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oI, WFFEATAE SR S0 HIP AL P J5 Inconel 738 & 4 24H 44

PERES R VERIEI . SRR, Yl R SR A 158
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FH I TR 1 G o i 2R T B 5 )2 (A e 0° 1 90°5 4
TR 2R 5 FEAR , R B FRAIK A 4 AR B Aok 5
EE , SRAF AR it 0 58 J o P WU R R 285 4 o RV ARAT 2
[B) e i 67° 1 S mg L& )iz M T =i A 42 1 LPBF
AR AH I BT A B AR TR 3 B AR R A
FRIAE) J » TS SRAFAE JT 5 PE R 25 ) S 12k

HAEEF K (hot isostatic pressing , HIP) b H & — Ff g
DL B kb BE SR B, 38 H TV BR LPBF BB 8 5 S il &
G W ALIR BB , 32 5 R SR, HIP ik 72 1 i #4
AR AR B T AL BE TR . HIP PR iR I8 &
T Inconel 738 £ 4 ¥ A v [F] 75 b 235 21, BT HIP Ak
HPRAEVH R LU R, G B T T 45 2 21, T BR A 2R
JVERE M) etk o R 2R A UESE TR A HIP Ab 2 2>
SRAF S DL S % ) R 1 7 2 1 BET). Sanchez-
Mata 25" LPBF-Hastelloy & 4> HIP 4b# J5 , & 4 2114
o P EORL AR K AR LU R AR . Yuan U 5T 3K B
HIP 4t # LPBF-Hastelloy & 4 Jii » &t RL 2 55t AR 5 5%
AR R ¥ ) B A A T BT OW S R TR ) el
Rezaei ZZ"VF 57 %% B HIP 4t ¥ LPBF-Inconel 718 & 4 )5
FAY R 4 2R DR RO 185 K1) 55 2 o, 3 iR A s IR ) 5 & 1)
SV RIEREAC . SR, B TA S WIE S O 4 2R

71 Inconel

AR R T2 A (L EMER AR KA,
HIP 47 5 LPBF i/ Inconel 738 £ 3 i & & W1 4R &
B B A RHME A gK, 2 RATEN L Z24HE
) BERAT S o A 2R ) 1) R G R AT IR AN 9T
AT 583 6] B AIE A 2 FhAS [R] 4514 SR g R (1) LPBF
B LL K HIP 4k # 5 LPBF-Inconel 738 & 4 ) it KL
S SRR 7 5 VB, 1) BRI 46 b R % 356k HIP A 38 f5
LPBF-Inconel 738 £ 4 4127 1 P RE45 ) 57 14k 2 M AL o

2 W

AW AL T A E LA ] T 1) Inconel 738 427
AR AR LR 03 1 BTz . Inconel 738 & &k K
HIRLAZ D gDy~ Doy 73 711N 14.96.28.72.52.86 pm. K
EOS M280 1 E[l Inconel 738 & &1 FE , 1.2 S HUMH A (H
14 5 1150 mn/s, WOGTh %R 270 W, 2 )5 9 40 pm,
FAHEAEE N 40 pm) , WOEHBE R H 9 100 pm , (H 4 5
WS AN R) , 14 SR ARG B 4 1 1a~1b BT o BRI AR R
JSFA 10 mm> 10 mmx 10 mm 37 7751 16 mmx 16 mmx
76 mm (K5 . Forb, K7 AR 7 17 2 T AT
TATENT7 [ A2 BT T ER 77 18] % (Bl 1e~1d)D .

