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Degradation of Creep Properties of Additive Manufactured
Ni-based Superalloys
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Alloy718¥3 K (Y-free Alloy718) D 1L2E#HIK % Tablel (278
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KoM T > F 74 FEESICRIEL Twad Z & (Figl
(b)) »MifE R & A7z, TEM-EDS Tl L 72 6 # D # K (in
mol%) &, 20.2 Cr-15.8 Fe-14.5 Nb-2.9 Mo-1.2 Ti- 0.1 Al- bal.
Ni Td -7z, Figl (b) 226 NbiZF Y F54 ba7 kb
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Table1 Chemical composition of alloy powders (mass%).

Cr Nb Mo Ti Al O Y € B Ni Ee

Y-free Alloy718 19.6 5.05 2.85 1.10 0.46 0.019 = 0.04 0.002 52.59 Bal.

Y-added Alloy 718 18.9 5.22 3.06 0.84 0.61 0.007 0.07 0.05 0.001 52.07 Bal

200nm

Fig.1 TEM images of the & phase of (a) an as-built specimen, (b) Nb
segregation in the interdendritic region in the as-built specimen, (c)
an STA specimen and (d) a DA specimen. The particle lengths of the
& phase were 47-70 nm in (a) the as-built specimen, 405-705 nm
in (c) the STA specimen, and 50-180 nm in (d) the DA specimen,
respectively'” . (Online version in color.)

Table2 Post-process variants 29,

Variant 1% step: Solution treatment 2" step: Age hardening
STA-980°C* 980°C /11/ air cooling 720°C /8M/ furnace cooling to 620°C +
STA-1045°C 1045°C /1h/ air cooling 620°C/10h/ air cooling
STA-1065°C 1065°C /1h/ air cooling
STA-1120°C 1120°C /1h/ air cooling

STA-1180°C/1h 1180°C /11h/ air cooling
STA-1180°C/4h | 1180°C /4h/ furnace cooling

Variant 1% step: HIP process 2™ step: Post treatment
As-HIPed HIP at 1180°C/175MPa/4h N/A
HIP+ direct HIP at 1180°C/175MPa/4h | 720°C /8h/ furnace cooling to 620°C +
aging 620°C/10h/ air cooling

*Solution treatment and aged at 980°C
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MO A e 5 Z & A6 T3, STA (solution
treatment and aged) #4 & DA (direct aged) 4D SfHDHLRE
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DRtz & BREOREL LOERRLRd OB E LTE

9 a 0
(a) 550MPa, 650° C Caw :
< 6 :
[99) ]
£ !
E ]
» 3 F
STA As-built DA
0 500 1000 1500

Strain, € (%)

5%, LEA>T FY R4 b EREEC Laves 1/ 04
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A O ORI IE X Hab 5, STARRERF TiE, R IRD ofH A
SRRFNCEE T % (Fig.1 (o). 815~980C T &% ot
&, SEIRFTI Y 37, ZO$HIR oM REZLIL, STAT 1 &
2.0 d-subsolvus & T & 3 980°C TORMALALELIZHEA L
T3, ZOSHIK oMIE— MM PR R e E§
7. BFE U< 0, STARERF (Fig.l () Tl $Hko o
A U TIHEL, 2 ) = THRMRMURE I EEL 6N
%o SHRIEREA I, BERAADOE TASICHIT 5%,
2%, —#ETuhX72“5-phase embrittlement”?” 73 STAZR
Bl oo ) — Tl e sk O EABBEE L 5N 5,
—75., 980C TIARILALEE A2 L T WDAGRER R D2 ) —
TR i SLMakER i O Tl & Kvy, DAM TR, Rk
oMt (Fig.1 (d)) »M5R & . DARRBRF 13 STAGER T &
D HBADFRAE LRI 2PN AE L Rifs 2 ) —
TImERT EEZ N5, La L, horizontal-DAGRERF D
WA 23, verticall DAGERFIZHRZ LKL T3 Z
EWoh 5 (Fig.2 (b)), horizontal- DA iAERF i, Fig.2 (d)
WORT LTV F T4 MRS - 2B 2 Bls < h
7z horizontal ikBEF DA, 7 F F 4 MIFERIIZIE T
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Fig.2 Comparison of creep curves between (a) AM-vertical and C&W specimens, and between (b) vertical and
horizontal specimens of the DA material. SEM images show fracture surfaces of (c) STA-vertical and (d) DA-
horizontal specimens' . (Online version in color.)
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—J7. C&WiRERF D 2 1) — 77313491200 h, SLM ikBiH-
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i leid 2 2 I OB O A 7R U 72, Fig.3 (a). (b) 1
2) — TR D SLM-STA#RERH O TEM Mk & 71§ 2
Y — 7B & 812, SR ORhL & RA S S h s
(Fig.3 (@), (b)). Fig.3 (@) XV (b) 1TmR§&HIZ, 7)) —
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T iRBRAT % TRV ZL L TN Z &5 5 | infiilig
WBRETHDHEELOND, SIMT U XTI, HI AL
F— L =P REORE L, V= —EL N BIZD
NT10-10° K/s OFE CRHICIE - Al S22 End
AP FU R T4 kR KO OB (Figs ()
1. VAR SR AT BB NS K> TEL 28D TH D
EEIo5N5,

