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Abstract: To meet the design demand for composition optimization of Ni-based superalloys for additive manufacturing, a
novel Ni-based superalloy was developed by an integrated design strategy combining machine learning (ML) and
anti-cracking factor screening. Thermodynamic calculations show that the alloy possesses a narrow solidification
temperature range. Meanwhile, the alloy solidifies rapidly in the critical temperature interval with small total shrinkage
strain and maximum strain rate, showing good solidification characteristics overall. The novel alloy was prepared by using
the selective laser melting technique. No obvious cracks are observed in the longitudinal and cross-sectional metallography
of the formed specimens, which shows good anti-cracking properties. Through optimization of the heat treatment process,
the y' phase fraction of the alloy reaches 44.6% after aging at 900 “C, without any TCP phase precipitation in the structure.
The novel alloy developed in this paper achieves a balance between the crack resistance and mechanical properties of
Ni-based superalloys in additive manufacturing. The comprehensive design strategy can provide new ideas for the rapid
development of novel materials in the field of additive manufacturing.
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Tab.1 Impurity element content of master alloy
mass fraction/%
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Tab.2 Nominal chemical composition of the SCU-800AM and CM247L alloys

mass fraction/%

Element Ni Al Ti Ta Nb w Mo Co Cr C A% B Zr Hf
SCU-800AM Bal 5.82 0.58 5.67 1.49 2.44 096 19.54 1037 0.049 041  0.005
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Fig.1 Non-equilibrium solidification characteristic curves of the SCU-800AM alloy and CM247LC alloy: (a) solidification path,
(b) solidification liquid phase volume change
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Anti-cracking factor Ty SCI & Emax
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Fig.2 Characterization of gas-atomized powders: (a) SEM morphology, (b) particle size distribution
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Fig.3 OM diagram of SLM sample: (a) cross section (vertical to the building direction), (b) longitudinal section
(parallel to the building direction)
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Fig.4 Room temperature tensile curves of SLM state alloy
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Tab.4 Room temperature mechanical properties of the
SCU-800AM alloy at the SLM state

Yield strength Ultimate Tensile Elongation
Process
/MPa Strength /MPa 1%
SLM 670+9 971+13 6.8+0.75
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Fig.5 Morphology of SCU-800AM alloy before and after stress relieving annealing: (a~b) SEM of longitudinal section at SLM state,
(c~d) SEM and OM after 1 120 ‘C/2 h
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Fig.6 Thermodynamic equilibrium diagram of the SCU-800AM
alloy
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7 AR RCT 2N H8UE AR . (a) 800 'C/20 h, AC, (b) 850 C/20 h, AC, (¢) 900 ‘C/20 h, AC, (d) 950 "C/20 h, AC
Fig.7 Evolution of the structure under different aging processes: (a) 800 ‘C/20 h, AC, (b) 850 ‘C/20 h, AC, (c) 900 ‘C/20 h, AC,
(d) 950 C/20 h, AC
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Fig.8 Variation in the hardness and y" phase fraction of the
SCU-800AM alloy under different aging processes

(C)1994-2023 China Academic Journal Electronic Publishing House. All rights reserved.

ZEANKJES WL TR, B2 %A KAk
BEAE AR R R AL ALEE | 5 AR 2E SR AR S LA
FEAKIS iR A R 8N R 5 B b s X
SIEA RN T, AR 5 00 A AE X oG R, AT
Nt 25 B S5 B T v,y R RS S T AR K, bR 1 iR
JEE 2 T R AT, R A T M R AL AR i e 0 R
AH I 20 203 A LA K Al B 7 Ak e #5 , SCU-800AM 15
SR AER LT 250 800 “C/20 h AC,

3 it

(WAE FAE G0 CM247LC & 4, Bikit &4
A AT AR X R) LRI SR X R R B A
PR A [ R, N R A I A T e A AR R
R It SLM il 5 19 A 4 e SN v AR 8 1 2y
KEBUTMAL, H4HENBAN HTE L B
Z4GL1 ' FRNA K AL RS ARIE S, Bkt &
G HA S Mt vERE .

