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Fig. 1 Aerosolized IN718 alloy powder. (a) Morphology captured by microscopy; (b) particle size distribution
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Table 1 Nominal composition of the aerosolized powder of
IN718 alloy

Element Mass fraction /%
Fe Bal.
Ni 50-55
Cr 17-21
Nb 4.75-5.5
Mo 2.8-3.3
Ti 0.65-1.15
Al 0.2-0.8
C 0.08
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Fig. 2 Heat treatment processes used in selective laser melted IN718 alloy
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Fig. 3 Fatigue sample. (a) Dimension of fatigue specimen; (b) photo of selective laser melted IN718 fatigue specimen
Lol 71 iR Kallings J& i # (100 mL C,H;OH+100 mL
' HC1+5 g CuCL) J& 1k 1 min, #E1F SEM WLEZ 5 5 —#43
141 TR W SR 5 & W WA R FR L O 12 9 TS ) B 3%
- Wb T EP-06 %Y H fife i ' J b A AT R A B OG L L TR
il H30 VB 10 s J5 6 L RE B 7 11 1 mm A9 X B0 17
£ ol LT B A 5 (EBSD) 411 2% B
08} 3 IR KihE
31 AEREALAMMBSE
0.6 . . . . . L NS 5 - — N
0 7 14 21 28 3 Ak BES  10RE A B 2 B AN [ A 45 i 2H 21
Loading time /s Brih T SR \,yu)f;ﬁ Fl yr*ﬁ LB 50 SIM B IN718 4 4
P4 IN718 4 4 AR Ju 9 55 TF ffy B B 1o 742 B Jon 48 i ] ) 72 £ AL IR )5S AT F R Jy e [ an 18 5(d) BT s ] fOW 2

Fig. 4 Strain changes with loading time at the beginning of low
cycle fatigue of IN718 alloy
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Fig. 5 Microstructures of heat-treated IN718 alloy captured by microscopy. (a) SA specimen; (b) HA specimen; (c) HSA specimen;

(d) electron microscopy observation diagram
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Fig. 6 Fatigue testing results of IN718 alloy with different heat

treatment processes
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Fig. 7 Fracture images of heat-treated specimens after fatigue test. (a) SA specimen; (b) HA specimen; (c) HSA specimen; (d) fatigue

source area; (e) fatigue expansion area; () transient fracture area
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Fig. 8 EBSD analysis of specimens after different heat treatments. (a)(d)(g) Grain orientation diagrams; (b)(e)(h) contrast and grain

boundary composite diagrams; (c)(f)(i) KAM diagrams
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Fig. 9 Strengthening mechanism and profile images of specimens after heat treatments. (a) Strengthening mechanism of fatigue

performance; (b) profile image of SA specimen; (c) profile image of HA specimen; (d) profile image of HSA specimen;

(e) fracture of HSA specimen

1602301-7



2505 £ 16 H1/2023 £ 8 H/HEH*¢

T O 5 Ay AR AR A OC &R LA 23 TE 5 AH S [ 28
TR, I A B G025 T A 5 T, e X AE N I B AR
AL R R BB A A W R B A, S R RE S B
TR A5 W A M LY e, 2 i S AL AF A2 AT A S i) fig
i P A SRR B AT SR K 55 MBI YR 1R R oY
PERE .

Zeak SA AN Z 5, &R YA S A A
i, 5y r= o 2 g, B 9(b) fros o 78 & I 4R
AT B Rez iy R fs 8l — 4% 2R a0
W R BN bR . B, SAIREE R B H b 1 76

X HA R, PR R 0 55 B AN 2 Bl 25 70 2R T 4k
B, 7 B IR AR TE AL BTG AR AT SR B A A
H R, i sgm 1798 55 PEge . an &l 9(e) s, Tl AL
2 AR AT B, AR R T AVE FIE R i — & &
B8, M SAIREE , HA AR b g g8k 2y oy
5 Ak AH 23 ET FLAR T 3 B b 0 067 8, DR EL AT T A 1) 9
S PERE .

