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Abstract: The effect of ultrasonic frequency pulsed square wave arc (UFP) on ductility dip cracking (DDC) of nickel based
alloy 690 weld metal was studied and comparison was made with constant direct current(DC) TIG through high-temperature
tensile testing and microstructure observation. The results showed that the tensile strength of UFP welds slightly decreased
compared to that of DC welds within 750 °C to 1050 °C. However, the difference in strength between the two was negligible
from 900 °C to 1050 °C. During the experimental temperature, the UFP weld metal exhibits a higher reduction of area, indi-
cating that the UFP weld metal possesses enhanced resistance to DDC. UFP significantly shortens the columnar austenite
crystals, increases the proportion of dendrites, and induces the formation of relatively small equiaxed dendrites. Simultane-
ously, it reduces the size of precipitated phases and enhances their dispersion. Fine grains can reduce stress concentration at

grain boundaries. Curved grain boundaries can mechanically lock grain boundaries, effectively hindering their slip. The pre-
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cipitation phase on the grain boundary during solidification can hinder the migration of grain boundaries and facilitate the

formation of bent grain boundaries. All these factors can slow down the initiation and propagation of DDC.
Keywords: ultra-high frequency pulsed arc; nickel base alloy; ductility dip cracking; reduction of area; grain boundary; pre-
cipitate
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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 HoAthy

0.5~1.0 <03 <I.1 <1.0 <0.12

12 REFESREIESH

UFP-TIG 48501 5 an & 1 B, G 4E =4k
PRz SibLe — A B SR T ARG AR R
P LNURE LA RGe . A5EE TR I Jok b e SV
AL =50 Alus, Bk HHL AT 0~100 kHz i [ Py
MRS IE AT, DK e A IR A 0~100 A ATl 7 85, 45
[ 72 7E — A briz S B x vy 2 J7 [l B4 TRE 50 5]
71000 mm 200 mm.200 mm. |08 AE—4EF

<0.005 <0.02 <0.5
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lﬁ E'Z‘Z? Jéfil ﬁ E 50~1 000 mm/min. Table 2 Welding process parameters
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Fig. 1 configuration diagram of UFP-TIG welding platform and

motion mechanism
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Fig.2 Schematic diagram of current waveform in DC and UFP modes
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Fig.3 Schematic diagram of multi-layer and multi pass welding path
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Fig. 4 Morphology of DC and UFP welded parts
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Fig. 5 High temperature tensile test sample diagram
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Table 3 High temperature tensile test results

IR YLHsR B/ MPa BT TET SR %/ Yo
/°C UFP DC UFP DC
750 293 323 60.5 58.1
850 198 232 82.3 67.0
900 175 173 76.1 66.0
950 136 141 66.6 63.4
1050 85 91 67.4 65.1
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Fig. 6 Comparison of high temperature tensile results between UFP
and DC weld metal
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Fig.7 Microstructure of weld overlay under different arc modes
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Fig. 8 Microstructure of the middle weld overlay part under

(a)DCHEE

different arc modes
X} DC I UFP R34 Hh 1% B8 AR i AR i R ST 3k
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Fig.9 Metal precipitation phases in welds with different arc modes
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Fig. 10 Influence of grain boundary geometry and precipitation behavior on grain boundary strain'®

]



5 6 1) Prib e, 45

EK T DRI BRI S G ARAE G R DDC YR 63

BILA SR BRS04 X DDC A &
FERW . E10JRR TUUEMMAT . SH%H R
B ALt 4 S ) S R A B X
i i ALV B 1 B AR AR T = R A (LB 10a)
214 iy AR ) 3K I SN AR DAL, S e T
2= AL T Y SR AR IR R AR AR S
TE = b Bt Ak Pk A ) B (L TR 10b ., &
10c) . &b, fib FLam AL MC VE Ay s T A 76 5% [ 1
WIBT S, BEAS A RO ETFL AR AL, BHAS fh AR, (2t
5 iy B P AR i UFP X A TR S A
5 E RS, BT ARE DC AT UFP i 41
WLEE I & B, DC A HREE 4 JE 1 = £ B i 57 (D
B ) 22 K F 15°1% i 5%, High angle grain boundaries,
HAGBs) i tt 4 87.0%, & 4 20 kHz .40 kHz .60 kHz
) 5 A ik o LIS L AL4% R HAGBs & =430 R
90.6%.96.6% 1 87.1%. A WFFEFRI, KA M
B 72 A 5 H AR AR DC O 4N R AL B BEL RS & AT
B A AE S A4 7= A — 2 (W ¥APE AR TE | DI 76 L
JEHTE LA SR A FE AR, /N A B i B A Al 2
MR A LIS A A A IR
T C IR BRSBTS A AR A, PRI UFP A
%R EE HLA T B R A B B, Xt S0
ZLF 1) UFP A2 T A7 H AR RSE /N oA B R HoR
W4 o ARYEAT H AR X BRI A 4 DDC 52 i B9 45
W02 UFP ARSE T SR A1/ BT H A g A
3 B A o5 1 2o A P S R AR L BT S R
BRI i 1 AR SE P R FH , ATTTIRZE DDC (1)
A5 R,

4 ZHig

AWFFERAIRGY T B ik vh 7 i i (UFP)
XT Inconel 690 KR4% 43 J& v it IR 38 M 2450 (DDC) 1
S, I SEGE R (DC) TIG BT T X . &
TSI .

