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Abstract

To clarify the coupling effect of preheating temperature on thermal history, microstructural evolu-
tion and mechanical response of K447A nickel-based superalloy fabricated via Electron Beam Pow-
der Bed Fusion (EB-PBF), K447A alloy specimens were produced at two preheating temperatures
of 850°C and 1000°C. Optical microscopy (OM), scanning electron microscopy (SEM), electron
backscatter diffraction (EBSD), and room-temperature tensile tests were employed to systemati-
cally investigate the forming integrity, y/y’ microstructure, crystallographic characteristics, resid-
ual strain, and fracture behavior of the specimens. The results reveal that columnar grains epitaxi-
ally grown along the building direction and typical y/y’ dual-phase microstructure are formed in
specimens under both preheating conditions. When the preheating temperature rises from 850°C
to 1000°C, the molten pool cooling procedure and interlayer thermal accumulation state are opti-
mized. Interdendritic elemental segregation and continuous carbide segregation are alleviated,
while the precipitation of Y’ phase becomes more sufficient with a more uniform distribution. EBSD
measurements demonstrate that a higher preheating temperature facilitates microstructural re-
covery and orientation homogenization, accompanied by an increased fraction of low-angle grain
boundaries, reduced kernel average misorientation (KAM), and intensified <001> preferred tex-
ture. Room-temperature tensile testing indicates that the specimen preheated at 1000°C achieves
an ultimate tensile strength of 1028.8 MPa and an elongation after fracture of 10.8%, both superior
to those of the 850°C preheated counterpart. Fractographic analysis suggests that the fracture mode
transforms gradually from cleavage-dominated fracture to a mixed fracture consisting of quasi-
cleavage and microvoid coalescence ductile fracture as preheating temperature increases. This
study demonstrates that elevating preheating temperature reduces the cracking susceptibility of
K447A superalloy through a sequential mechanism: alleviating thermal stress - weakening segre-
gation and grain boundary defects - promoting y’ precipitation and microstructural recovery - en-
hancing coordinated deformability, thereby achieving simultaneous improvement in strength and
ductility.

Keywords

Electron Beam Powder Bed Fusion, K447A Nickel-Based Superalloy, Preheating Temperature,
Microstructural Evolution, Mechanical Properties

Copyright © 2026 by author(s) and Hans Publishers Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY 4.0).

http://creativecommons.org/licenses/by/4.0/

1. 51§

KA447A & — ML & 4. TR TR, JUARpug A ar, Ik sm %
B 2 R LI I S SBR[ 1] 2] A A4 2 BT LA tH (i R IR Ve R, — MR AR
WS KB (R B2 60%~70%) 58 AH o X SEsmAL AR 51 AR TR SE 4R T, BERE A RABHAA 1 4512 5),
TR FUBRALAE I3]0 Lu [31% A HIBFTUHE— 515, K44TA &40 /135 M B IR AR BE BTy kT R
SO BER, LA R SRR, I Y S UL AE T LA S BB 5 Y [ £

DOI: 10.12677/ms.2026.168175 63 ey PR


https://doi.org/10.12677/ms.2026.168175
http://creativecommons.org/licenses/by/4.0/

#

&

Par
&

oo WA, BEFIMANTES. H. S50 TR ARE, AR, . HEICF R, Pan
(415 NI LR, XSS BRACADIE RS T 32 2 2 SR BUHOIR o A AR AL it [A] X35, 0 i S R e b B A
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M5, PR EE A e [ I 72 (R 3 SE AT &y U T A, R IE 2y oAb ey SRR
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0 2 A U P B AR A AR VA AL DA L, AT BN R, B A R & I O 7 72
DRI, TR O RN FEL T SROR AR PR il T 2 R S i 2 2T 35 ROk BB A Ak ) B 22 T2 240

H i 5% T EB-PBF fil % K447A A& MWD, JuHsh = Bl ge i B gy “ 3 sk - HEUER
- JIEERE” RN RGBT UG, ASCRH 850°C AT 1000°C W Ay Fil #iuii FE il % K447A &4,
JfiEE OM. SEM/EDS. EBSD & R RIS AR o B I Se B 1t . B dib/ii 5 p' Aty AL m)
ERRARNAR . PR VERE KW AT R . ARSCHE SR TG EE WA 48 EB-PBF AR A A A, JuR
B R AL A BN, IRt — BRI K44TA & ' & &5 & R SUBUSIE AR IEVEILE,  H AR
R E iR G4 1) EB-PBF L& % DRI KR .

