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Cracks in Wrought Nickel-Based Superalloys
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Abstract: With the continuous improvement of material requirements for high-performance aviation engines, the degree of
alloying and the mass fraction of the y" phase in new nickel-based superalloys for high-temperature applications continue
to increase. This leads to progressively more challenging melting processes for these alloys. High-alloyed wrought nickel-
based deformation superalloys are generally produced through a triple combination process of Vacuum Induction Melting
(VIM) + Protective Atmosphere Electro-Slag Remelting (PESR) + Vacuum Arc Remelting (VAR). Due to the influence
of alloying degree, alloys are prone to solute segregation and elemental partitioning between liquid and solid phases during
the melting process, making electrodes and ingots susceptible to cracking under the combined effects of thermal stress and
phase transformation stress. This not only causes arc fluctuations during the subsequent remelting process but also ad-
versely affects the quality of the ingots. Electrode crack formation is a complex metallurgical defect that occurs in the so-
lidification process of superalloys and has been a common technical challenge that has long plagued the expansion of ingot
sizes for high-alloy, difficult-to-deform superalloys in China. Therefore, this paper reviews the recent research progress of
the author’s team and research groups at home and abroad in the crack formation mechanism, influencing factors of crack
and crack control of wrought nickel-based superalloys, and looks forward to the future development direction of wrought su-
peralloy precipitation strengthened nickel-based superalloys.
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VTR, R Ep A TS TREMARE, L 187 MEGEITRIIMA TS E A il
2R APUER LB . TR AR R IRBEEREE  RERYIRIN , R R BERS N T & SRR MERE . TR IR
WARENES . BRI B A, el rRE SRR v By ™ A R I R (] A 5 20 B AT R A AT,
(G e Bt AN B iR 5, F i 7EER S iR FE O DR AT AR A BT HORE (R e o A S
GIAT KB ALTI ND S JUE AL TR DL K B R, MR E R AR ™ ot o
Mo, Cr W 45 [f 5 56 1 7T 28 Ok 1 i 7 G AU PERE [l Br L=, 800 “CLA_L FH i il 45 6 5% s B — i
AR RIS THR v/ A& AP e — B0 Tl O A RO R (VIMD + R 37 00 R i T O

EEWA - FHEE AW TRIBE B H (2021 YFB3700402)
EZ /N g (1981—) , 5 i+, #4042 E-mail: yangshufeng@ustb.edu.cn; Wi B 2024-04-15



s 14 FEIRIN

545 5

(PESR)+ B 75 BN 44 (VAR) =Bk T 20k AR p=1,
SR TR RS T B A BN AR A
JER S AFEEIA e BOR @ XA T A AT L
SCEURE B il Je I ER . AERX A R, B
TR s Mk 1T LA R 2 B A RN 2% I (] s 9 /e
F A B, NI HR 5 1 & A PSR T FeL s
WO AT L2308 Ao Ot A A s 2 B 1 808 R vl 5 o il
A A 0 B AR s e I e A e P B 4
ZUFI A AT 256 s X = e T2, vl LA
B 4 I A SEOMORS B L 5T R S AR e L OF HAR B
TNERAR O 2N 254 . L, =Bk T 7RG
Sl A REENE SO 2N Ry
W ISR T AH S S A A A IR E 2 A
24907 TR R AR T R A 2 N A AR T BT T
FE I TR B B B S R U B, 4 B R
ESR HLR 1Y 4 20U | [ BE7E ESR 55 hAF 7R
UL 2 VAR S i A = A BH (2 i 4 0k 8, 34
TN VAR #5458 (M 8L R BN T, 1 fE
FEARPI I R AV . BT, BN
T TG IR A R BT ] T i sk e 24 AL
FIVE A BT B PR E 57 B 05 [T 2o i () BB 181 T 4,
AR IE A A e R P Y R HRAR . AR
W28 AT B m IR A S — R R FE = A
LR 43 LA 3448, i s il R rh 24
TE B H Ve ZE AL T L 52 W) 284 50 1 R 2% 0 24 S0 42 1 7Y
ke
1 RHga

5T BRI, AR 48 B B B A AOW AR A AN
(], o A I ot R v 0 53 S IR SR [ S RS P D
A AEA A BEIE AR v A R B AR B
P45 8 B R SO AL S0, A6V H) i Bk PR
PR I R Y [ A5 2R, B4 1 AR B R SR
FEPER IR
1.1 BEEZE