2 ) — T U 72 STAGRERF Cid. oIz - 22 ZH
111} i EicEigixhsz (Fig. 3 (). 7 9 v ZHICEE L
ARGy & F5D R0 28 {111} 1O ERIS T %

Fig.3 TEM microstructure of the (a) STA specimen before creep test, (b) (c) STA
ruptured specimen and (d) C&W ruptured specimen. The electron diffraction
pattern indicates mechanical twin formation' .
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Fig.4 Scanning electron microscope images of (a) as-built, (b) STA-980 C, (c) STA-1045 C, (d) STA-1065 C, (e) STA-1120
°C, and (f) STA-1180 “C/1 h specimens . (Online version in color.)
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RSO K E WEERAR % B 5 SLMEE CIEMBREORA
DHBERENEELONS D, RABEOEEIZONT
FL AT TRNG,

3> BIMBICEDYU—THEENE

31 HBAEBHEOMBRE

B TR 72 K 512, LR =g E 232 ) — 7
FEOTERTH % &4 2 LA X 0 RitE o %
T3 BEMEA RV, 2 2T, asbuiltikBR &, 0AH D sub-
solvus (980°C), solvus (1045°C), super-solvus (1065C) %
Ete, 980~1180°C DAL IZIEL L. KU T 1 hiR

FrL72%, Btk DEEREITHANL 2, 20%, 718CT
8 h. 621°C F THA L. 621°CC 10 hifH5 L. EilF ¢2%ek
T 5 2BPE ORI 24T 5 72, T 6 OEVIEE A i L 7=
Ak % STA-980°C. STA-1045°C, STA-1065°C, STA-1120°C,
STA-1180°C & L 7z (Table2”). HIP 1180°C, 175 MPa, 4 h
O HIPAER® %1772 (as-HIPed) . & 512, HIPAWFR{% I
SHAUER 4T 5 HIP + EZIRhaRER IS DWW TRRET U 72, B
HIRFVEI XS 2 HIPAWEDIE OB A FHR 5 728, 1180C
TR U 4h IRFFt%. SR F T (HIPAAPE & %D
W LR U, 2 D% ERERERILEE 2 170, DSk &
g U 7=, STA# O SEM % Fig.4!=, IPF~ v 7' % Fig.5
12T, 980°C TR ML ILEL & — E¥FS N UPE % 1T > 7=
. NbIZEOQ OHPRARE T Y F54 PRICH > TEER
57z, OO Y ORI & D, STA980C DikERH &
as-built OFRERF T, FEE R OTZRE L REEASELL Tz,
STA-1045C OFRERF TIZRIAUTI - Tl L 72 Rk DAL
MBI NIz, 5T IR D RIS, TR
F 4 M OHD R U7z, 72, S-solvusiif¥ (1045C)
#HZ % 1065C OFEAALIRIE Tid, FRSa 2 HH LR O
YOI & SRR Z T 5 oHOBREIZED. bTh
SRR T % Z & 208 X 7z, STA-1120°C & STA-1180°C
DHAFEA LD SHHMPERL T MY v 7 ZIZHEE L 72,
LA L, 1120C B EDWRE T3, BALMARET 2 DI1c+45
L BEE A B 5 72728, NbC % FE#kJr & 3 5 kA AR