()FE L 1 738 K f v, A & SV IR
NHEBAT Y TR R A9 — IRy AH RGOk 2 — Ik y' 48
Wit 5 s 2550 R0,y AT S A | R 1) 57 5 IR
ARy a R HAE RSEH 371 nm #3519 nm, 1)
v/ A e NS N 7E 900 “C/20 h i B Ab BER
K F 5 E 44.6%

Q) HEITA S RIE SIS IBHRREE N 971 MPa,
K2R 6.8 %, 7£ 800 ‘C/20 h BYA AL BE R | & 4
T i 35 3 Je KA 442.7 HV

http://www.cnki.net



754

FOUNDRY TECHNOLOGY

Vol.44 No.08
Aug. 2023

S22k

(1]

[10]

[11]

[12]

[13]

(C)1994-2023 China Academic Journal Electronic Publishing House. All rights reserved.

JB A2 SR AL A BRIUE T A5 0028 A0 K i 1k RE 6 JE AR 1
R R[], 0L, 2020, 47(5): 32-55.

GU D D, ZHANG HM, CHEN HY, et al. Laser additive manufac-
turing of high-performance metallic aerospace components [J].
Chinese Journal of Laser, 2020, 47(5): 32-55.

TRELME, AL OGS B ) R 2 TR A A R 1R R TR R
TEMLZS ALK sy A [I]. fom T 5 85 H.12020(6): 1-10, 24.
ZHANG H M, GU D D. Laser additive manufacturing of nick-
el-based superalloys and its structure-performance control and
aerospace applications[J]. Electromachining & Mould, 2020(6): 1-
10, 24.

PNGRUAE IR B R A O M Rl E R IR S &M A S T2
WEFE Ik Re[J]. 42 )@ 44,2021, 57(11): 1471-1483.

SUN X F, SONG W, LIANG J J, et al. Research and development
in materials and processes of superalloy fabricated by laser addi-
tive manufacturing [J]. Acta Metallurgica Sinica, 2021, 57 (11):
1471-1483.

TANG Y B T, PANWISAWAS C, GHOUSSOUB J N, et al. Al-
loys-by-design: Application to new superalloys for additive manu-
facturing[J]. Acta Materialia, 2021, 202: 417-436.

KONTIS P, CHAUVET E, PENG Z R, et al. Atomic-scale grain
boundary engineering to overcome hot-cracking in additively-man-
ufactured superalloys[J]. Acta Materialia, 2019, 177: 209-221.
GUO B J, ZHANG Y S, YANG Z S, et al. Cracking mechanism of
hastelloy X superalloy during directed energy deposition additive
manufacturing[J]. Additive Manufacturing, 2022, 55: 102792.
CHAUVET E, KONTIS P, JAGLE E A, et al. Hot cracking mecha-
nism affecting a non-weldable Ni-based superalloy produced by
selective electron beam melting [J]. Acta Materialia, 2018, 142:
82-94.

VFREZL. PO ST R B IN-738LC 4 4 1 4 IF 2447 s AL AL
FR[D]. P42 . 4L Tk K% ,2019.

XU J U. Metallurgical cracking behavior and strengthening mecha-
nism of IN-738LC alloy prepared by laser solid forming[D]. Xi'an:
Northwestern Polytechnical University, 2019.
YOUNG G A, CAPOBIANCO T E, PENIK M A, et al. The mecha-
nism of ductility dip cracking in nickel-chromium alloys[J]. Weld-
ing Journal, 2008, 87(2): 31S-43S.

ARKOOSH M A, FIORE N F. Elevated-temperature ductility min-
imum in hastelloy alloy X [J]. Metallurgical Transactions, 1972, 3
(8): 2235-2240.

ZHOU W Z, TIAN Y S, TAN Q B, et al. Effect of carbon content
on the microstructure, tensile properties and cracking susceptibility
of IN738 superalloy processed by laser powder bed fusion [J]. Ad-
ditive Manufacturing, 2022, 58: 103016.

HARRISON N J, TODD I, MUMTAZ K. Reduction of mi-
cro-cracking in nickel superalloys processed by Selective Laser
Melting: A fundamental alloy design approach[J]. Acta Materialia,
2015, 94: 59-68.

ZHANG L, LI Y T, ZHANG S, et al. Selective laser melting of
IN738 superalloy with a low Mn+Si content: Effect of energy input

on characteristics of molten pool, metallurgical defects, mi-

[14]

[15]

[16]

crostructures and mechanical properties[J]. Materials Science and
Engineering: A, 2021, 826: 141985.