MR Gao 2" By BF 5T , HSA SR ARE v B i AH A4 %%
Wi %, HHAEY RS20 55 nm. [}, 5 HA R FE
FHHE , HS A GRS B A S ARG 38 T s ot — 45
HIE 2% 57 485 B AR T8 AL 5 A 1B 9 (d) T, XY 0 B4 5K F)
— B UKL U A T B B L 2 A B R Al — A%
AL, AW Z Jn 1 HSA 8RR 1 98 57 7 11 X
BT LLE S Y R ar, 9% 57 Wi 2 S g T L,
E9Ce) Irn. Pk, HSA #kb B GE 45 $2 /5 SLM ¥
IN718 & 4 i FE 1 9% 55 M B .

4 4k 1w

F H SLM 4% A ] 45 IN718 & 4 If % H k47 T
SA HA FITHSA = Fh kb B AFF 5% A [7] #4 4k B 46 B X)
B A O 2R T 119 SR RN B ) 0 A R ) 1 — 2 4
BT T Ak o) R X R I R % S5 PR RE R R . A5
R

1) SA AP S INT718 ff A b A s Ak o A BT 1,
i L DY A R S 1y A L SR S A 0y A R
J R S A AT H s HA b B 5 AUF i o M 7E S A Ab By
s A HA AR HSA 43S 800 £ 6 M T 4T 4L
TE IN718 g4 A4k .

2) 5 SLM #il £ IN718 & & W L B AH L, = Fh
FROAh T ) B AR A AR v R A 9 o7 1 Re L BLA
SA HA HSA i 1 9% 55 B FR 43 9 2924 491.8 .614.8
631.5 MPa, HSAXFE7E 36.38.40 kN 71 % i} 49 15 21
JEWR 4353 Sk 31990 ,18721 137121k

3) HSA BUFE /N BE b A 5 B R 0.569 %0, KAM
fH M 10.3, /N1 B B B0 A A6 db A4k . HSA Ab 3
Ja i AHAL B S M BR AL T AR S SE I AESE T AR Y i A rp
B LI B s 3 T Orowan 58 4k, kL N 3809 y" Ly 58
A AHBE RS T A0 5 0 A, DT ZE 22 1 AR NI S R s i

PORE . PG HSA R FS 93U A1 BE 55 W0 Al R 3R B
T S S AR 55 1 RE .

& % x #f

[1] Song Z X, Gao W B, Wang D P, et al. Very-high-cycle fatigue
behavior of Inconel 718 alloy fabricated by selective laser melting at
elevated temperature[J]. Materials, 2021, 14(4): 1001.

(2] HoRZR, W, XIBT, A5 UL i GH3536 45 4 (i ik A
9747 [T, P O, 2021, 48(22): 2202009.

Xiao L R, Tan W, Liu L. M, et al. Low cycle fatigue behavior of
GH3536 alloy formed via laser additive manufacturing[J]. Chinese
Journal of Lasers, 2021, 48(22): 2202009.

[3]  ERUL, BHE, 3, 5 DPOSO MY O KR 4 1 Sk Y K R o5
fELT] PO . 2021, 48(18): 1802003,

Zhai Z J, Zhao 1., Peng Y, et al. Low cycle fatigue behavior of
laser welded DP980 steel joints[J]. Chinese Journal of Lasers,
2021, 48(18): 1802003.

(4] spass iR S SRE- - A T2 IML JE s B R
. 2008: 3-17.

Guo J T. Materials science and engineering for superalloys[M].
Beijing: Science Press, 2008: 3-17.

[5] sk, sKREFFD, DR, 5 O E INTI8 & & T2k K 7
TSR RE T HT[T]. TP IEOE, 2022, 49(16): 1602021,

Zhang J, Zhang Q L, Yao J H, et al. Process optimization and
interfacial microstructure and properties analysis of laser cladded
IN718 alloy[J]. Chinese Journal of Lasers, 2022, 49(16): 1602021.

[6] Zhang D Y, Niu W, Cao X Y, et al. Effect of standard heat
treatment on the microstructure and mechanical properties of
selective laser melting manufactured Inconel 718 superalloy[J].
Materials Science and Engineering: A, 2015, 644: 32-40.

[7]  Zhang D Y, Feng Z, Wang C J, et al. Comparison of
microstructures and mechanical properties of Inconel 718 alloy
processed by selective laser melting and casting[J]. Materials
Science and Engineering: A, 2018, 724: 357-367.

