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ABSTRACT Nickel-based ‘supetalloy” exhibits excellent high strength and thermal fatigue resistance at 650 °C, and is
therefore widely used in the manufacture of elevated temperature components such as turbine blades for aero-engines. Laser-
powder bed fusion (L*RBF)%i§ a rapidly developing metal additive manufacturing technology that is gradually becoming an
important method*or fabricating nickel-based superalloy products. The design and service life of aero-engine turbine blades
usually require’moréthans 07 load cycles, therefore, it is crucial to investigate the very high cycle fatigue characteristics of L-
PBF nickel-based superalloy at elevated temperature. Internal failure is a typical elevated temperature fatigue failure mode of
L-PBF nickel-base superalloy that is currently not well understood. To overcome this problem, firstly, axial fatigue tests with
stress ratios of -1 and 0.1 are carried out at 650 °C, and partial typical internal failure fractures at a stress ratio of 0.1 are
selected as research objects. Secondly, scanning electron microscope and ultra depth field microscope are used to observe the
2D and 3D morphology of the fatigue fracture surface to analyze the crack nucleation area and growth path. The results show
that, regardless of the presence of defects, the emergence and aggregation of a number of facets are observed in the "Facetted

Cracking Area (FCA)", which is a typical internal failure characteristic of L-PBF nickel-based superalloy. Measurements
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show that the size of the facets leading to cracking is similar to the size of large grains and is related to differences in grain
orientation. Therefore, internal failures are divided into two cracking modes: "defect-assisted faceted cracking" and "non-
defect-assisted faceted cracking". Thirdly, the FCA with typical internal failure fractures is cut and subjected to electron
backscatter diffraction analysis to observe the surface and subsurface crystallographic features of crack nucleation and
growth behavior. The results show that microcracks mainly nucleate from large grains with softer grain orientation and then
slip and expand along the direction of maximum shear stress, eventually exhibiting a perforated fracture pattern. Fourthly,
subsurface microcrack features below the FCA are then observed in detail using focused ion beam milling and imaging, and
slip band and dislocation structures in the vicinity of the microcracks are observed using transmission electron microscopy.
The results confirm that the fatigue deformation mechanism of facet at 650 °C is mainly controlled by a combination of anti-
phase boundary shearing, precipitate bypassing and stacking fault shearing, especially when subjected to stress concentration
effects induced by cracks or defects. Finally, combined with the definition of the crack tip stressyintensity factor, a crack
nucleation life prediction method related to the characteristics of faceted cracks is proposed, and/thie/prediction results are in
good agreement with the experimental results.
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Fig.1 Microstructure characteristics of L-PBF nickel-based superalloy. (a) spherical alloy powders; (b) low-resolution SEM;
(c) high-resolution SEM; (d) XRD phase identification
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Fig.5 S-N curve
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Fig.8 EBSD analysis of lecalized microstructure characteristics with FCA. (a) TEM sample; (b) tangled dislocations
around primary microerack;y(c) dislocation pairs, loop and bowing around primary microcrack; (d) dislocation pairs and
stacking faults far away primary microcrack.
3.5 MSREEFIE
I /758 PRI~ (Stress Intensity Factor, K& 7E 2R #1428 77 5 v FH TR 95 575 24800 v B 92 7
IR/ ESH, 8T AR R NN ) 5 AR ST B R R 5. AR X3 57 W 101 R i ) — 4
g, RABFEX . FCA B iR X RARTT RN BT . M4 Murakami F(98 758 2 A5~ 55 28
(281, I3 M T N BB R RN SR G S B E PR 1o /NI X (AK L, ATAK VTSI N T
o R -FJEH (Range of stress intensity factor, AK ) AJ @ (1)HfE

AKfacet ,or FCA = ﬂAO—\/” \ areafacet ,or FCA (1)

Hob Ao MHEIMERAF MIER TSR, fR A ERASH, WFNBIRTE, BN 0.5,
e ver NS FCA MFFERLUR T, i Imagel BRI . 1T/ T B2 095 /)




i, SO OBAT B IR, ARIE R, EORK o MEBY N AT i ) 5
Az, .. = pAo 2)

bt g VRS RO SRR I T, ARAERTSC EBSD 4, ok 0.49, KL, AK .,
AK o, A RAS S A ) IR (A):

AK

e =0.5pA0 (7| area ., 3)
AK,., =05uAo |7\l area ., @)