(1)7E 750~1 050 °C =il P ik s i, UFP 454%
PR aE B AH AL DC ARGE R M RRAIL , IR 2 UFP
e e e 2 v R R BRL AR 7, T 1 46 T oA, i/ B
BRST, BRI 48 & B W 2 8 % o {HJE 7E 900~
1 050 °CIX [H] , PR & 38 B 22 S/

(2)7E 750~1 050 °C i@ i 56 v, UFP 4%
DC JE4% 4 J@ (1 W T 04 56 08 1y, 36 B UFP 7422
FRE T Inconel 690 FikHT DDC Hfig

(3) UFP i Atk B PG AR & B S A8, Az i 5 L
S, LS PR A0S B S SRS TR 5 AT i A
RSFAR/IN, A AT R EL 25 ) o A R AL b 81 A
Al A, A Ak BELRS i AR RS R HI AR/ N BT AR
A RELA- 258 [ o A rp i RO AT RS, BT il R A T
B, [ s A A S 1) 1 AR B v X B35 AT 2% DDC
PR S5 T = 45 4% 4 JR $1 DDC 1Rk

(4) UFP-TIG J45H AR AT A 8024035 Inconel 690
JH4% 4> & (1) DDC BUBYE , Wi e & a5 el 12
H1 DDC [ [l BRI T —Flopr 4 R ik iz

Sk

[1] Ramirez A J, Lippold J C. High temperature cracking in
nickel-base weld metal, Part 2—Insight into the mecha-
nism [J]. Materials Science and Engineering A, 2004,
380:245-258.

[2] Noecker F F, DuPont J N. Metallurgical investigation
into ductility dip cracking in Ni-based alloys, Part I[J].
Welding Journal ,2009,88(1) : 7-20.

[3] Noecker F F, DuPont J N. Metallurgical investigation
into ductility dip cracking in Ni-based alloys, Part II
[J]. Welding Journal,2009,88(3) :62-77.

[4] Yamaguchi S, Kobayashi H, Matsumiya T, et al. Effect
of Minor Elecment on Hot Workability of Nickel-Base
Superalloy[ J]. Metals Technology, 1979,6(5) :170-175.

[5] Nishimoto K, Saida K, Fujiya Y. Amelioration of micro-
cracking in multipass weld metal of alloy 690 by add-
ing rare earth metals [ C]//Proceedings of the ASME
2009 Pressure Vessels and Piping Conference, Ameri-
can Society of Mechanical Engineers, 2009.

[6] Young G A, Capobianco T E, Penik M A, et al. The
mechanism of ductility dip cracking in nickel —chro-
mium alloys[ J]. Welding Journal,2008,2(2):31-43.

(7] JME, E15, B35 . NiCrFe 4% 4 8 19 i SHE S AN
A MC B AL Jry B8 AT AT A s [0 ] BRI S
%#41¢,2019,33(11) :801-808.
ZHOU H, WANG P, LU S P. Effect of Grain Boundary
Morphology and MC on Plastic Deformation Behavior
of NiCrFe Weld Metal[ J]. Chinese Journal of Materials
Research,2019,33(11):801-808.

[8] Ramirez A J, Lippold J C. High temperature behavior

[
Al X S 3 S 0 38 X o R G20 2R 5D b 4 W I 5 E 0L+ @




= a5 S R T N B 20 T 5 M Ok i W 3 5 o F O+ 98 \@
I

64

43K

2025 4F:

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

of Ni base weld metal: Part 1[J]. Materials Science and
Engineering: A,2004,380(1-2):245-258.

Collins M G, Lippold J C. An investigation of ductility
dip cracking in nickel-based filler materials—Part 1[J].
Welding Journal 2003, 82(10) :288-295.

Dupont J N, Lippold J C,Kiser S D. #-3 & 4 516
SHURHAEIM | R, KR BNk, 55, 1% . BifE
E iR EORSCHR A, 2014 :320-369.

