H41 % 44 o = # #3 E Vol.41 No.4
2022 4F 4 A MATERIALS CHINA Apr. 2022

FHEH)

BFRIEXIEW (SEBM) i HiESESE
MRHEE

o', oM B W SRaka
(1. bRz LR K% A RE B AR B sE B, Jbat 100191)
(2. AEIREMAS MR mRAS MRS 2 H AR TEME S LK =, L3 100191)
(3. ZEMrFF R T250E, el EMTHF LE1 7RH)
(4. B AR KM R R 5 TR 2R, dEaT 100191)

/.

# E. SEASHASOTEL . RS, B M T RSP IE, LIEOE . BT A SR AR O
U5 38 14 1 1 (additive manufacturing, AM) £ ARTE W £ 52 4850w A 4Bk 1 EL G 0 35 O 3. AS(LRB & 4 A= 7 il R A8
BT A& A, i HeEeW b & & A8, RS E 8%k, HHE SRS & TE. BREEmim, yHERL K, &
4 i il T 2E PR RE AR T A [R] -t i L TR 2 B A I IZ S R RS A R PR, 5 MO X B K (selective laser melting,
SLM) 5 ARAALL, o T IR X 45 4k ( selective electron beam melting, SEBM ) $ A R i i 03 A R PP ZE i 45 4 BE 11 2% 1, A FT
FEARR I A ) i ) A R T, BEXTIEAEOR E N Ah SEBM HEARBI A S R G S . SRS RAESF6STW RN LESH . ™
WL Ty 2P B 5 5 T HEAT T 2538, AR VR SRR T i BOR IR i 80 i A ok & J il

KEEWR . b, PR L BIRA S, RaUURE; AL

hmEAHES. TFI24; TG146.1°5 XERARIRED : A MEHS: 1674-3962(2022)04-0252-16

SIAEI: &, B, PRI, 25 B PR XAk (SEBM) B A & SRS &R R, TEM R, 2022, 41
(4). 252-267.

PENG H, TAO S, CHEN B, et al. Research Progress of Superalloys Fabricated by Selective Electron Beam Melting (SEBM) [ J]. Materi-
als China, 2022, 41(4) . 252-267.

Research Progress of Superalloys Fabricated
by Selective Electron Beam Melting (SEBM )

PENG Hui'?, TAO Shen', CHEN Bo’, GUO Hongho™*

(1. Research Institute for Frontier Science, Beihang University, Beijing 100191, China)
(2. Key Laboratory of High-Temperature Structural Materials & Coatings Technology ( Ministry of Industry and
Information Technology) , Beihang University, Beijing 100191, China)
(3. School of Engineering, University of Leicester, Leicester LE1 7RH, UK)
(4. School of Materials Science and Engineering, Beihang University, Beijing 100191, China)

Abstract: Superalloys are widely used in hot components of aero-engines, mainly due to their good oxidation/corrosion re-
sistance and outstanding mechanical properties. Beam-based additive manufacturing ( AM) technologies, particularly the la-
ser and electron beam melting processes, exhibit great potential in producing superalloy components with complex geome-
tries. It combines the advantages of both high flexibility and cost-effectiveness. Besides, the AM superalloys usually have a
comparably higher tensile strength than the conventional cast, as a result of the yielded refined microstructure. However,
with the increase of Al and Ti content, the superalloys with a higher volume fraction of y" phase demonstrate high crack sen-

sitivity. This brings challenges of applying AM to the aero

Wi E: 2021-09-30 fEE B 2021-12-07 industry. Compared with selective laser melting (SLM) ,
E&UWH: EEPHIEARLY(2019-VII-0016-0157) the powder bed preheating featured by selective electron
E—1EE: 2 Bl B, 198244, AIHEEZ, WA, beam melting (SEBM) helps alleviating the thermal stress

Email: penghui@ buaa. edu. cn and the resultant hot cracks. In this review, the latest de-

DOI: 10.7502/j. issn. 1674-3962. 202109041 velopments of Ni and Co-based superalloys fabricated by
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SEBM are reviewed. The SEBM processing parameters, microstructure and mechanical properties of weldable and non-weld-

able superalloys are compared and evaluated. Finally, several possible research directions are also suggested.

