REG K VR HH 45 I 7 48 DO<
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E10 CTIREFHEMSEEARTE
Fig. 10 Schematic diagram of CT specimen structure and sampling

directions
5 ppb, 7 i S W S L 4350 30 em® Hy/kg
H,O (STP) 1 50 cm’® Hykg H,O (STP) , #ic 4 Ik
o A HAAEE B,
42 REFRTE

(1) 28l . K 100 kN Instron 8801 %I Hy,
T AR A9z 57 1AL A 23 SRS h I 4, i
1ESZ I 5% 20 Hz, W 7] b R=0.2,, F& il i KN 5
JE P F Kpan<0.8Kscco FlHIZHEEK 29 1.5 mm.,

(2) N S AL . KHATOK EEE S
VRARAEE B T RES R S0 N B B ikke . &
BIAE RS A R EE B RS . 5 325 CCHiE fb
48 hJ5 , SRR 0.01 Hz 1Y = F i ST SR Tl
55, H1 H R=0.7 , Je AT 864 MG MEHEE A
DL E 2 fr Hold B2k , RV SCC ¥ @ SZ 56 146 , i
RN ST D AR IS ASTM ARE E399 3144 & .
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(3) BrTi g S a . 28 R In 2,
Jei A FEE 2 SR 57 FT T WA W A, DN o
SCC KB, TR Ray e # 4 (CGR) .

SEM T, B4R W 12 ]I 3] 4 4 X (i &
1FTR) 43500 T IX—35 81 Hbs K 2702
RO 95 TR 4 801X 5 T X — 7 K b 864 J8 Ui ik
P95 P R IX 5 T X — g Yl K B ) e 28
X5V X—i g0 5 2= g o7 T X . i FIV X
5 iR KR, T LA X S OC EAk

E11 CTiREHOSX
Fig. 11 Diagram of fracture surface zones in CT Test
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(1) 7E 25 S R R IE 2 in 28 e i 1R, 2647
PRSI

(2) MAAAE 3% T8I 1] PN 422 fif1 0.005 7, 7EIRAE A 4L
JELJE rpCa 2L S AT 9 A A B B HKIR
N a~as. 135 SCC ALK E a9 H A
WP

a/=% a";ag+:z‘aj) (1)

(3)SCC V- A FE a, BR L SCC {5 i
i) 2,45 2] SCC LY J i CGR, Bl :

CGR=a,/t,, (2)
43 KBLER

K FH Image J A TIUX (0K, AN RRE
9D TR, REE(2)155]2 730 h
B[] P2 R A S SRR CGR . 8 AMRFE N
TS R g g Rk 4 12 s .

R4 AETHY REFKEMRLY REXR
Table 4 Average crack extension band length and crack propagation

rate of specimens

WEE BRI T W XY RKE R R

S5 SWEEE OB ¢/10°mm CGR/(107° mm/y)
DC J4%,
DC-PA - A 0.61 2.088
171
DC J4%,
DC-VA - A 0.64 2.053
14
UFP 154%,
UFP-PA - A 0.75 2.406
171
UFP 154%,
UFP-VA - A 0.74 2372
s H.1
DC J74%,
DC-PB - B 0.65 2.085
171
DC J74%,
DC-VB - B 0.55 1.766
s Ho1
UFP 154%,
UFP-PB - 4% B 0.86 2.759
171
UFP 154%,
UFP-VB - B 0.90 2.889
AERE
> 3.00¢
é = UFP “DC
2.75¢
=)
< 250
ﬁ! 2.25¢
g@i 2.00
oy L
ol 1.75
& 150
® PA VA PB VB

El12 UFP5DCIRHTEHREY REELILE
Fig. 12 Comparison of crack propagation rates between UFP and DC

specimens
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H,O) M5 T I 2 BOF- 34 e 0% 5 T Ak B
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S5 SCHR[24 [ 38 B ik SO0 L e 3R I 52
i —3% . DC 5 UFP 50 F A 22 5 19 i R A 75 2
e I 4 5 B R DIGRE.Y = S 7 AP e ST = S EATg
PR e TR . DC 4R UFP 41k
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0.13 mm #10.14~0.17 mm, i 7] LLIA Ky iZ PP T
LN SCC L AL

a2 UL 2, A i Y CT 1 LA
T Q345B FEAR B A FIFGE W X o SCHR[11-14 1458
BRI G 4 1 S FAGE  IX BRI 5 4 7 AR 1 5 i AH
T 30% MR AR &, IR L5 4 Sk e )
X ] BRSO HEES ER T . (XA, CT ik
R R TS S HEHRZ N JERY R Z A
SO DX, P A X AR i DX A TR

5 #it

(1) 18 1 A% iy A 46, UFP 3 A1 DC
FEXIAR = SR AN S e 24 4

(2)U #9285 i g8 o, 2 4> DC IR RR S il 5 12
FIAEAE A R L 1% 2 MR = A 2 b 2,
B K910 304 um F1550 pm. 55— DC i FE A
S 34 UFP IR FEIR U AT JC B L 12 30 J5 e 1 4E +F
56U FOF B RIR A S R & IR g 0 RN G Al
N

(3) BB PR b, AN R URE 7 1) iR AR T
VS A T T A R RN R] AR R (1.766~
2.889)x107 mm/y, DC i Al UFP i - 34 2 a0
Ji& 3 43 1]k (1.766~2.088) x10° mm/y F1(2.372~
2.889) %107 mm/y. # % HL LA i1 7% iy 60 4F
T, WA A N 280 R 843 3124 0.11~0.13 mm
F10.14~0.17 mm. b a] DA IZ B Rp T 2453k
XF SCC LY e ha g .

(4) 54 SCC IR B0 iy L BC il A= Ay T ik 0 245
R, IA N Inconel 690 A4 UFP-TIG T 2 HES 2 AE AR
PR K HE— [ 7K SCC AU MR AR
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