2. XBRMHEFE
2.1. SEHHPR

FEAGTTEH, BIA Rt P U RS A R AL R0 A IR A RS2 3 K447A SERERTER AR, AR
JiE Iy A EERTHI TR W 1 .

Table 1. Chemical composition of K447A alloy powder (wt%)
1. KMTA A EBMRUFE KD (Wt%)

Co Cr W Al Ta Mo Ti Hf C Ni
10.15 8.29 10.49 5.62 3.12 0.72 1.07 1.35 0.14 Bal.

2.2. EB-PBF T E iR HEHIE

BURE T B R A o [ 02 i R AR 7 Bt B 397 K EB-PBF W& 58k, W& EWE 1(a)
iR e RFEBTEAT ERINER FH R~ 9 100 x 100 x 10 mm? [ 304 ABIIMRAE RN, W TRIELRE 73 71858 A
850°CH11000°C. HFHR TZSH W 2 Frx, HHHBEFHRBHEN 10mA, IEBERN 60kV, BHREZEE
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FEH 0.09 mm, At SN 0.09 mm PLEAAREEEE N 750 mm/s, HL T AR SRIS 0B AT R 2R 90°. 1
bh, FEARIEAS S Fluke RSE 60 H £LAMHEMLBEAT 20 AR AR I . Ak 33 5 o i 28 44778 2 < 1072 Pa.

Figure 1. (a) EB-PBF equipment, (b) schematic diagram of tensile specimen dimensions and metallographic specimen,
(c) 90° interlayer scanning strategy

1. (a) EB-PBF i€ %, (b) FRHERTREEXEETERE, (o) 90° BEFAIHHEMR

Table 2. Electron beam process parameters

#2. BTFRIZSH

AR SE 0.09 mm
FRE 750 mm/s
T AR 60 kV

L AU 10 mA

EEEH S 18] 90°

2.3. MLENISRAE

OIS 34 (R ZRAET T G — I DCPAT T 5 M 1) YZ P E A A i, X T68ef SEM 40, %6
BARFE RSN 15 x 13 x 7 mm® (ORE S FBRALRERD AR B, B 58 0 2.5 um SR 30 7B T B,
P8I F KB R (HNOs: HCL AT L 1:3)8 1 15~20 #PLLR FE4H 21 . BERD FH b2 B A 2 B 7k B 2 41,
FiEH FEI Quanta 250F U494 H 1 RARERAE 15 KV & B R N REFIEIL, IR EBIREIE(U(EDS) 3k
BT E R

EBSD 0 55 E UG JG 3B N — 8 & e, BRA] A S0 6 i (OPS) B8l )t 2 /N, BL3:
BRI AN AR)Z . EBSD HE /£ % Oxford Instruments EBSD Rl 28] Zeiss Auriga 3 & 51131 58
g, IE RN 20 kV, HARPKE 2 pm, ORIEEEE SRR, BN ERE 0 A 4 X
W 9 500 x 500 pm?, 7 5 A0 T 100 AN dk. RELFEF, SR BIATIAEREAR 8 23 75 ZORFFLE 95%
PL

2.4. F1EMREMIR
AP RIS 45 R B AG v EE M, BREM NHE DT =OMSIER . R InEAE Walter+bai
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LFM 20 kN 38 HL F5E s, InEiE28wh 0.5 mm/min. FTIRAFEI E HF A0 R RS RS A Bk, R
R KAELUIEN T2, U RS 10)FrR . IE G R FER I AL A8 600# AL ki) 4Rkt
ITATREARER, DAHERIN TSI AR o 5 S S W RS0 i 2200 7 IR B Ve L ek i A AL =
DY HER

3. ZR51HR

3.1. TR R SE RS BN A R R E

EB-PBF (J¥ K447A &4 1% M A 215 e S i 1 PUFRAGR: P58 ot Joi b 58 [ s s M AN AR SO (R 5 0
B 2 AP0, PR SE A T R I T VAL 2 7 Tal I AR B 2 2R, IX 2 T 5 SR TE 1R TR [E 2
RAEAMEAK, SRR 3 BRI SE K ATE. TS Y 850°CHY, 1] 2(a)H T WLEE 2T M I
HIR/BE AR, APV SR, 5 SR 8] XIS S B S B ) 2t s AR 4 X
WA LT 2L, AR 2(b) B R AT AE T ff S A EZE R R 244, IX 1 B 850°C TR 7E —
SEFLE _FFEK EB-PBF R FEH RN J7, (EXFT AlL Ti S &5 ROEURMERRE K447A B85S,
Je A s () i b 1 5 5 95 40475 7T e 5 R .