Key words: additive manufacturing; selective electron beam melting; superalloy; crack sensitivity; microstructure tailoring
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Fig. 2 SEBM processing window for GH4099 superalloy; (a) argon gas atomization powder; (b) plasma rotating electrode-comminuting process powder
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Fig. 4 Effect of SEBM scanning parameters on microstructure and crack in 1C21 alloy[zs] . (a) optical micrographs of IC21 alloy fabricated with dif-

ferent scanning speed v to achieve a range of line energy E; , (b) the relationship between columnar grain width and crack ratio
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Fig.6  SEM images of SEBM DD5 superalloy showing the 7y’ precipitates: (a) build height Z=16 mm, (b) build height Z=19 mm, (c) build height Z=30 mm
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Fig. 16  Ni-based single crystal superalloy fabricated by SEBM

(a) sample exhibiting a monocrystalline central region; (b) IPF-Z map

acquired in the central part; (¢) (001) and (111) pole figures; (d) IPF maps of the whole transverse section, demonstrating the

presence of a single crystal over a width>15 mm
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Computational alloy design spaces used for new grades of superalloy, locations of heritage alloys are also plotted for comparison

[68]

: (a)

modified weldability diagram with maximum strain-age cracking index identified; (b, c¢) strain-age cracking merit index and its relation-

ship to y' fraction and creep merit index; (d, e) presents magnitude of freezing range in relation to y' fraction and creep merit index,

where strain-age cracking and creep merit contours are indicated; (f) the final design space used to isolate new grades of alloy based up-

on freezing range, strain-age cracking index and minimum required strength and creep
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Table 1 The approaches used to predict properties of nickel-base

superalloy' ")

TESLIERN B, BEEIT-B 4 B AM &R
B UG A B T H . Koepf 2517 5% i i A%
SR A = 4ERE RIS T SEBM #1145 Inconel 718 FY b HL

Properties Methods 451, Sames %[77] MR S M FAAE R | ) 20 AL R 355
o — B | X SEBM 14 Inconel 718 4 4 H oML #
Densi . ZSHATIIE, JEXE SR BEEIH S RN ) R AT
ensity Physical -
, CALPHAD FIAEAT H 2 10 B 5 R AT THRIE. Dehoff 557 FI ] Kurz-
v content N - s
Giovanola-Trivedi ( KGT ) 4t 3 % [& # B A L 3 BB T
Phase stability CALPHAD SEBM ﬁrﬁ“% Inconel 718 %é‘z\jﬂ_:‘z:lﬁ] SEBM }JE}B%%%&FE@
Fatigue life ANN REME ¢ 5EW A EHER R, UG HEALIR, R
Yield stress ANN N bR T BEE B AR, BT CET 5 SEBM i
Ultimate tensile strength ANN HSRZ I REER . Babu %[79] T AR
R . IR0 TN FJEAZ T Inconel 718 & 4 [ BE
upture time ANN
N AN FIZHEY, & 21 o BB 2 A Y SEBM o 2 Hh i
r activity . s
BRI T A SHCR I G A RAB (N, S BER S HTiE ¥ 4G
" sol ALPHAD sk N s e St s e L
v sohs ¢ B0 . IEIRT S, SEBM H b B RHRE B, R 5
Tensile elongation ANN SR il SIE AL
velocity / (m/s) velocity / (m/s)
0.0001 0.001 0.01 0.1 1 El 0.0001 0.001 0.01 0.1 1 El
1 I wl [ L 4 1 | wil 1 I 4
7.0 510 7.0 £s10
Fe Fe
6.5 [ 6.5 | [
= I N
5 6.0 — =10° @ 6.0 =10° @
= ———— g g T
& 55 Equiaxed [ (,?E 5.5 [ S
8 L2 = L2 é
o =
FRaRE N e— 5_3105 2 50 e 5_2105 2
= N — =Ry
4.5 B — . 45—= — -
00 02 04 06 08 1.0 —= 2 =00 02 04 06 08 1.0 —r 2
Probability of Stray Grains ——— = Probability of Stray Grains —— 4
40 T T T T P10’ 40 T T T T r 10
-4 -3 -2 -1 0 1 -4 -3 -2 -1 0 1
log (velocity / (m/s)) log (velocity / (m/s))
K21 JEA%EEXS SEBM 4% Inconel 718 &4 CET (U520 ™ . (a) BiIEA%HEE 8107 m *5 (b) LRk 8x10™ m™
Fig. 21  CET conditions during SEBM process of Inconel 718 superalloy are shown for high-number (8x10"° m™) (a) and low-
number (8x102 m™) (b) of pre-existing nucleit ™
7 & = g1 FERAHSC TS ATUAL AL S0 4 AR o B B Ay 3 — 40t
=A (=]