[8] Gao Y, Zhang D Y, Cao M, et al. Effect of § phase on high
temperature mechanical performances of Inconel 718 fabricated
with SLM process[J]. Materials Science and Engineering: A,
2019, 767: 138327.

[9] Cao M, Zhang D Y, Gao Y, et al. The effect of homogenization
temperature on the microstructure and high temperature mechanical
performance of SLM-fabricated IN718 alloy[J]. Materials Science
and Engineering: A, 2021, 801: 140427.

[10]  Zhang D Y, Yi D H, Wu X P, et al. SiC reinforced AlSil0Mg
composites fabricated by selective laser melting[J]. Journal of
Alloys and Compounds, 2022, 894: 162365.

[11] Huang S, Sun B B, Guo S Q. Microstructure and property
evaluation of TAI1S titanium alloy fabricated by selective laser
melting after heat treatment[J]. Optics &. Laser Technology,
2021, 144:107422.

[12] SR, EHRIK, fkcil, 5 AP F Y SLM TC4 21 fE K
A 1) SR 2 [T, IO, 2022, 49(8): 0802009,

Dou Z, Wang Y Y, Zhang A F, et al. Effect of different heat
treatments on microstructure, properties, and anisotropy of SLM
TCA4[J]. Chinese Journal of Lasers, 2022, 49(8): 0802009.

[13] SRR, APIEHE, J™fivfh, 45 . JOGR R PR A RO P9 A Bk
B S P 07k (0] i O, 2022, 49(14): 1402801,

Song C H, Fu H X, Yan Z W, et al. Internal defects and control
methods of laser powder bed fusion forming[J]. Chinese Journal of
Lasers, 2022, 49(14): 1402801.

[14] ®EH, L%, 55, % . GHAL69 mif & & KRB 25 2 AT N
WEoE (0] A 420, 2022, 46(3): 289-296.
Gao SY, Wang Y W, SuR, et al. Low-cycle fatigue behavior of
GH4169 superalloy[J]. Chinese Journal of Rare Metals, 2022, 46
(3): 289-296.

[15] B8, skWB, B, 5 b B GHA169 & & A KK

1602301-8



RIS £ 50% £ 16 H1/2023 £ 8 A /HEHN¢

9 55 5 i RO SE A LT ] MUAR TR KL, 2016, 40(4): 21-24. Inconel 718[J]. Materials Characterization, 2004, 53(1): 7-16.
Zeng X, Zhang X C, Tu S D, et al. Effects of heat treatment on [24] Cai D Y, Zhang W H, Nie P L, et al. Dissolution kinetics of §
microstructure and low cycle fatigue life of GH4169 alloy[J]. phase and its influence on the notch sensitivity of Inconel 718[J].
Materials for Mechanical Engineering, 2016, 40(4): 21-24. Materials Characterization, 2007, 58(3): 220-225.

[16] BJE . OAH X H 3k = i A 4 GHA169 IR JE 3% 97 17 M By m[D]. L [25]  Wegener T, Haase C, Liehr A, et al. On the influence of »-carbides
W BRI T K2, 2015. on the low-cycle fatigue behavior of high-Mn light-weight steels[J].
Zeng X. Effect of 8 phase on low cycle fatigue behavior of Ni-based International Journal of Fatigue, 2021, 150: 106327.
superalloy GH4169[D]. Shanghai: East China University of [26]  FFiESC, M, BPF, 25 BEOBR R KR Rl A e E
Science and Technology, 2015. RN R 2 e Re R [T, O, 2022, 49(8): 0802001.

