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Table 1 Effects of elements on the metallurgical performance of

v’ phase strengthened nickel-based superalloys™”

Metallurgical performance Alloy element

Solid-solution strengthener Co, Cr, Fe, Mo, W, Ta, Re

MC W, Ta, Ti, Mo, Nb, Hf
) M., C, Cr
Carbide form
Mzscs CI‘, MO, w
M,C Mo, W, Nb
Carbonitrides: M(CN) C, N
v'-Ni; (Al, Ti) phase Al, Ti
Solvus temperature of y’ phase Co

Intermetallics Al, Ti, Nb, Ta

Oxidation resistance Al, Cr, Y, La, Ce

Hot corrosion resistance La, Th
Sulfidation Cr, Co, Si
Creep resistance B, Ta
Rupture strength B
Grain refinement B, C, Zr, Hf
Retard vy’ coarsening Re
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Fig. 2 Morphology and cracking mechanism of solidification crack in LAM nickel-based superalloys. (a) Correlation between solid
phase fraction and solidification cracking index (SCI)*"; (b) schematic diagram of cracking mechanism"™”; (c) solidification crack
in CM247LC alloy™; (d) solidification crack in IN939 alloy™”
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Fig. 7 Relationship between the integrity of LAM component and process parameters and alloy composition"”. (a) Defects caused by

incompatibility between laser process parameters and alloy composition; (b) influence of composition optimization on

solidification characteristics and formability of alloys

I AR A AR A 5 AR B, 76 A 5 R B [ B sl Al FRAL B ST R AT, 95 BRSBTS
2440, T DL i 2 B ok 20 HE 26 50 3R 5 R e R Y SR FH P 5 3 R 3 214 3t 4] R B B ST R A 5

1002302-7



HEXE- Rk

Iv] B AN AR A 4 B ELAR A G, — 2 R T A R Ak T R
B, RIS SR BT R A E . Xu
i3t 4 5 Mo (Nb . Ta & & 21 il 26 7 LAM 1] ii¥ 1
By A R AL MADS42 & 4 (wy,=5%, w=2%,
Wr,=3% , W =6%) . Mo.Nb. Tafhr 3| i ] X
S AT DA R B [ 4 L R T B I 2 Al 8 (a) T
o 34, Mo Nbik i LLREAIE & 4 1 J2 45 68, £ iR
ok 2B S BT R, AR S R 8 4R 08 B L T Ok 2 4
(24, MUTTT R 2 1 R R A B JR P, R AIG T Ak Bt R A

£ 51% 5 10 H9/2024 £ 5 B/ E#:

DDC Fl SAC gt . i[5 8(b) T %1 : IN738LC & 4=
) 24 S %5 B Wit 7 TR R 0 A HR Ze B R 08/ T IR AR
SEAY AR TE fh B 29 100 nm K/ (4 3T BRI Bk 6 4 0k
FEAR Zr &5 A 4 R AR S /N B D IR B
R Ak B 0 98D BEAIR T T 24k 3 BEAIK Ze 5 2] DL 4R
1 Toane s 80/ AT 0] AR 24 S BUBRPEFR AR . BT
HI7E SR 240 35 = IR A & W gUHER R S £,
Yu SRR SE TR Bk 1.0% A 2.0% /9 HIE X
IN738LC A & B M A8 megm, R B /xR HI 5

@ Increasing Mo, Nb, Ta content

s . 1]
Processing
S window do
£ Pl e, Om
3] H s
£ Lack of fusloﬂE e
8 ..75 E " ' -------
= 01 SNiobe on :
g 4
S #5143 1
a ' 1
| —
oL OENERENET "l'."l"" =
20 40 60 80 100 120 140
Energy density (J/mm?)

® Reducing Zr content

0.12 wt.% Zr, XOZ

Carbides™

0.024 wt.% Zr, XOZ

mm 0.024 wt.% Zr
0.12 wt.% Zr

Crack density/%

XOY X0Z

0.01 wt.% Zr

08} ,
0.5 wt.% Zr 0.4 wt.% Zr )

0.6+ |
0.1 wt.%
04+

02

Mass fraction of solid phases/%

0 : ) ) . . . )
950 1000 1050 1100 1150 1200 1250 1300 1350
Temperature/°C

P8 43 o M o R v UL A A L B R A T o (a) BT BBy AR SR AL MADSA2 A 4 JF 24 808 R IR A ALY 5 (b) Zr 87 B X
IN738LC & 4 4808 B Rk AR R <F FBCE LA S AT 5%
Fig. 8 Inhibitory effect of composition modification on crack in nickel-based superalloys. (a) Mechanism of reduced cracking sensitivity
in new y' phase strengthened MAD542 alloy™"; (b) influence of Zr content on crack density, size and quantity of carbide and AT
of IN738LC alloy™”