43 5905 148 S 90° A 67° () LPBF-738 £ 4 iRk Ff i3k

738 E MRS

Table 1 Chemical composition of Inconel 738 alloy powder (wt%)

Cr Co Al Ti W Mo Ta Nb C B Zr S O Ni
15.8 8.5 3.5 35 2.6 1.7 1.7 0.9 0.11 0.01 0.02 0.002 0.018 Bal.
- Building direction  a ~ Building direction b
I |
I |
I |
I |
I N+1 layer I N+1 layer
fom ——1——1 ni Front A\ A \ X A\ A VM| w1
P s ayer - 7 ayer
T T AT Ly LAY Ay
7" //// //// // P pid r
» ¥ ¢ KAV SV
+" Bottom ,7  Bottom
- x
c ]  BD-building direction  d
SD-scanning direction
z(BD) <4— Vertical sample

Horizontal sample

y(SD2)
x(SD1)

Bl 1 LPBF BJ¥ Inconel 738 & 4=t SRS )73 B P L B ASURE B AR 7 170
Fig.1 Schematic diagrams of scanning strategy of Inconel 738 alloy formed by LPBF (a—b), forming samples (c), and direction of tensile

samples (d)
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1T HIP AL B, HIP 4L 3 i £ 5 1200 “C/150 MPa/4 h. HIP
AL FRAE Quintus 15 L% (ABB, 36 D f ip kAT, o %
N3 C/min, PRI AT o SR EE S 900 F 67°
i) LPBF &/ Inconel 738 & 4= JU AR & FE 43 7 i N
As-built 90 BFEF As-built 67 iXFE , IF¥+ HIP 4b P 5 193k
FES3 3 f811C A HIP 90 A1 HIP 67 30K «

K FH L4 21 EBSD #8128 I Quanta FEG 450 14
LT 32 e (SEMD JEAT HL T35 U A7 3 (EBSDO il i
RFEIMNAR AT T4TED 7 18 (YOZ THD 5 SREIRFE AR 1 %
PITE 90% LA I . J5 W% F HKL CHANNEL 5 %3 #f EBSD

AN )41 4 5 s PRI 20 P AT 4T BN 1) R e
TATER 7 ) 04T 2 iR B AR I, B AR 1) RST 1 2
Fias. Z= AR 8 f£ F ZwickLine Z2.5 TH 2.5 kN %
£ A2 1) LaserXtens 5= RUMOG 51 1. Fifdd RN
0.2 mm/min. 2R IR 3 VK, B A Ao 58 1 n) B
gk
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2 LPBF & Inconel 738 & 4 ) = iR Fi )~
Fig.2 Tensile dimensions of Inconel 738 alloy formed by LPBF at

room temperature

As-built

90 sample

67 sample

3 SLIGEER

3.1 BRI

3 N2 MRS N LPBF [ Inconel 738 & 4
JURAZS VHIP AL B (1) [ 4% B (TPF) +HY a) il A 2 s AR
(OIMD . As-built 90 B AE ¥ FH T BN J7 171 (2) &7
S PR AR B R A 5 2 LA B/ S R AN R R C P
3a). As-built 67 S{FE I B IR H BB A E 1 B, &
R4 3 B AL AR RSTRIN, SR BCABERL, B3
KENRSF k(B 3b) . 258 HIP 4 ¥ 5 , HIP 90 1R FE
AR AR FER AR i 1T RE TS, P 3 HRade B — A i 7Y
FIFDIR T A, KA 794.65 pm, 95 5 9 97.11 um, &k
KAREIER] 7 8.18 (B 3c). 1 HIP 67 ke N L3 H 45
e TR, B 3b o B — AN B R B, A
220.59 pum, % & 4 362.66 pm, &k K 4R H R 1.64
3d). X5 W] LPBF B JE Inconel 738 & 4 (K145 i ki 1
B, 0} J5 B2 HIP Ab B2 5 1) b T 3 2L G IR K sgmm . F
HIP 435 & 4 5URE EBSD 8 (1 3e A1 36 5 43 [X 2k
TR, FER AR AR (/& 32 A1 3b) AT HIP Ak B REAE ]
— b5 ]ORN 3EAT BB CHE 3e A1 36, & BILHIP 4b 2 5 ()
Inconel 738 £ 4k A= W 11 dithi KK