[17]  Konecna R, Nicoletto G, Kunz L, et al. Microstructure and Qi S W, Rong P, Huang D, et al. Room- and high-temperature
directional fatigue behavior of Inconel 718 produced by selective mechanical properties of aluminum alloys fabricated using laser
laser melting[J]. Procedia Structural Integrity, 2016, 2: 2381-2388. powder bed fusion additive manufacturing[J]. Chinese Journal of

[18] Yu X B, Lin X, Liu F C, et al. Influence of post-heat-treatment Lasers, 2022, 49(8): 0802001.
on the microstructure and fracture toughness properties of Inconel [27]  JmAEMG, TR, TARME, % . BT8R b5 Inconel-718 & 4 1%
718 fabricated with laser directed energy deposition additive R 5 1k Rl X A A M [T, 4 J@ SR B, 2021, 46(7): 1-6.
manufacturing[J]. Materials Science and Engineering: A, 2020, Qu H P, Wang L. B, Wang D H, et al. Low-cycle fatigue
798: 140092. properties and life prediction of aging strengthened high-nickel

[19] XU . OE1E IX 1k IN718 4 4 By 4L 41 5 9% 95 PEREIF 58 [D]. 18 Inconel-718 alloy[J]. Heat Treatment of Metals, 2021, 46(7): 1-6.
P IR TR, 2021. [28] Liu H D, Wang D Z, Zhou L P, et al. Excellent double-aging
Liu S Y. Study on microstructure and fatigue properties of IN718 strengthening effect with the high density y’ phase of 945A nickel-
alloy based on selective laser melting[D]. Zibo: Shandong based alloy[J]. Crystals, 2022, 12(2): 175.

University of Technology, 2021. [29] &K, £&, Wim, 5. K E08 GHAL69 A& 4 4H 413 1k K

[20]  Zhang Y Y, Duan Z, Shi H J. Comparison of the very high cycle IR 5547 J W SE M [T). 42 J8 241, 2015, 51(7): 835-843.
fatigue behaviors of Inconel 718 with different loading frequencies AnJ L, Wang L., Liu Y, et al. Influences of long-term aging on
[J]. Science China Physics, Mechanics and Astronomy, 2013, 56 microstructure evolution and low cycle fatigue behavior of GH4169
(3): 617-623. alloy[J]. Acta Metallurgica Sinica, 2015, 51(7): 835-843.

[21]  Sun R, Li W, Zhang Y C, et al. Interiorlong-life-fatigue cracking [30]  Gribbin S, Ghorbanpour S, Ferreri N C, et al. Role of grain
behavior and life prediction of a selective laser melted GH4169 structure, grain boundaries, crystallographic texture, precipitates,
superalloy at different temperatures and stress ratios[J]. Fatigue &- and porosity on fatigue behavior of Inconel 718 at room and elevated
Fracture of Engineering Materials &. Structures, 2022, 45(7): temperatures[J]. Materials Characterization, 2019, 149: 184-197.
2112-2126. (311 BT, FESCAS, RAGRI, 45 . 4L XT Inconel 718 & 4 4141

[22] Radavich J F. The physical metallurgy of cast and wrought alloy JrZE e e R [T, MR AR 244 2012, 33(8): 53-58.
718[EB/OL]. [2022-12-08]. https://www. tms. org/Superalloys/ Wei X P, Zheng W J, Song Z G, et al. Effects of heat treatment on
10.7449/1989/Superalloys_1989_229 _240.pdf. microstructure and mechanical properties of Inconel 718 alloy[J].

[23]  Azadian S, Wei L Y, Warren R. Delta phase precipitation in Transactions of Materials and Heat Treatment, 2012, 33(8): 53-58.

Effect of Heat Treatment on Low-Cycle Fatigue Properties of Selective
Laser Melted IN718 at Room Temperature

Feng Xingtao"”", LiJianmin"*’, Geng Shuo"*’, Chi Yujing"*’, Yi Denghao ",
Zhang Dongyun'*”
'Institute for Laser Engineering, Faculty of Materials and Manufacturing, Beijing University of Technology, Beijing
100124, China;
’Beijing Engineering Research Center of 3D Printing for Digital Medical Health, Beijing 100124, China;
‘Beijing International Science and Technology Cooperation Base for Digital Medical 3D Printing, Beijing 100124, China

Abstract

Objective Inconel 718 (IN718) superalloy is widely used in aerospace engines and other high-temperature components. Improving
its fatigue properties is crucial for ensuring the long-term stability of the components in service. Selective laser melting (SL.M)
technology is one of the best choices for the manufacturing of complex aerospace components owing to its high molding rate, high
design freedom, and short production cycle time. However, the rapid melting and solidification of IN718 powder during SLLM leads to
the precipitation of a brittle LLaves phase instead of a strengthening phase, inside the component. The characteristics of layer-by-layer
scanning of SLM lead to the existence of high residual stress inside SLM-fabricated parts. Therefore, heat treatment is essential.
This study investigates the influence of different heat treatment processes on the microstructure, phase distribution, and fatigue
properties of SLM-fabricated IN718 alloy.