1002302-8



HEXE- Rk

£ 51% 5 10 H9/2024 £ 5 B/ EH:

IN738LC W B4 HFEAR 1 2 3 R HI & =l LIy K
15 VR 43 B8 BB I 98/ IN VA 4 B0 L R A 22 1 TR AH
IRFRA SR B T & A5 R 1) R4 3l 0 P 3 7R 2 L
A8 77, NIk 2> T a0 e il BV &, 4y AH iR
R IR A A AT R o el bE 3 R A A 4 i
[T A L R el 2 0 ke B AU I A A B T iR 1 & AT 2 2
P 0, X A A TR SE O T A% 0, 2 i & i 8% B
EEREG ST Z AR I
3.2 AmMEHE

A A LAM Y #5100 1) F 7= AR W U B O )
B AT IR A 2 40, 5 b 0 SUFE Tl 3B 4 AT 5 45 1) 7
PER A RLERE o LR AR i o i), R R R o Ui
G4 — W oA B R A2, B L S R A
b Mk K B 5T B A L G AR B S R R A L R
AT DL R i 108 R A% R B, 3 ] DA E R H il R
SR, LAM 52 78 v ™= A5 (9 sk 1) 17 ) 38 8 3 ELVE T 4T
EOERY & 5L, Dy g T 28 . 40 25 %l 5 41 2RI L 28 fige 1o
TR RR I A 4 2 B A G B 0% 5 5 i I AE R
Ve [, B A M A 2 AR 4] RS U 4
Syl N 1, AT DR R A S PTR Y BT, A
738 5 8 3 K B SRy AR A B ARG 4K Ok LR ST A
N A SR A R SR 5 F O B R A A 22 s Ak, A
it 98 K UKL B I I AR O R Y S OB R BRARTE
18 g A0 doRn B AR R AR SR SR (CET) , A

R AR A 4 W S g g

A B 3 B A K R A 28 LR B T R R A A
W e B E . LPBF B9 b A 5145 5 A8 1 1 A%
FEAR A AL 20 W TORR )y 1] 1 38 B00E ok 1Y) i o 24 4
Y REMA S . H & 9Ca) il 78 IN738LC & 4
BIAR R BCH 2.5% 09 TIiC PURLE , FEB 43 & 528
Hi DT 1) Bl 14 TR B 25, AH AR AR ORE B) 6 45 ) i 4 = B LR T
YK SY R ok i 40 A0 58 e %) K B IR
P T W A BB R 7 4 RN A LA R TR LT
FTRE T, DA T 76 9 /)N 4 2505 B 1 [ B ok T A 4 1Y R
BIPE o UM, ) ME R TE CM2471LC & 4 m A
TiC PUkLJE AR 2 8B BE 1Y T2 2 B4 A AR g L
W, HAP YR R FRE T 9.10% , 3 2 /i A HH A
N 775 | S G AR B AR T R 38 0L AR AR 5 7 f A A 35 )
G5 A 9 K 0Kt BE 5 AL 5 B, E — 2P BHRS 2 2 iy B
S PR, Chen ™ i Ty il £ T A B 41Kk B
(GNPs) 35 19 K418 B KL il & 4, JF Bk y - i I o
BN 0.1% B9 GNPs 1] DL fiff %8 [ 41 2148 5l %5 b
i, B Lk 358 [ FF 24 5 WOEAE R 3 2 C—C S B 248 1
B A S C AR HE T W b 0 A 19 MC B e Ak ) 09 T %,
K5 GNPs 2 5) 153 A 78 BLAR 8 IF 5 B4R 7 28 Ao
B A4S G B R TR OLAS AN 51 & 2480, D $2 5
T4 00 RN GE R A0 9(b) BT R o A A BURE
B S 0 2 — Fh AT AT B0 IF Sk 42, HOAR B A 1l 2k

TiC-IN738LC

@ IN738LC _|_

_I_ GNPs-K418

dislocation :
dislocation

800nm 200nm

PO ¥ T4 oK b ) 5 0 78 9 4 S 8L A 1 1 o () 2.5% TiC % IN738LC A& 4 fib B 48 Fn i Bt & SE 92 ™ 5 (b) 0.1%
GNPs %} KA18 4 4 b R 25 R 43 A (1) 5% i
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Fig. 13

Relationship between composition and formability of nickel-based superalloys. (a) Formability of nickel-based superalloys

represented by the contents of Al+Ti and Cr+Co"; (b) composition distribution of formable/unformable superalloys in Cr-
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Table 2 Composition and cluster formula analysis of nickel-based superalloys™***
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Fig. 14 Cracking resistance and mechanical properties of MNiHEA alloy™. (a) Relationship between average SCI value and

solidification cracking in the last solidification stage; (b) uniaxial tensile engineering stress-strain curves; (c) strengthening and

toughening mechanisms of as-built and aged alloys
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Abstract