AR XN BREIIT, 55 ERRE AR s TR S RS
DDC f A ML S WFSE Bt e [T ] 1745, 2018(7) - 7-13.
CAO R, LIU G, CHEN J H, et al. Formation mecha-
nism and research progress of ductility dip cracking in
welding of nickel-based materials[J]. Welding & Join-
ing,2018(7):7-13.

ke, SRR R, . bkl TIG #7445 T2 280
RS G AR A U I A 5 [T ). IUA TR
#2,2018,54(2):93-101.

ZHANG X H, MA P Z, ZHANG K, et al. Study on
Controlling of Welding Seam Microstructure about
Nickel-based High—temperature Alloy by Pulse TIG
Welding Process [J]. Journal of Mechanical Engineer-
ing,2018,54(2):93-101.

Srikanth A, Manikandan M. Development of welding
technique to avoid the sensitization in the alloy 600 by
conventional gas tungsten arc welding method[J ]. Jour-
nal of Manufacturing Processes,2017(30) :452-466.
g, EFEIE, R VK, 5 ILAIR 31 5 205 Inconel
60 1H Bt = LA B R SE O A U 52 [0 ], K pedl
A,2018,47(8):52-55.

YANG K, WANG Z L,ZHAO L B, et al. Effect of me-
chanical vibration mode on weld microstructure of In-
conel 601H nickel-base alloy[ J]. Welding Technology,
2018,47(8):52-55.

S B L AR, A5 LSRR A TR SRR
PEWFSE[T]. WA R 22 4 CA SRR R L 1999, 39
(6):110-112.

WU M S, DUAN X Y, LI L M, et al. Study of arc—
ultrasonic excitation and its characteristics [J]. Journal
of Tsinghua University (Science and Technology) ,
1999,39(6):110-112.

He L, Wu M, Li L, et al. Ultrasonic generation by excit-
ing electric arc: A tool for grain refinement in welding
process [J]. Applied Physics Letters, 2006, 89 (13) :
131504.

FEEA , IDRSR . 7 B PRAZ 8 52 55 Ik A2 B P Ik
HLEAHEN T ] #2241, 2008,29(11) : 57-60.

(18]

[19]

(20]

[21]

[22]

(23]

[24]

QI B J,CONG B Q. A novel ultrafast convert complex
pulse variable polarity arcwelding power topology [J].
Transactions of the China Welding Institution, 2008, 29
(11):57-60.

PRI, FFRA R, J % . PR G e A A A 5 IR
TIG AT [T ], FHE2E 4, 2009,30(6) - 87-90.
CONG B Q,QI B J,ZHOU X G. TIG arc behavior of
ultrafast convert high frequency variable polarity square
wave [J]. Transactions of the China Welding Institu-
tion,2009,30(6) : 87-90.

Yang M X, Qi B J,Cong B Q, et al. Effect of pulse fre-
quency on microstructure and properties of Ti—-6Al-4V
by ultrahigh—frequency pulse gas tungsten arc welding
[J]. International Journal of Advanced Manufacturing
Technology,2013,68(1-4):19-31.

ORBE , FEE1G 346, 45 2219 A2 A | & ik
#VPTIG AR % T2 ] Atz HiligE $4 K, 2010,20:91-
93+97.

CONG B Q, QI B J, LI W, et al. Hybrid Ultrasonic
Pulse VPTIG Welding Process for 2219 Aluminum Al-
loy[J]. Aeronautical Manufacturing Technology, 2010,
20:91-93+97.

Thay  JUSERE, TR, A5 A bk e e A Ik e R
W GMA 3G b4 i 1 2 PR RE s e [T]. = T4,
2025,46(1):1-10.

MA L, FAN J K,ZHANG J, et al. Effect of Ultrasonic
Frequency Pulse Current Superposition on the Micro-
structure and Properties of GMA Additive Manufac-
tured High Nitrogen Steel [J]. Acta Armamentarii,
2025,46(1):1-10.

R, Bl DRORE, 25 . o RUBE X B i TR
1o ik 2R Y SR SRR Y S R (D). HLRRE L, 2015, 45
(6):21-25.

CHEN J Q, LU H, CHEN H, et al. Influence of grain
size on susceptibility of ductility—dip crack on Ni-
based high—temperature alloy[J]. Electric Welding Ma-
chine,2015,45(6) :21-25.

Kadoi K, Jegaki T, Shinozaki K, et al. New measure-
ment technique of ductility curve for ductility—dip
cracking susceptibility in alloy 690 welds[J]. Materials
Science and Engineering: A,2016,672:59-64.

Ramirez A J, Sowards ] W, Lippold J C. Improving the
ductility—dip cracking resistance of Ni-base alloys[J].
Journal of Materials Processing Technology, 2006, 179
(1-3):212-218.

AR L : http . //www.71dhj.com