Fig.5 IPFs of (a) STA-980 °C, (b) STA-1045 °C, (c) STA-1065 °C, (d) STA-1120 °C, and (e) STA-
1180 “C/1 h specimens were analyzed using the orientation measurements by EBSD. The building
directions are shown by arrows 2. (Online version in color.)
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EBHER I NIz, — 3 I (KAM, kernel average
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FERH S 2 LTz (Fig6) . L2 L, FfSsRiIEAY
—RifE &2 A L Tz, HIPAWERT#R DIPF~ v 7128\ T,
SRRk BlgE < 7z (Fig.7) . SEM fHA% % Fig.8 12”9,
HIPIRE A 7280, BV L 72 SLMGRERF & ik L ¢ ki
ENKRE SRR L., K0SEHN AR L T
% Z Ehbr %, HIPAEE & EFZIENLEE (SRR - HIP +
PERER)) A7 OIPF v v 7' 5, HIP# OFMLIC K
D.IEEEFEFLMNEBREL TWBZ Ebhrb, E5IC

HIPALEE X 7= b RHE, HIPUER O iy AR EE 23K 72 8D

Fig.6 KAM maps of (

“Toopm “Toopm loopm 100pm 100pm

) as-built, (b) STA-1045 °C, (c) STA-1065 ‘C, (d) STA-1120 °C, and (e) STA-1180 ‘C/1 h specimens were analyzed
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RACIOERR T ENIEFEIZRE L o> TORRIIY 7ok
LCW5, %72, HIPAWEE L 72308 T3 Ak o kiR 2 it -
TEIZHAL, 7 M) w7 ARSI LT 7203,
STA-1180°C /4h DK CIZBALIIFIZ & A ERIFIZIH - T
Mithh U T 7z, HIP# & BULERHE & D At oM IZRED A
X, FE L THIPTORMmIZL % &E L1615,

3.2 BNBMO)—THHE

B % i U 7= 2RBR 12 DT 650°C /550MPa D4l
T ) — Tk A 1T - 72, SLMiRBRF D 2 ) — 7RI
+ 3 B O B 4 Fig.9 ¥ K O'Fig. 101254, 2 ) — 7k
J& O i M ERERR I S E X 7z (Fig.10 (c) 28H) . Fig.9

I acal Misaricntation ;vﬁ

using the onentanon measurements by EBSD. A square scanning grid and neighbor shell (5 x 5) were used to calculate the misorientation.
These KAM maps were run ata 0.5 u m step size using a 600 x 600 point grid2® . (Online version in color.)
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Fig.7 IPF images of (a) STA-1180 ‘C/4 h, (b) as-HIPed, and (c) HIP + direct aging specimens were analyzed using the
orientation measurements by EBSD. The building directions are shown by arrows?® . (Online version in color.)
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Fig.8 Scanning electron microscope images of (a) STA-1180 “C/4 h, (b) as-HIPed, and (c) HIP + direct aging specimens® . (Online

version in color.)
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IR & 91, asbuiltikBRF 13270 hod 27 ) — Tkl F5
%R U 72238, STA-980°C ikl 113 as-built allii Fr 53 D%
Widi iy L 2R & 2852 o 7=, IR offr i hvdiie U CHA(Ed 5
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HODFE L —KHEEZ N5, £z, REANHE & EHK 0
Mt oFNE, & 2 - VEROKEBD, 2) — T T %
I F & 72, STA-980C DR 28 & 5% 2 ) — Tk A3
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1065CTid. & BOWERLIRE TAFLL 2720, TV F T
A b1 MDA A EA, STA980C &V 135 2 IcRny
) — TG @ AR L7z (Fig9). 5122 ) — 7T —
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FOFHHEEIZZNFI159x107 s & 1.90 x 107 s 123
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KUV OO RN D728, STA1045CikERH D 155Dk
Wik & 55 2 Ehbh -7 (Fig.10 (a)). BErmiE, STA-
980°C. STA-1045C., STA-1065CDZNZFNTTF Y FF A b
oS = LSRR S &2 — ¥ RAE L Tz (Fig1l),
Alloy718 1% Ni,Nb#l& & HA & 4 % " #1 % T & 547