SeHEAL S A S HLAN Tk R R AL 4 PR A Ji s AN O
rPERE R A &, EVEE A RS, A
IR ErERe . RAFIHSURGENE | B4 AT I ik A e 4R
PEPEREL S ARG R | IR 3E B R AR m i & 4
AT R R B 75 17

Wit 5 4 A o) e A A L 5 s R 3 v ) s 37 AS B 2
T, VIR HGE X (SEBM) | OB XK (SLM) 47
AR A HE A 1) i B A B AR ol e R T )
EMEETE, T, TR HE L m R A S

WAL R,
SE Xt References

[1] REED R C. The Superalloys: Fundamentals and Applications[ M ].
London: Cambridge University Press, 2006.

[2] HUANG Q Y, LI H K. Superalloy[ M]. Beijing: Metallurgical Indus-
try Press, 2000.

[3] KORNER C. International Materials Reviews[J], 2016, 61(5); 361—
3717.

[4] SAMES W J, LIST F A, PANNALA S, et al. International Materials
Reviews[ ] ], 2016, 61(5) : 315-360.



266

Hh A ki

541 %

(5]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

DAVIDE S. GE Aviation Already 3D Printed 30, 000 Fuel Nozzles for
Its LEAP Engine [ DB/OL]. (2018-10-05) [2021-09-30]. ht-
tps: //www. 3dprintingmedia. network/ ge-aviation-already-3d-printed-
30000-fuel-nozzles-for-its-leap-engine/ .

SIEMENS. Siemens Achieves Breakthrough with 3D Printed Gas Tur-
bine Blades[ DB/OL]. (2017-02-06)[2021-09-30]. https: //
press. siemens. com/ global//en/ pressrelease/ siemens-achieves-break-
through-3d-printed-gas-turbine-blades.

ASHLEY E. The Future of 3D Printing with Additive Manufacturing
[DB/OL]. (2019-06-24) [2021 =09 -30]. https: //blogs.
sw. siemens. com/ thought-leadership/2019/06/24/ the-future-of-3d-
printing-with-additive-manufacturing/ .

LI J, WANG H M. Materials Science & Engineering A[J], 2010, 527
(18/19) . 4823-4829.

WANG T, ZHU Y Y, ZHANG S Q, et al. Journal of Alloys & Com-
pounds[J], 2015, 632; 505-513.

YEN-LING K, AZUSA K, KOJI K. Metallurgical & Materials Transac-
tions A[J], 2018, 49. 3831-3837.

UNOCIC K A, KIRKA M M, CAKMAK E, et al. Materials Science &
Engineering A[J], 2020, 772(20) . 138607.

AKCA E, GURSEL A. Periodicals of Engineering and Natural Sci-
ences (PEN)[J], 2015, 3(1): 15-27.

The Minerals, Metals & Materials Society. Compositions of Typical
Cast Superalloys[ EB/OL]. (2002-03-01)[2021-09-30]. https: //
www. tms. org/ Communities/ FTAttachments/ susuperalloystab _ cast-
comp. pdf.

The Minerals, Metals & Materials Society. Compositions of Typical
Wrought Superalloys [ EB/OL]. (2002-03-01) [2021-09-30].
hitps: //www. tms. org/ Communities/ FTAttachments/ superalloystable_
wroughtcomp. pdf.

LEHOCKEY E M, PALUMBO G, LIN P. Metallurgical & Materials
Transactions A[J], 1998, 29A(12) : 3069-3079.

LONG H, MAO S, LIU Y, et al. Journal of Alloys and Compounds
[J], 2018, 743 203-220.

HENDERSON M B, ARRELL D, LARSSON R, et al. Science and
Technology of Welding & Joining[J], 2004, 9(1) . 13-21.

PENG J Q, ZHANG HT, LI Y F. Procedia Engineering[J], 2015,
130 668-675.

DINDA G P, DASGUPTA A K, MAZUMDER J. Materials Science &
Engineering A[J], 2009, 509(1/2) : 98-104.

KIRKA M M, MEDINA F, DEHOFF R, et al. Materials Science &
Engineering A[J], 2017, 680(5) : 338-346.