Methods In this study, an IN718 alloy powder was prepared using a gas atomization method with particle size distributions between
15 and 55 pm. The IN718 specimens were prepared by EOSINT M280 from EOS, Germany and then cut along the plane of the
substrate via wire cutting and removed. Subsequently, the IN718 specimens were subjected to three different heat treatments, as
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shown in Fig. 2. The three heat treatments is: 1) solution + double aging (SA); 2) homogenization + double aging (HA);
3) homogenization + solution + double aging (HSA). After heat treatment, the specimens were processed into fatigue specimens and
subjected to a constant stress-controlled low-cycle fatigue test, at room temperature. Finally, after sample preparation and polishing,

scanning electron microscopy (SEM) and electron back-scattered diffraction (EBSD) photographic analyses were performed.

Results and Discussions The distribution of precipitated phases differs significantly after different heat treatments (Fig. 5). After
SA treatment, micron-level y” and y’ strengthening phases and a small number of distributed & phases exist in the matrix, whereas a
large number of § phases distribute at the grain boundaries. After HA treatment, nano-sized y” and y' strengthening phases exist in
the matrix, and a small number of & phases distribute at the grain boundaries. After HSA treatment, nano-sized y” and 7y’
strengthening phases exist in the matrix, and & phases exist at the grain boundaries. Differences in the distribution of the resolved
phases leads to differences in fatigue performance (Fig. 6). Among them, the fatigue performance of the HSA treated IN718
specimen is the best, and the fatigue performance reaches 98.6% of the fatigue performance of the forged part. Subsequently, the
specimens were prepared by wire cutting and the fracture morphologies were observed, and the fatigue morphologies of the specimens
with different heat treatments were basically same (Fig. 7), that is, there are multiple fatigue source areas, obvious fatigue glow
lines, and fatigue transient fracture areas with dimples and secondary cracks. The EBSD results (Fig. 8) show that the stress
concentration is mainly in the §-phase and grain boundary regions. Via analysis, it is found that dislocations slide freely inside the
grain. When dislocations slide to the punctate y’ phase, dislocations bypass the y’ phase based on the Orowan strengthening
mechanism and hinder the subsequent dislocation sliding. When dislocations slide to the flat elliptical y” phase, the y” phase hinders
the dislocation movement and then y” phase will be cut with the accumulation of dislocations. Because the § phase and matrix y phase
are non-conglomerative, dislocations accumulate around the & phase. When dislocations slide to the grain boundary, the grain
boundary can hinder the dislocation sliding and crack expansion. At the same time, the d phase at the grain boundary can nail the grain
boundary and delay the expansion of fatigue crack, thus improving the fatigue performance.

Conclusions In this study, the microstructure and phase distribution of the IN718 alloy fabricated using SILM are regulated via heat
treatment, to further analyze the effect of heat treatment on the low-cycle fatigue properties, at room temperature. The experimental
results indicate that the alloy exhibited precipitation of the internal § phase, as well as y” and y’ strengthening phases precipitate inside
the alloy following heat treatment, as opposed to the as-built conditions. The presence of these phases contributed to the alleviation of
internal stresses within the alloy and led to a significant improvement in its fatigue performance. Based on the Orowan strengthening
mechanism, the diffusely distributed y” and y’ strengthening phases within the grain prevent the dislocations from sliding within the
grain. The & phase precipitated at the grain boundary can enhance the strength of the grain boundary, thus retarding microcrack
extension in the matrix and increasing the fatigue cycles. Therefore, after HSA treatment, the IN718 specimen has optimized fatigue
performance. The improvement of the microstructure and mechanical properties via heat treatment processes presented in this study
provides a reference for the application of the SLLM-fabricated IN718 components.

Key words laser technique; selective laser melting; Inconel 718 alloy; low-cycle fatigue; heat treatment
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