R LIS Th b, LA L, SHHOEHKIZIL6.8 mol% D
NbiRENVETH D, v HEBIC LB A AEEILREN Y b
)y 2 ZMERBLTLES W, ZOME, MDA M
DIZONT, 7)) = TBEMET T2 &Ik 5, 51T,
FESRID 7 27 b R OIA, BT — F IR
225, 2070, BERIE AT Y F T4 M- 7
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WG a L L CTnb Z b h - 7= (Fig.10 (a)). Hi
g (T/T,=0.3~0.6, 380C~760C) TD» ) — 7,
FERRANDF v © T 1 OB EKETHIGE NS Z &2
2, 2 OFER, STA1180°C/1h DB 1Z. BARDETIC
g BRI ND OFGANE W28, STA1120C & h Eh
M2 ) =T WERT EEZ SN b, S, STA-1120C
DREFF TIRRAR ERIND S 2 —  ANRAEL Tz, Bk
R R A RN UL OSSR (5] E 3 | OREER. &
SYANRIAIY, R RO & 75 5%, —T5. STA-1180°C D
FRER T CIRRI A B 2 BER < 7z, STA-1180°C /1 hikl
FEMLPEA T L 72 SLM B OH Tk & R\ o ) — Tl
F & L7zo (Fig9) . STA-1180°C/4 hikBaFid o ) — 7
FENSE - 72 (Fig.12) . — 5. BMLEE % 175 700y HIPALEERF
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the initial 165 h?® . (Online version in color.)
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(a) Creep life, (b) creep rupture elongation, and (c) the minimum creep rate of heat-treated specimens under 650 C and 550 MPa2? .



BIE%EH W STA1180C /4 Witk D  BliF 7)) — 7
Wil %@ 28 U 72 (Figs.12,13). & 512, HIP+ #3040 T
iE. 2 OBOBLINC & 0 LHN L 7272, 2 ) =T
9 @ 1% 700h 2 R U 72, STA-1180°C /4 h. HIPAUEE:,
HIP + BRI OB, KABSE T h 5 Z & Al &

Fig.12

Creep strain, € (%)
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N7= (Fig.14) . Fig.12% & O'Fig 1312 /8§ & 5 12, HIPALEE
IZ&D ) —TEHPUEI NS I L ERL TS, HIP+
TELPERERLER U 72 3Rk Tl BT a8 KIRI S IEOY,
) — T DI NEEE SRR K < 72 o 7203, A ginhs
KRR &2WIET 5729 Th %%, X 512, HIPIRERFT IS

STA-1045°C STA-1065°C

STA-1180°C

Fig.11 Rupture surfaces of (a) STA-980 ‘C specimen, (b) STA-1045 °C specimen, (c) STA-1065 ‘C specimen,
(d) STA-1120 °C specimen, and (e) STA-1180 ‘C/1 h specimen under 550 MPa at 650 ‘C2 .
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(a) Creep curves of post-processed specimens under 650 ‘C /550 MPa and (b) in the early stage of the initial 165 h22 .

(Online version in color.)
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Fig.13 (a) Creep life, (b) creep rupture elongation, and (c) the minimum creep rate of postprocessed specimens under 650 ‘C /550 MPaz2?
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132 7Y IROFERIRRIFE I E . 7 ) — T i s
KIIZIER X 5 Y, BALIC & 2 R FREB O M, KR
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Tz (Fig.15 (a)) . Fig.15 (b) oK%, 50.50,47.6Y, 1.9
Al (in mol%) 7 & Hk T T 7=, Y-free ikEi T & Y-added
RBEF O R 114 % Fig. 16 1278 ¥, Y-free STAZRER T
13, Fig.16 (a) 12" & 512, @& EOEHR oo @
DAV LT AL EHFORFHBE I, & 612, KM
1% (Fig.16 (a)) Tid. MR oFHDJRHIZ TN s B KT 237
16322 eBbholz, ZORVEKTIE, TEM-EDS /3 #ri2
K0 ANCEORBLI TS % LlRE & h2Y, BESARIT
Y % & % &0 asbuiltik BT 176ppm. YA IR U 72 as-
built ;REZF T 105ppm T - 7245, FEKD C&W ikBRH Tl
6ppm T > 7=, F 7=, $5i Alloy718 Tl 7ppm ThH 5>,
ZD &SI, SLMikBih 30RO MB 2 FFE T 5 MR EH
AR SHA TS, ZORLYIR 13, MIARBENERICR
ALZBRIBBEIZL>TER ST 28D Bbh b, ot
Mo X%, Y 2RI L Ty STARRERF T3 0.5