7E 650 °CHf, AK ., HIFE(ETE 1.52~1.93 MPam'? JEEI /0. BB 11 PrfLAEH, BEE
TR, AK ., [HERFE T ERES . AK, THSRAETE 12.31~13.56 MPam'? JEHE Py, 73
fH#£)5 12.80 MPam'?. fEKHEMXIAIN, TIRIEFHHUW, AK,., KEWUREFIERE, XZFA L-
PBF 454 il & < (140 /) &R 2 2RI AU 0 2% 1) 9 8 SR RO BRI 301 o, AR K, AT BN A K
U0y e N5 R TG FEIRE, I H FCA T SOEFE T RHB 5 19 95 2 ki
20

T T T
18 F @ AK, (R=0.1,7=65011 ){]
@  AKp (R=0.1,T=650(] )

1

16

—_
'S
T

*

T ** / *
<
E 10= \ =
< Average value AK,~12.80 MPam'?
3
g 2 \..\‘\
[

1 L 1
10° 107 10 10°
Number of cycleto failure Njcycles

9 /NIRRT A
Fig.8 Evaluation of stress intensity factors with faceted cracking

3.6 RUFGFTFHTN

A et Jo TR v e 9 57 RS R, \ L-PBF B3 el 7 < AR 57 A7 i 1 EVHAEAE RAUNIZ I B, X5
FEURSE IR 738 B R ¥ AK RN VIR oG . (Rl JE TG F-P I E R, g5 T REUsz i
i TR BN |, SR EUGFRSOL 8 LR 5 B AK Z (858 R e I A s KBTI A 7, ROK
BYY)NAR K A IE AR g, SR BUSIZIGIA I N, Z 18] 11K R A05(5):

o= N, 5)

N T ARGYRAEENE, SIS 2 AR E S, B HAAK(S), HREMmIA R

7 HIEEI , 153 3R(6):

AY
=T+ Shs, =f(V,) (6)
Her Ay AECKBIVINAETER, A, BRI VISR b 3% A R RSSO 7 5

e G 57 75 i S R EUUAX X TR GE MR, Fatemi $2 H 195 55 16 212 % (Fatigue Index Parameters, FIP)
PAFRIA A —F5 iy 5% 200, g b a8 A vk im) N AR ORI TR B g, ANTATAS B8 1A 3K(7):

O-Yl max
FIP=Ay,, | 1+k—"2 (7

g,

K 0, o ABRKIIVIP I _ERRKIER A7, K AREMBHE SRR IR () RBUE, 8%



N1, o, AEARGERZ. JET U, HEHE LT FIP 240, DL RBAE b3 shia RO xR 80
BRI . AR IR E () Ay, FERTIEE A(8) T 5

A =% ()

Horb Ao AMEIMIIRLIVER,  p ATEE R R TE, ENMRERE. 250 AK,,, F1AK ., &
Opmax M0, > VAR FERGULAZ R X 57 75 A 52, 5X0(7) 884 9 30(9):

AK
FIP = "if’ {1 Sy — } ©)

FC4

BRI 25 R il N R EE R=0.1 NI ERRRL, H G FI (915 215X (10):

0.5uAo,|7,[ area
FIP = ”2‘7 {1 +k !

10
12.80 (19)

o T 55 R, 454 Manson-Coffin A3, HRA—H (kAL R N:
Ag O-} b , C
727(2]\9) +e;,(2N,) (a1

Horh Ae/2 NNARWRAE, o) P79 E REL b OISR AR, &) N I R o K
I SEPESRH . v SRR e R T (AT R Ak AR i, DR R EEE B BURT DL AN T . S5 A X
(10)A(11), FIP S5EHE N, M5 R WA 12)Frr:

. O.S/IAGW}

12/80

1/b

1
N,==|2
)

HAo 1+

(12)

!
oy

B 10 9 ilhe N R B A% A5 dir N, AVEIPWISC &R o HHIERT o0, R 55 75 dmllesy,  FIP (BB
11 N 73 i 55 S B3 di iR EUASE, - ) DA BTN A A A2 = A5 2 DL BAT R (0 — Sk, 1XR Y
ISR AL/INGS , L-PBF B8 il & i A 57 A7 i £ EFE IR AL FCA TR B

25¢107
\
™ \
3
2204107 <
. \
= \
NS0T
E G 6107
8 ) Ed
B Lox107fF
S
>
&
2 5.0x10°
2 N
] Tl e
e e -]
1.8x10° 2.0%10° 2.2x10° 24x10°
FIP