Figure 2. Optical microscope images of K447A alloy at different preheating temperatures, (a) (b) preheating tem-
perature 850°C, (c) (d) preheating temperature 1000°C
B 2. FEFREE TH KM4TA EEXAZEMIEE, () O)FEE 850C, (c) (HFREE 1000C

HPHEESREZE 1000°CH, K 2(c), Bl 2(d) Brm ik BT AR FF IR S 8 A AE KARE, (HRL S4B
SRS, A A R HOE S SR B A NN . BB A, A B GE . iR, B
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Ty TR P R AL e it 5 o T L ] DX 0 PR B o EE AT RS A N 7y 5 TR IR S T A R A el X 452
BN A], A7 B R o 3R T SO A 4 5146 Rk, 1000°C BEAAMN S T2 MBI &
WONESE y TR T TR N A PR AR R SR TR it T SRS I AR 4L 2SR

3.2. FiFamBE xR A LUREE K RO RS

TEF AL 2 F LA b, SEM b — 48R 17 IR XS py 23, B ah A58 AR DL sk fa T 25
RN . K44TA &4 AL Ti. Ta S 0RFES 5 yMIEK, C. HE. Ta 508 B AR & ATE % MC 1Y
WA, 1 W. Mo, Co 557G 3 IR y B A AGIE R . PRIk, EB-PBF i 42 o )74 ) 2 0 2 ] £
PEAKG RN A28 TT R AT AT R FIBRAC A A, BETT IR E ff SRR e AN R SUBURE . |l 3 "I, Piph
TRAGEAT NAAES oy JRAA .y s S B AT R AHZE A, (H 1000°C FiRFAE dn iR HH A 23 A7 52
¥151, HYUESNETELT.

Kl 3(a), K 3(b)RoR, 850°CTRFHAIKFE BARBONECE, ARMEER R HAH R HE, (HEAR P57 LE D
BRI G MAELL X I8 mfE B o A 32 2 2 40/ N IR BCBURDIR 73 A, 150 BR DRI e[ )5 % B i
MR y BARAERE IS 12 I AIEFR R A T — e R FERIMT . SR, 850°C k1R T4 A AN, Al Ti
& YT OTER AR BN SRR SZ IR, A p AT NS 784y, AR 18] XTS5 5 I B 0 PR Fs
EER . S UEIRINE, A SR B i (2 SR 5 A0 R A 22 W55 SR 3B WA AR T e 7, FEAMINERBR AR i B /7
T RN BT R AR S i .

Figure 3. YZ plane SEM images of K447A alloy prepared at different preheating temperatures. (a) (b) 850°C pre-
heating, (¢) (d) 1000°C preheating
E 3. K447A A EERETHBE THIEH YZ FH SEM Elff. (a) (b) 850CHA, () (d) 1000°C Ttk

HLEZ R, 1000 CHAGAFEE R 3(c), 141 3(d) PRI EIES: 510 p/y L. KE yHILE
y ARSI, ROTA 850°CRlAFA FTHE R, T3 SN o 3 = R 50 e PO P2 51 P P 75
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JRER AT SR [ RARIG 5, IR AR E A R rp 22 P AU AL I R s A B Oy TR
Few KRMDP AT SR BE T 26 AF o PRI, 1000°C FAE i) y s AU AR SE 3T 85 ST IR BOIRAS B 5028 — A
AL, SR MY WA P 45 B e .

4 Jir7r EDS 23t — D Uil T 850 C HU IR AT N REUB K S H S AT Z [ 2% 5 o AU Al
M Ti 55 W ET e, Ry TERITRAEB ARG A XIS E S L. 0T &y & K447A SEMF, Ht
I A S 8 1 o R AR R AR TR B /3 i ZH 3 E B i %2 0 1 T e LR IR AN AN IR AR T, 53 7%
BT R A R, RNy, LA YIAR AR AL 2t — D P B e PR . $R i BRI
IR BB PR ORI, TRy BOMALL I g5, DRI RERs ) 551X Rh “mbir - di 5510 - 4L
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3.3. FFAmBE X dn (4 F A5 R N 3 A RZ0E