158 [ 4 20 UM 25 i 480, — R0 A T e R R I
AR X, 2 AR 2, H—JE i o R
G i B A AL A AR R R i fe 1, BELAR S
GBS AN . H T RAERDIR X N bR T
[E6] VR PP A A7 IR A Iy AR it T I S 6 [ R 4 f
FEPFREAT T AR AN G 7= A i /N L0 . 3 3]
VERT, 3 B AS 4 8 n b 4 i ™ B2 B, I A
WS 4F 1 7 DA R R vy 1 25 B R 2 SHE 4
INGEFLAR B A IR AE B A N I RR SRR TR R

B, BV B I S, B [ 2SR T — R RO
SATA] B N R LG FR 1 9 24 25030 B ] L etk
e A 0 o) Y0 P BEL Lk D 4 o B i1 R4 50 1% D 1T 3
LA s ROR AR s 54 IR T = A
4t GHA151 B iy il & A 7 Hos RN B 5 i Fd vp
FEEE M IF G B an & 1 AR . & 1 (a) R F|
VIM £E e (1 2448 i KR AR BURIE T8 5 ol
BT A S ERAEA . VIM $55E 1Y 2L S0 I 4 B L AR A
PRICAS, R E AL, 2 P EE W 220 % A 5 1 1 i
JE BBt o BBOR AR N FL R O B AE 2
BT W2 B e DT TE Y Laves Al (y+y' ) M AH

(b)

PR T
oty et BN
N Sl )

e L R P

re.f{iét ot T () Sl

BT 280 mm 23 SN BB A T AR AE - () MBS,
(b) WiEIE %, (o) B/ XA W 2435810, (d) 244
BRI, (e) SEBUH I B BT HARFFAE

Fig. 1  Fracture characteristics of $280 mm VIM ingot : (a)

macroscopic morphology , (b) fracture macrosture morphology,
(¢) fracture surface in smaller regions, (d) microstructures of a

crack, (e) characteristics of precipitates near the crack
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Fig. 3 Schematic diagram of the characteristic structure illustrating the strain aging crack sensitivity : (a) Low crack sensitivity, (b)

High crack sensitivity
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Table 1 Composition of typical deformation superalloys %
BEMS C Co Cr W Mo Al Ti Nb Fe Ni Al+Ti+Nb
GH4151 0.060 14.93 10.86 2.93 4.41 3.62 2.73 3.26 - Sy 9.61
GH4975 0.115 15.58 7.96 10.22 1.18 5.01 2.49 1.66 0.10 A 9.16
GH4742 0.052 10.40 14.15 - 5.03 2.51 2.56 2.62 0.53 - 7.69
GH4720Li  0.012 14.96 16.03 1.23 2.70 2.53 5.01 - - A 7.54
GH4175 0.060 15.50 10.00 3.00 4.50 4.00 2.50 4.50 0.10 A 11.00
GH4738 0.035 13.25 19.40 - 4.25 1.30 3.00 - - P 4.30
AD730 0.015 8.50 15.70 2.70 3.10 2.25 3.50 1.10 4.00 A 6.85
GH4710 0.060 15.00 17.70 1.40 3.10 2.70 5.10 - - S 7.80
GH4169D  0.020 9.00 18.00 1.00 2.75 1.45 0.70 5.45 10.00 A 7.60
GH4065 0.011 12.98 15.93 4.02 4.03 2.12 3.78 0.72 1.01 A 6.62
GH4169 0.025 - 18.10 - 2.80 0.45 1.00 5.40 18.00 A 6.85
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Table 2 Analysis of cracking sensitivity indices for differ-
ent alloys

PN LR %ﬁﬁ
£=0.8-09  f=0.9-0.99 f=0.8-0.99  A/K

GH4151 115322 3166.7 2403.4 2455
GH4975 1 059.1 3135.1 24953 256.1
GH4742 13983 28575 23293 246.8
GH720Li 579.8 2481.6 1997.6 230.4
GH4175 1238.4 24238 1909.9 245.4
GH4738 943.3 2 149.8 1564.1 189.2
AD730 1062.4 1990.5 1602.4 223.6
GH4710 570.6 1803.8 14313 221.7
GH4169D 12879 1746.5 1511.6 228.6
GH4065 10349 1704.1 1387.1 230.5
GH4169 12739 1114.2 1202.6 204.9
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