Significance Laser additive manufacturing technology merges design and production, incorporating crucial elements such as
materials, structure, process, and performance. This integration offers an efficient and cost-effective way to create prototypes and
test new designs. It plays a vital role in manufacturing and repairing complex parts comprising nickel-based superalloys. However,
this technology faces challenges with traditional high-strength nickel-based superalloys. The differences in composition and
strengthening mechanisms, along with the rapid solidification and phase transitions unique to laser additive manufacturing, can lead to
issues. The high alloying degree causes a wide solidification temperature range, while the abundance of intermetallic compounds leads
to varying strength and ductility at high temperatures. This in turn increases the risk of microcrack defects. These defects can degrade
the quality and mechanical properties of y' phase strengthened nickel-based superalloys produced through this method. Therefore,
understanding the characteristics, formation mechanisms, and influencing factors of cracks, as well as recognizing the crack control
methods and related achievements, can lay a theoretical foundation for exploring universal crack resistance pathway and composition
design of superalloy matching additive forming characteristics.

Progress This paper offers an in-depth exploration of various crack types in v’ phase strengthened nickel-based superalloys used in
laser additive manufacturing, including the morphology and mechanisms of solidification cracks (Fig. 2), liquation cracks (Fig. 3),
ductility-dip cracks (Fig. 5), and strain aging cracks (Fig. 6). It elucidates the connections between the solid phase fraction and index
for solidification cracking susceptibility, the differential scanning calorimetry curve and liquation sensitivity, the relationship between
alloy ductility and the temperature range for ductility dip, as well as the link between y’ phase forming elements and the risk of strain
aging cracking. The discussion includes common strategies for enhancing crack resistance, such as modifying the composition to alter
solidification characteristics and minimize or eliminate the formation of low-melting-point phases (Fig. 8), introducing second-phase
particles to encourage the shift from columnar to equiaxed crystal growth, thereby altering the residual stress state (Fig. 9), and
optimizing laser processing parameters to directly improve microstructure and forming quality (Fig. 10). Furthermore, post-treatment
methods significantly contribute to reducing cracking tendencies and enhancing the mechanical properties of superalloys. The ultimate
approach to addressing the cracking issue involves developing nickel-based superalloys with specific compositions tailored for laser
additive manufacturing. Recent successes in designing crack-free new alloys have leveraged tools such as thermodynamic calculations
(Fig. 11), machine learning (Fig. 12), the cluster structure model (Fig. 13 and Table 2), and the multi-principle-element concept
(Fig. 14). The shift from empirical to scientific and rational design in material research is being advanced by the use of phase diagram
calculations for alloy design, supported by reliable thermodynamic databases. Machine learning facilitates the rapid development of
mathematical models that quantitatively link material composition, processes, structure, and properties, enabling precise screening of
target materials. The cluster structure model offers insights into how alloy elements’ type and amount affect formability. Meanwhile,
the multi-principle-element concept emerges as an efficient strategy for simultaneously enhancing crack resistance and the strength-
ductility balance. In summary, this paper’s overview of advancements in crack control and composition design for y’ phase
strengthened nickel-based superalloys in laser additive manufacturing offers practical insights for the future creation of printable, high-
temperature, high-strength nickel-based superalloys and their components (Fig. 15).

Conclusions and Prospects Significant progress has been made in controlling cracks in y’ phase strengthened nickel-based
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superalloys for laser additive manufacturing, laying a theoretical and methodological foundation for creating crack-free superalloys
through laser processing. Despite these advancements, developing precipitation-strengthened nickel-based superalloys and their
components that maintain high-density forming, along with stable microstructure and performance in high-temperature environments,
remains challenging. Future research should focus on several key areas. First, it is crucial to understand the fundamental differences
in cracking mechanisms between different alloys. Establishing a clear link between the types and contents of y’ strengthening
elements, their interactions, and their impact on crack sensitivity will aid in developing universal crack prevention and control
strategies for similar alloys. Second, it i1s vital to develop swift design criteria for alloy compositions that align with desired
performance and printability, establishing a distinct system of y’ phase strengthened nickel-based superalloys tailored for laser additive
manufacturing. Third, enhancing the understanding of the alloys’ resistance to creep, fatigue, corrosion, thermal shocks, and the
long-term stability of their microstructure and performance at high temperatures will further promote their adoption in critical sectors
such as aerospace and nuclear power, among others. Finally, achieving mold-free manufacturing of crack-free nickel-based single
crystal superalloys with superior overall performance, alongside the production of large, precise, and complex structural components,
is essential. This advancement aims to fulfill the demanding conditions of aircraft engines operating at higher temperatures and in more

severe environments.

Key words laser technique; additive manufacturing; superalloys; crack; optimization and design
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