B 10 KAGEA LS FIP [115C AR
Fig.10 Relationships between number of cycles, Nyand FIP



=]
©

H ™ Test data (R=0.1 7=6350 | Interior failurc)]

=]
EJ

rer CycCles

Predicted life N,

Factor of three

10° 1 1 1
10° 10° 107 10% 10°
Experimental life N, cycles

11 B fr 5 i

Fig.11 Comparison of the predicted and experimental results
4 &g

A FE B R RGN

(1) WHIRA T IE 5 SR S5 M AR SR /NP SRS R4, BRI I FE £ 2 = AR 5 B
YER . Bk, 44 L-PBF LA & < 10 A 3 2 28000 s e 4 Bl /NS TS 228 A<= B Sl B /)~ T e
BB RMA

(2) HTERRL A AR FEANIGAD, e SR TR BURHSR R ST diok B R, R i KB N
VAW IR I €34 G | E NN R S N A A G A 0 T b%AﬁEmﬁ#@mwm
TP . 2 BIMICA L dt S RE , TR SUR 2B A I F B B R — AN dkirh, AT B3R )
2 i W R

(3) TE650 °CF, /MNPHEEZ LGS EH APB 8V, JUIEY) 55 B S E 48y ) L[R5
i, RE e AE TR S B 51 L IR R ) B OB, NER AT B A 2 3

(4) A FIP Xf il AT HON R=0.1 )RR SO AT 795 3 am Tl . 45 R SR, 2T
J g A I 77 i PO AR Y R v JEAG, TIN5 SR 5 s e &8 B B L i — Bk .

2 % XM

[1] Lu R G, Zhang X Y “\Cheng™X,"et al. Microstructure Formation and Evolution Mechanism of Laser Rapid Melted
Nickel Based Alloy Based on Composition Gradient. Chin J Lasers, 2023, 50(4): 197
(RER B, 5K H RS T 1l 23 B 2 A IO 6 DR ok Bk 1 < S L U e S s A WL BRI 5. o (RO,
2023,50(04):197)

[2] Gudivada G, Pandey A K. Recent developments in nickel-based superalloys for gas turbine applications. J Alloy Compd,
2023: 171128.

[3] Zhu L, Yang Y, Zhang J Y, et al. Effect of N, on microstructure and mechanical properties of additive manufactured
titanium matrix composites. Chin J Eng, 2023, 45(9): 1509
K&, B3, skdkot, & Ny MR HIESIE S AP RHAZUVERERI M. TRERL 244, 2023, 45(9): 1509)

[4] Yuan Z W, Chang F C, et al. Research Progress of Additive Manufacturing of Nickel-based Superalloys. Mater Rep,
2022,36(03):206
GRS, WiER, Do, &5 MM HIEHRE SR G e TR, B FKR, 2022,36(03):206)

[5] Chen N, Zheng D, Niu P, et al. Laser powder bed fusion of GH3536 nickel-based superalloys: Processing parameters,
microstructure and mechanical properties. Mater Charact, 2023, 202: 113018.

[6] Bin W U, Liang J, Zhou Y, et al. Influence of laser power on microstructure and tensile property of a new nickel-based



superalloy designed for additive manufacturing. T Nonferr Metal Soc, 2023, 33(4): 1124.

[7] Prost M, Koster A, Missoum-Benziane D, et al. Anisotropy in cyclic behavior and fatigue crack growth of IN718
processed by laser powder bed fusion. Addit Manuf, 2023, 61: 103301.

[8] Ormastroni L M B, Lopez-Galilea I, Pistor J, et al. Very high cycle fatigue durability of an additively manufactured
single-crystal Ni-based superalloy. Addit Manuf, 2022, 54: 102759.

[91 Yu Q. Composition design, microstructure and properties of Ni-based superalloys for Laser additive manufacturing
[Dissertation]. Dalian: Dalian University of Technology, 2022
(T WOCRE I H3E L SR & S MR Bt S SR RE T (A8 0], KidE KB LK%, 2022)

[10] Jeong S G, Ahn S Y, Kim E S, et al. Liquation cracking in laser powder bed fusion-fabricated Inconel718 of as-built,
stress-relieved, and hot isostatic pressed conditions. Mat Sci Eng A, 2023, 888: 145797.

[11] Mostafaei A, Ghiaasiaan R, Ho I T, et al. Additive Manufacturing of Nickel-based superalloys: a state-of-the-art review
on process-structure-defect-property relationship. Prog Mater Sci, 2023: 101108.