Fig.15 An elemental map analyzed by FE-EPMA showing distribution of Y in the Y-added as-built specimen, and STEM

image of (b) a yttria-rich particle and its element mapping of (c) oxygen, (d) aluminum, and (e) yttrium. The particle
mainly consisted of oxygen and yttrium. The content of aluminum was extremely low in the particle. The color bars
indicate the concentration identification by the X-ray counts® . (Online version in color.)
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~15 pum Th 722, YERML 7z STARRER T 0.2~
0.5 pm OHFPAZE > Trzz, YIRIMZ X 0. gHR ot
HAHIRI X 5 Z &2 6 227 572, Fig.16 (b) TiZ, FE-
EPMAZMRIC & D BN R F a3 Y ICE Ot cdb 5
Z L AMifERE & Mz, Y-added kR P T3, Y-free ik 12 kb
B OEE D3 K< 7> T 5, Fig.16 (b) DV
K T3, ABENZRET Nb 1258 TH 5 Z &2 5, Laves
HeEzZ 6Nn 5, Fig16 (¢) Tid. STEM-EEDS Mz & D,
ORI IR OB ORI 1 Y/Nb IZE TR T T 5 & Al &
Nz, AR TR YRGB th oMK &A% 105 ppm
EWE U 72, Y,0, DAL GG 5 i A Y O G A RIE
0.039 mass% T& 0. 0.07 mass% DY DHMNLEETH 3.
YORMEAZ 4 E 5 L Y/NbIZE &SRB AMA TR
INB, YRINZ K0, BBHRICTER S h b SHO R+
DRI 5 Z L Db - 72, 650C., 550MPa Trkli L
7z Y-added ik 0 2 ) — TR & Fig. 17 128§, YAree ik
BRI I3AERD C&RW kB & ik LT L <2 ) — Tk
Wi &R L7228 Fgl7iomnd & o1, 2 ) — 7Rtkidy

BIROL—Y —BRUE TERLENIEBE 20V )—TH4EH1t

DOFINZ KD BIIZEGE E D Z L2 s - 7z, Vertical ik
Bl (Fig.17 (a)) Tl3. STARERF 0 2 ) — 7l 55 28
#134hTd % DIZ %t L. Y-added STAGER T D Z 1id 3£
(396.0h) DEXTH B Z b7z, FiZ, 7V — T
WXYRINS & 0 $I8H512 % > 72, Y-added DAGRERF-1Z. 2
) — 7 FF 726 h, 085.2% &R U 7z, Wi STARER T Tid.
Fig.2 & AR D EHIR ofH DM A BIER S 7z, SHIR ofIE %
RN R A RIX T 0P LS v, 2R TR
7-“d-phase embrittlement” * %3, Y-free STAFRERF A3 & &
) — 7 %% TAPHTH A5 . AUSE IR0
B2 &0 OO EMEE S, SHIZ&k D 2 ) — T REDRHAL
L7zdDEEZ 5N (Figl7 (@), T74b b5, Alloy7181d v’
/ v" (Ni;Nb) #AHHIN kvt e h s, Alloy718454:12
13 Nb 2RI THED, yw M) w2 8EA 7 v -Ni;NbHHD
& S B, Theska 6™ 12 &g, Zho DR Fid. L
WEUIEy /v duplets %713 v"/ v / v triplets#riit & L
THC. v/ y' /" tripletstirtti¥mid. Wiy / v"/ v/
v” quadruplets il e L Cligich b, 2D K512, v

Y/Nb-rich

particlej
/

0.2 um

Fig.16 Backscattered electron (BSE) images and STEM image of STA specimens. (a) BSE image of Y-free Alloy718 specimen
and its magnified image, (b) BSE and (c) STEM images in the Y-added specimen®? .
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Fig.17 Comparison of creep curves at 650 “C /550 MPa in the SLM- (a) vertical and (b) horizontal DA specimens® . (Online version