N T ¥ Rz R SR TUAT itk — B EC R, X 850°CAHIT 1000°C FilFARE YZ ~F 1) EBSD &5
BT T, Wi 5 AR, IPF BE(E 5(a), B 5(e)3BH, 850°C TR S A (AR A B AR ARV A B
) E A, {EL R P B AE LR B R R 2 SORUR SR m i, R SR MR 2 S AT o LK A 5 i
(HAGBs) LU 1IE B 75.3% o 1% Fh 2H SR AE 5 550 1 L FEE Ao o5 R B B S 0 A6 0% BRUvA ERN 2 IR 25 5
BRI R B AT RS DA SR R ZE RS O . 1000 °C FIARAE ) 5 30 B 8 PR AR A
W, BAECPFE, SRR A RRE /N FE RS FU(LAGBS) LU B 5 A8 41.7%, Ui B T AR
JEARIE T A S HERE 5 SR, A8 oL P9 S I o JEE DA A e T XA BT

KAM B 5(b), [ 5(0)HE—25 I 1 5% A3 AR A AR 38 BE 1 25 5% . 850°C THAVEE Fh v KAM fE =
BARPRIES S BRI XX IR DL o BOIRBRIA BT, R BH AR RO /& I 5 BUR AL A HE AR AT AR
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o 1000°C FRAKE bl B K KAM (B U] FRA, AR Bk B I R IS o (B X . 2R 2, /MA
FE T LEGIEIN S KAM FEARIFANTT & B0 TR 5 A0 20 B ATL 234 (K oz Bl 3o o] 52 A Y S0 HE 1 O
BASE ML G A FEAR T 9 R BRI A ZE AR RS AR WA . BRI, 1000°C FEABE RS 7 CREFAEIR AN B 2
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Figure 5. K447A samples prepared at different preheating temperatures ((a)~(d) 850°C; (e)~(h) 1000°C) on the YZ plane. (a)
(e) inverse pole figure (IPF) color figure, (b) (f) KAM figure, (c) (g) IPF figure, (d) (h) PF figure

5. FEITFHGEE THE 8 K447A FE5((a)~(d) 850°C; (e)~(h) 1000°C)#E YZ FiE LAY EBSD R . (a) (e)ifitk[E
(IPFEREEE, (b) () KAME, (c)(g) IPF &, (d)(h)PF &

W AN S A B 2 SRR B, TR IR 2 U8 K447A &4 A ELA . 850°C FIAAEE B R Sk E ] 23
B, SRR, X5 R X R RSO N AR S S B L AR BN A 0. 1000°C TFAKRE & H<001>
77 ) (R B ) B R R P B SR Ry, PF T A ) s o DX ST IO A, 15 B it R 7 BE AR IR #m 6 4F FVE FCC
&4 IR <00 1> A S5 A2 KT TR AN EAE K o BEIR <00 I>FEIR s SR A I T ARG i L B 1) 8 4%
PR BT AR A, T Ji5 SR A I R ) bR AR T B L s 2 B A

gl TRGRET AR T AR B SUEAE, BT R AR 7 ek A R R
MR AE K EE T EBSD RE LIS E . 1000°C FAFE M B A (K KAM {6, ¥ LAGB Ll fi
I R<001>2K, X LERFAF 3L R R B AR AR B AR AP EAR . dRi I e S AT, R 5 A R T 4 2
G A IR = B A T R
3.4. FHGEE xR EM gE R TR HLEIR M

6 4 T AFTHGRE N EB-PBF ¥ K447A A& RAATIERE . 850°C FlHAIRFE 1) i AR 3 i
21°8 788.5 = 17 MPa, HUHisEEA 961.4 24 MPa, Wif5 M= N 4.4 +£0.4%; 1000 °C THGEE 1 JE R %

BEZ)H 7823 + 4.4 MPa, HifisRfEHEE A 1028.8+£26 MPa, WIS bR 4 10.8+ 1%. LG L, #
TG S i IR R WS A BAAR, (PRI oR A B R . XS5 R, 1000°C TR A s aliE
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Figure 6. Tensile properties at different preheating temperatures

6. TRIFARE THIR I RE

SEA AR LR EBSD 4550, MR ZE R AT HE T = 2R RN . 55—, 850°C AL H &8 b
FRELGL EGRRAC RN b AR BT KA BT S5 R X3, AR 5 A ) S rR RN S PR T, 3 EOM
BHEBU/NBEYES TR B RIERT 30 1000°C FHGARE o 51 27 PR R GUE A B, b W o S B ik, dh it
CEAFALUESL IR, F, 1000CTHIELE AlL Ti 20Kk SS y Mt fF yHE NS5k, ¥
5]y AHAEAR T FE A RE 08 RESEBAAS A1 4528 3, M amn TAEALRE 7, AERPRILE JE RS A BE CRFREE i Ak 2R
1. #=, EBSD 55 ER 1000°C FHHGRFE ) KAM MK, FIEE R0 H<001>ZUHE R, R
77 A Je B ) SR AR ek, BT A B N AT . ERAA R ST AR P S B — 040 b v A 2 Dk 1Y) e R i
FE, ARER PR PR RT DD AR A B 7 4 v (R A 4y 5 B 5 5 2B A 2R [ B4R T