[12] Wu S C, Hu Y N, Yang B, et al. Review on Defect Characterization and Structural Integrity’ Assessment Method of
Additively Manufactured Materials. J Mech Eng, 2021, 57(22): 3.
RN, BIHERE, #K, 55 HOMHIEATRHERIE RAE K& 450 e BV 2 NS PEAC AR, HUBCCRE A4, 2021,
57(22): 3)

[13] Liu S Y, Shao S, Guo H, et al. The microstructure and fatigue performance of Inconel 718 produced by laser-based
powder bed fusion and post heat treatment. Int J Fatigue, 2022, 156: 106700,

[14] Jiang W, Lu J, Li F, et al. In-situ EBSD investigation of the effect ofjorientation on plastic deformation behavior of a
single crystal superalloy. Mat Sci Eng A, 2022, 849: 143453.

[15] Degnah A, Tabbakh T, Kurdi A, et al. Role of precipitation and Solute segregation on micro-scale deformation of
additively manufactured Inconel 718. Mat Sci Eng A, 2023/ 887:/145762.

[16] Zou T, Liu M, Cai Y, et al. Effect of temperature on ‘tensile behavior, fracture morphology, and deformation
mechanisms of Nickel-based additive manufacturing 939 superalloy. J Alloy Compd, 2023, 959: 170559.

[17] Atabay S E, Wanjara P, Bernier F, et al. In Envelope’ Additive/Subtractive Manufacturing and Thermal Post-Processing
of Inconel 718[J]. Materials, 2022, 16(1): 1.

[18] Li X L. Very-high-cycle fatigue behavior and failure correlation evaluation of turbine Ni-based superalloy in thermos-
mechanical service. [Dissertation]. Beijing: Beijing Institute of Technology, 2023
(BN, REET P BRI e A SR R 7 AT N SR RO SRR A A8 5], dbst BB TR, 2023)

[19] Chen Y, Kong W, Yuan C,-etal, The effects of temperature and stress on the high-cycle fatigue properties of a Ni-based
wrought superalloy. Int J Fatigues/2023, 172: 107669.

[20] Li W, Sun R, Wang PR, et‘al\Subsurface faceted cracking behavior of selective laser melting Ni-based superalloy under
very high cycle fatigu¢. Scripta Mater, 2021, 194: 113613.

[21] Liu W, Cheng Y,\Sui ‘H, et al. Microstructure-based intergranular fatigue crack nucleation model: Dislocation
transmission/versus grain boundary cracking[J]. Journal of the Mechanics and Physics of Solids, 2023, 173: 105233.

[22] Xu K, Jiang’H, ¥an J B, et al. Tensile properties and deformation mechanisms of a solution treated Ni—Fe-based alloy at
high temperatures. Mat Sci Eng A, 2023, 881: 145418.

[23] Xia W, Zhao X, Wang J, et al. New strategy to improve the overall performance of single-crystal superalloys by
designing a bimodal y’ precipitation microstructure. Acta Mater, 2023, 257: 119200.

[24] Zhou X, Chen J, Ding R, et al. A novel coherent particles-reinforced FCC-based high-entropy superalloy with superior
high-temperature compressive properties. Mat Sci Eng A, 2023, 872: 144947.

[25] Bezold A, Vollhiiter J, Karpstein N, et al. Segregation-induced strength anomalies in complex single-crystalline
superalloys[J]. Commun Mater, 2024, 5(1): 1.

[26] Mao Z, Zhu Y, Zhao Y, et al. High-cycle fatigue failure behavior of nickel-based single crystal alloys with different
deviation angles in a high-temperature environment. Mater Charact, 2023: 113118.

[27] Yang W, Qu P, Chen L I U, et al. Temperature dependence of compressive behavior and deformation microstructure of



a Ni-based single crystal superalloy with low stacking fault energy. T Nonferr Metal Soc, 2023, 33(1): 157.

[28] Murakami Y. Metal fatigue: effects of small defects and nonmetallic inclusions. 2nd Ed. London: Academic Press, 2019.

[29] Sartorti R, Mocker T, Kriegesmann B, et al. On non - parametric fatigue optimization. Int J for Numer Meth Eng, 2023,
124(5): 1168.

[30] Fatemi A, Shamsaei N. Multiaxial fatigue: An overview and some approximation models for life estimation. /nt J
Fatigue, 2011, 33(8): 948.