in color.)
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W, Ko/ &y il e EL Tad, v/ " Rl
i3, R CTOALIZ &K D, " R ORKAL & B#HT 5%,
L7225 7T, v/ y" Fmmid sy (co-precipitation) %K,
FTHZLICkD, yHORENAA ESE2ZLNTE S,
Y ORI RN, y HOREW A EE 8572012
IV TH 5. AEARDOBEE L BERE L AR TiOfEL
EIEEL. ThbDOILEARDNS 2. v #HNi; (ALTI)
Wt AR g b U, MFH D 7 # (NiNb) Hr i3 Hl
TIIHAETE Y. BEAR oM (NipNb) IZIIREhTLE 5,
ZORER, SHMKET S Z&IZh D, &5, NbIZED O
MOT 4 22 3L <. 7 ) v o 2L DREN
&5, MW EM S5 & BRI K2 RO HEE K Z
0. 25y OREIHEL 25T, YIRINC KB 2 ) — T
WiFan ol g, FEVATRE ROWRD 2 DO EE Z 5h
%, BALIA RO ) v H AR R, Y0, 8 EEAITLED
AT Tl A ETH H T ERLTW5, YIZAIA S
L EGOBILIOER ZWHIS 5 720, SHORE I X h
(Fig.16) . YIRINZ & 0 27 ) — TRHED RN I C G S ho iz,
S M HEZZ T d 1) L 750°C LLECIRIR] U NisNb #1002 4%
HoMICEZMbLLEEL NS, WEN EHT 2 & Mith
PWOHKLR v/ v — 0 DIIEHIHT S, Y-free ikErH
% 980°C TIIRMLALIE S 2 Z 12 &k b, SO A HERR
&Nz (Figs. 1 (c) , 16 (a)). 7=, STARBRR TIE, Kilkod
HELEERA T & % Laves W23 $HIR D o2& L § 5. $HIR
ORI IIE, STAZ v+ 2 D S[HYARE LI T D 980C TOE
RAVEZHERS 2 £ DTH B, 2 5 DEHK - JHEARIT
B2 7w 2 OB TESICHITT 5. Y-added skBi T
&, STAIZ X % Lavest & y" HHOZREIZ K 0, offbTiti A
WRETSHZE12k%, Lzn - T, IRILILER & i & 720
Y-added DA#113., Y-added STA#F & D & 2 V) — TEFRED
B - RIS T 2P E < L BiFg 2 ) — 7 Fd
ERT EHE AL S5N %, FilZ, DA- horizontal ik Tid, 7
V) — 7RO A LD EHE T H > 72, Y & & & 7\ horizontal
AR, SIS U CEELICAS L 2T Y R A MO
SHBT D 7= 12, REITIAIDERFTIZHANT 2 ) — T
MAHO HEYES S 72" YORIMNZ LD, 2V — Tl
1364 h 225592 h & 9fFIC, EMEIZ0.10 %25 4.4 % & 44
fir s kU 7z (Fig17 (b)), L 2 L. YO & E, TCP
(Topologically Close Packed) #HOEZR % U T, $hiltdd
SO - TREERZ S P Yid, $hEAEomE R
10ppm A T TH %728, AETLREMEA L TTCP 2K
%o SLM 70 £ Z Tl S8R DMERE A Alloy718 i -
PEMOMFEREEREL EHS720, YIEBELHEAL T
Y0, K 2T L, & 5 ICHEELEFE TR S L5 7201
% (Fig.15 ().
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DEDZEn»6  YARIMNYT 5 Z 12k D, SLM Alloy718
D) —TFHMmEEERRFEINDE I EBbLr ok,
Alloy718HAEICYARMT 2 L& AR Ti 0D DIZY
Uy FRILIAEK LT AL ) v FR{ILINCE 2 b, 2~
) — TR AT S OO EIIHNC D525 Z L
53705 720 SLMMITIEIZ 361 2 YIRIMOF S, WA ELE R
IZRFRIRADE T S ha W20, YIRINZ LD Al 2 Ti O
LA MKIk L C OO AT &, BERIZK S y- 0RO
L BEEIRIT 22N TERZETH D, 612, A
Bt Uz W EVA R A 4 T & % Hastelloy XD SLM A&
ETEHYRIMZ & 2 ) — T kb L OCEMEL SRS X h
525, ZHUIRIRD D 7 7 LR R D e 3 OIS O
KAz k s Ex6N5Y, 2% 0, YiRNZ, kA
4:SLM 71 & 2 THIYE & 7z Ni A SO AR RO A&
VEEMEFS T 572000 ET7 Ta—FD1DOTHDB L%
5hd,
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