3.5. FRim B X hr BT R T AR

Wr LS RE 0 ELE R R AEE . AR KRBT [ 7(a), & 7(b) IR, 850°C FilHvil kLT
CLK T AR A B T A EE S B o 2, AR A AE D BN S, BRI P 5 P G o P 2 DT R AL
SEE 1 2 T4 FIEE 5 AT A, AZARRE R B A SERAL. AT AT FEESE R IE IR 55 1 s 28 5 o s
Al B KAM B 2R3 AR AR AN B HERUINR 1 Js B J 8o fiffid ferh, REUILSefE f 7 951t
X\ TR s R X B A TR EURTEAL, FFAERUINEVEA I T RIEY R, DRt L P AT R AN A2
B 2 W E R AN 4.4% 4

1000°C FEABURE T S AN, 40 7(c), B 7(d) s, W 3R br > B e B AL AL, 73 A
A REHN BB SIRPE, W ERNER, R HER LT R 5 T L3 S DR W RO A7 (TR 5 T A5t
o WIE T RGHE H 5 58 AR RO BUR L B R A 2B AT . SLIARATZR A 5.l 1000°C FiiHk
FEAR 1 SR SOAE SR Y 5, REUA AR 2 — 59 AL EIE Pl 808, TR AR R h 2 1 5 2 4
U KRFEEG SRR, RN y AR RSN TRk, AP RHRE U RISCTE 2 AR TR R & .

Pk, W4T NI SR PR RER T AT — BUR AL ZUA IRl . 850 CHUASAT T, REUBUBERISR
ARNARELE, MR 5 R AU SR S AL DR Y SR A VE TS 1000°CTEAGRAE T, HASIME.
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AL T AR N AR AN <00 1>FER U R (IR IR B v 1 R AS T RE Jy, Ao i SR LA 1 oA 82 2/ 49
TRABE AR . I 2R AU AR TE 2 1000 °C PR BURE SR AT B8 e i 5 B M1 B R S Ao 2 f) B S A

Figure 7. SEM diagram of tensile specimen fracture at different preheating temperatures. (a) (b) The
preheating temperature is 850°C, (c) (d) The preheating temperature is 1000°C
E 7. AEIFHEE Nhi{RET O SEM F5%: (a) (b) 850°C; (c) (d) 1000°C

4. &t

AR ICKH EB-PBF #R, 1E 850°C A1 1000°C P F Pl il B 26 11 il 8 K447A BEE a5 4, HSeHl
PR FE SR AR, RGO T RIS py AR SARSEARAE . R RS AR AT A 2 B 1Y
WAERER, 192N T4

(1) PIFP TR B 261 R 5 1 K447A & ST S 77 T AN E A K IR f 2 2, FE S I gAY
Py RAHGER . 5 850°CHHEL, 1000°C T FEAR T e[ ok R rb (100U A P AN AN 7, DTS A B[R] T ZR AR ATT
MRACYES AW, i RO E . ROT A W2 PG, e B W .

(2) TGRS T EB-PBF i A% A 1 J2 [A] # R ARSI 2 E H o 1000 CTFAGEAE T, AL Ti
R D WIve- 1 & MV ST 1 A 12 s s )1t AN - S NI 2 e o I 201 2 X P i R 7
AH B2 58 1r) B B AT A8, ANTTHR i 1 ply AL 3R PR ot S W A AR T e

(3) EBSD 73 #1381, 1000°C iAREB et H R R FH A ES4b . 5 850 CiAEAHEL, 1000°CitAE
INF P R LU B R A 41.7%, KAM {E B FRA,  U0RA AR A N AR AR S A A A B 2 Ak RIS SE AR
IR S I 8 T <00 1>ER 4K, AR TR &g R KRB AT 35 S fe

(4) TR BEXT K44TA A& =il bR P REEA 1835 5200 o 850 C FUHAURE IPTHr 3 P AT 5 4 (e 564y
AN 961.4 +24%F1 4.4 +0.4%, 17 1000°C FFHAAXFE 73 71|15 F] 1028.8 +26 MPa H1 10.8 + 1%. L& 1000°C
TR S i B A [l 52 IS FRAR, (R LA A 5e v | o R B A T AE Ak e 0 B B i, A28
Wb o B 5 BVE AP ER T
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