ZHOU W Z, ZHU G L, WANG R, et al. Inhibition of cracking by
grain boundary modification in a non-weldable nickel-based super-
alloy processed by laser powder bed fusion[J]. Materials Science
and Engineering: A, 2020, 791: 139745.

KANAGARAJAH P, BRENNE F, NIENDORF T, et al. Inconel
939 processed by selective laser melting: Effect of microstructure
and temperature on the mechanical properties under static and cyclic
loading[J]. Materials Science and Engineering: A, 2013, 588: 188-
195.

CARTER L N, ATTALLAH M M, REED R C. Laser powder bed
fabrication of Nickel-base superalloys: Influence of parameters;
characterisation, quantification and mitigation of cracking: Pro-
ceedings of the 12th international symposium on superalloys [C].
Chichester: John Wiley & Sons, 2012. 577-586.

[17] PEREVOSHCHIKOVA N, RIGAUD J, SHA'Y, et al. Optimisation

of selective laser melting parameters for the Ni-based superalloy
IN-738 LC using doehlert's design[J]. Rapid Prototyping Journal,
2017, 23(5): 881-892.

[18] MURRAY S P, PUSCH K M, POLONSKY A T, et al. A defect-re-

[19]

[20]

[21]

sistant Co-Ni superalloy for 3D printing [J]. Nature Communica-
tions, 2020, 11(1): 4975.

SREERAMAGIRI P, BHAGAVATAM A, RAMAKRISHNAN A,
et al. Design and development of a high-performance Ni-based su-
peralloy WSU 150 for additive manufacturing[J]. Journal Materials
Science & Technology, 2020, 47: 20-28.

KOU S. A criterion for cracking during solidification[J]. Acta
Materialia, 2015, 88: 366-374.

SHUKLA A, SARKAR S, DURGA A, et al. Computational design
of additively printable nickel superalloys: Proceedings of the 14th
international symposium on superalloys[C]. Cham: Springer Inter-
national Publishing, 2020. 1066-1074.

[22] PARK J U, JUN SY, LEE B H, et al. Alloy design of Ni-based su-

(23]

[24]

[25]

[26]

[27]

peralloy with high vy’ volume fraction suitable for additive manu-
facturing and its deformation behavior[J]. Additive Manufacturing,
2022, 52: 102680.

SABZI H E, MAENG 8§, LIANG X Z, et al. Controlling crack for-
mation and porosity in laser powder bed fusion: Alloy design and
process optimisation[J]. Additive Manufacturing 2020, 34: 101360.

SABZI H E, RIVERA-DIAZ-DEL-CASTILLO P E J. Defect pre-
vention in selective laser melting components: Compositional and
process effects[J]. Materials, 2019, 12(22): 3791.

ROTH H A, DAVIS C L, THOMSON R C. Modeling solid solu-
tion strengthening in nickel alloys[J]. Metallurgical and Materials
Transactions A, 1997, 28(6): 1329-1335.

GYPEN L A, DERUYTTERE A. Multi-component solid solution
hardening: Part 1 Proposed model[J]. Journal of Materials Science,
1977, 12(5): 1028-1033.

DIVYA V D, MUNOZ-MORENO R, MESSE O M D M, et al. Mi-
crostructure of selective laser melted CM247LC nickel-based su-
peralloy and its evolution through heat treatment [J]. Materials
Characterization, 2016, 114: 62-74.

http://www.cnki.net



(5 R )08/2023 BB L HANEEFESESEASNRITERE <755

[28] ATTALLAH M M, JENNINGS R, WANG X Q, et al. Additive [30] SEMS AL, @ SCTY , T 4VL, 4. KW DZ9S1 & 4 v/ A 5%

manufacturing of Ni-based superalloys: The outstanding issues[J]. R[J]. A4k T AR ,2007(12): 8-11.

MRS Bulletin, 2016, 41(10): 758-764. XIAPC, YUWEF, YU J, et al. Influence of long-term thermal
[29] ZHANG J, SINGER R F. Hot tearing of nickel-based superalloys exposure on -y’ phase of DZ951 alloy[J]. Materials Engineering,

during directional solidification [J]. Acta Materialia, 2002, 50(7): 2007(12): 8-11.

1869-1879.

(C)1994-2023 China Academic Journal Electronic Publishing House. All rights reserved. http://www.cnki.net