CHAUVET E, KONTIS P, JAGLE E A, et al. Acta Materialia[ J],
2017, 142(1) ; 82-94.

FERNANDEZ-ZELAIA P, KIRKA M M, ROSSY A M, et al. Acta
Materialia[ J ], 2021, 216(1): 117113.

AMRITA B, RANADIP A, SUMAN D. Additive Manufacturing[ J],
2018, 22: 665-671.

RAMSPERGER M, SINGER R F, KORNER C. Metallurgical & Mate-

[26]

[27]

[28]

[29]

[30]

[31]

[32]
[33]

[35]

[36]

[37]

[38]

[39]

[41]

[42]

[43]

[44]

[45]

[47]

[48]

[49]

rials Transactions A[J], 2016, 47(3) ; 1469-1480.

YAO Y, XING C, PENG H, et al. Materials Science & Engineering A
[J], 2021, 802(20) : 140629.

MURRAY S P, PUSCH K M, POLONSKY A T, et al. Nature Com-
munications[ J ], 2020, 11 4975.

HUNT J D. Materials Science & Engineering A[J], 1984, 65(1) .
75-83.

GAUMANN M, TRIVEDI R, KRUZ W. Materials Science & FEngi-
neering A[J], 1997, 226-228(1) : 763-769.

KONTIS P, CHAUVET E, PENG Z, et al. Acta Materialia[ J], 2019,
177 209-221.

WANG L, WANG N, YAO W J, et al. Acta Materialia[ J], 2015, 88:
283-292.

KORNER C, RAMSPERGER M, MEID C, et al. Metallurgical & Ma-
terials Transactions A[J], 2018, 49. 3781-3792.

PISTOR J, KORNER C. Materials Letters: X[J], 2019, 1. 100003.
PENG H, SHI Y, GONG S, et al. Materials & Design[J], 2018,
159: 155-169.

THOMAS M, BAXTER G J, TODD I. Acta Materialia[ J], 2016, 108:
26-35.

KARIMI P, SCHNUR C, SADEGHI E, et al. Additive Manufacturing
[J]1, 2020, 32: 101014.

ZHAO X, RASHID A, STRONDL A, e al. Journal of Materials Engi-
neering and Performance[ J], 2021, 30(3) : 2091-2101.

AKRAM J, CHALAVADI P, PAL D, et al. Additive Manufacturing
[J], 2018, 21 255-268.

HELMER H, BAUEREISS A, SINGER R F, et al. Materials Science
& Engineering A[J], 2016, 668(21) : 180-187.

HINOJOS A, MIRELES J, REICHARDT A, et al. Materials & Design
[J]1, 2016, 94(15) : 17-27.

MEID C, DENNSTEDT A, RAMSPERGER M, et al. Scripta Materia-
lia[ J], 2019, 168 124-128.

RUTTERT B, RAMSPERGER M, RONCERY L M, et al. Materials &
Design[ J], 2016, 110; 720~727.

RAMSPERGER M, RONCERY L M. Advanced Engineering Materials
[J], 2015, 17(10) ; 1486-1493.

RAE C M F, REED R C. Acta Materialia[ J], 2001, 49(19) . 4113-
4125.

KARUNARATNE M S A, RAE C M F, REED R C. Metallurgical &
Materials Transactions A[J], 2001, 32; 2409-2421.

FUCHS G E. Materials Science & Engineering A[J], 2001, 300(1/
2): 52-60.

ACHARYA M V, FUCHS G E. Materials Science & Engineering A
[J], 2004, 381(1/2) . 143-153.

PARSA A B, RAMSPERGER M, KOSTKA A, et al. Metals[J],
2016, 6(11): 258.

KIRKA M M, UNOCIC K A, RAGHAVAN N, et al. JOM[]], 2016,
68(3): 1-9.

PIKE L M. Superalloys 2008[ C]. Pennsylvania: The Minerals, Metals



e

E &

4 3 W

BEE, BT REXIE L (SEBM) BAH il & = iR A i os ik

267

[50]

[51]

[52]

[53]

[54]

[55]

[ 56

[

[57]

[58]

[59]

[60]

[61]

[62]

[63]

& Materials Society, 2008: 191-200.

DINWIDDIE R B, DEHOFF R R, LLOYD P D, et al. Conference on
Thermonsense : Thermal Infrared Applications XXXV[ C]. Baltimore:
The International Society for Optical Engineering, 2013 650—655.
GOEL S, OLSSON J, AHLFORS M, et al. Proceedings of the 9" In-
ternational Symposium on Superalloy 718 & Derivatives: Energy, Aero-
space, and Industrial Applications[ C]. Pennsylvania: The Minerals,
Metals & Materials Society, 2018 115-129.

ANDERSON M, THIELIN A L, BRIDIER F, et al. Materials Science
& Engineering A[J], 2017, 679(2) : 48-55.

CAI DY, ZHANG W H, NIE P L, et al. Materials Characterization
[J], 2007, 58(3) : 220-225.

SAMES W J, UNOCIC K A, HELMREICH G W, et al. Additive
Manufacturing[ J], 2016, 13, 156-165.

BURGER D, PARSA A B, RAMSPERGER M, et al. Materials Sci-
ence & Engineering A[J], 2019, 762(5) : 138098.

LINGENFELTER A C. Proceedings from Materials Solutions 97 on
Joining and Repair of Gas Turbine Components[ C]. Indiana: Indian-
apolis, 1997; 3-6.

HENDERSON M B, ARRELL D, LARSSON R, et al. Science and
Technology of Welding and Joining[ J], 2004, 9(1) : 13-21.

DYE D, HUNZIKER O, REED R C. Acta Materialia[ J], 2001, 49
(4): 683-697.

ZHOU Z, HUANG L, SHANG Y, et al. Materials & Design[J],
2018, 160(12) ; 1238-1249.

RUTTERT B, RAMSPERGER M, RONCERY L M, et al. Materials &
Design[ J ], 2016, 110(15) ; 720-727.

KIRKA M M, MEDINA F, DEHOFF R, et al. Materials Science &
Engineering A[J], 2017, 680(5) ; 338-346.

CARTER L N, MARTIN C, WITHERS P ], et al. Journal of Alloys
and Compounds[ J], 2014, 615. 338-347.

WANG H, ZHANG G B, SHEN W J, et al. Journal of Alloys and
Compounds[ J ], 2019, 807 151662.

[64]

[66]

[67]

[68]

[69]
[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

HARRISON N J, TODD I, MUMTAZ K. Acta Materialia[ J], 2015,
94 59-68.
CHAUVET E, TASSIN C, BLANDIN J J, et al. Scripta Materialia
[J], 2018, 152; 15-19.
RAPPAZ M, DREZET J M, GREMAUD M. Metallurgical & Materials
Transactions A[J], 1999, 30(2) ; 449-455.
SANTOS E C, KIDA K, CARROLL P, et al. Advanced Materials Re-
search[J], 2010, 154-155. 1405-1414.
TANG Y T, PANWISAWAS C, GHOUSSOUB J N, et al. Acta Mate-
rialia[ J], 2020, 202: 417-436.
KOU S. Acta Materialia[ J], 2015, 88: 366-374.
MONTAKHAB M, BALIKCI E. Metallurgical & Materials Transactions
A[J], 2019, 50(2) : 3330-3342.
CONDUIT B D, JONES N G, STONE H J, et al. Materials & Design
[J]1, 2017, 131(5) : 358-365.
Bk, MR, TR, AF MZSHIEEOR(I], 2017, 13: 16-25.
WEI L, LIN X, WANG M, et al. Aeronautical Manufacturing Tech-
nology[J], 2017, 13. 16-25.
RAI A, MARKL M, KORNER C. Computational Materials Science
[J], 2016, 124. 37-48.
ATTAR E, KORNER C. International Journal of Heat & Fluid Flow
[J1, 2011, 32(1): 156-163.
YAN W, QIAN Y, GE W, et al. Materials & Design[J], 2018, 141
(5): 210-219.
KOEPF J A, GOTTERBARM M R, MARKL M, et al. Acta Materialia
[J], 2018, 152(15): 119-126.
SAMES W J, UNOCIC K A, DEHOFF R R, et al. Journal of Materi-
als Research[J], 2014, 29(17) : 1920-1930.
DEHOFF R R, KIRKA M M, SAMES W J, et al. Materials Science
and Technology[ J ], 2015, 31(8): 931-938.
BABU S S, RAGHAVAN N, RAPLEE J, et al. Metallurgical & Mate-
rials Transactions A[J], 2018, 49. 3764-3780.

(%% K@)