NT R VAR W46 AR TE 56 HIP 4b 3 AS LPBF-
Inconel 738 & 4 é KL RS [ 52, 11 5 7 As-built 90,
As-built 67 HIP 90 HIP 67 i\ FE 32 F1 B[ J7 [ 4 A THT 1)
Bl R 25 R R ELAR A, B 4 FT7R o As-built 90 1RFF ) 5
b RSFE BT 8~229.4 pm 22 4], 5 Kk R~Fik 3] 7
229.47 pm, V3§ LR S 88.1 um (Bl 4a) . HLELZ
T 5 As-built 67 3R FE (1 diy R0 R~ BB R 48 /0, A F

3 LPBF i) Inconel 738 & iR & HIP 4275 ) IPF+OIM ]
Fig.3 IPF+OIM images of Inconel 738 alloy formed by LPBF and HIP treatment
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g
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K14 LPBF J&J¥ Inconel 738 & < IR 2 A HIP AbFR S ftbi RS 237
Fig.4 Grain size distributions of Inconel 738 alloy formed by LPBF and HIP treatments: (a) As-built 90 sample, (b) As-built 67 sample,

(c) HIP 90 sample, and (d) HIP 67 sample

6.8~168.9 pm 2 [A] , Hfx K kL RS R 2 ffoin RS 3
PN, 23N 168.9 F162.3 yum(El 4b) . X FEERE B TA
[F) (4 1 4 SR s BT 5 RS PRI A AR Ak 80t 205 HIP Ak
2 J5 , HIP 90 B0 1 g R RO JE [ A T 22.9~456.3 um
2 0], e K SRR SE N 456.3 pm, O B 5 kR SE oA
212.9 um, Ml Eb 5 As-built 90 1RFEF 27 ki R~ 3 K4 3
5 (Bl 4c) . HIP 67 W FE (1) dikhr RO E AT 23~459.9 pm
2 18] F KR RS O 459.9 um, S 34 8 R R SF A
219.5 pum, AL As-built 67 3R 735 5 R R ~F 3K 25 4
5 (E 4d) . X FRHZ T HIP 4 #E Ji5 , LPBF % JE Inconel
738 A A I AR R AR B B R RRE R

B T dmobL RSF I AR AL, 485 HIP Ab B 5 &R R T 50
R AR T W R AR (3D, X Rl ok 2 35 f AR 4k AT L
F AR KA LR 2 R AE . As-built 90 I FE ) ik K
BHA T 1.7~26.8 Z 8], P34 i ki K42 Lo 4.3 (] 5a)
As-built 67 WFE R AR A T 1.3~12.7 Z 18], 3
B KRN 3.9, Sk KA H S X004 5y A (] 5b) o X3
B, 7£ LPBF JLFAZS , As-built 90 Wl FE B A K42 L K
FER b oRL SR . 225 HIP 4038 Ji5 , HIP 90 &R 1Y df bz K
BHA T 1.3~8.1 Z 18], P ki K A2 b o 3.4 (B 50
HIP 67 BFE I AR K AR LU T 1.13~6.18 22 (1], P35 i FiL
KAt N 2.5(E 5D . XK, 20 HIP 40 # /5 , As-built
90 A RE TSR DLBH & AR s B R 3 01X 5 STk [15—
19140F 70 45 5, BP0 5t HIP AL B 5 3145 25 4 i 21 4L AN T

. 3 —FE W] T #)%4 LPBF BUJE Inconel 738 &4 i ki
TE SR HIP A3 5 (1) &R0 T2 30 B AR BOK I S2 0, BT 46 i
B KRR A 25 HIP b 38 5 T 45 & SR AT AR 2 AR
pivs e AL o T AN A2 S5 Bl AR
3.2 Ay

& 6 9 LPBF i J¥ Inconel 738 & 4 1T AL & & HIP 4b
HEA A EL A 43 A B AT CODF) » - H AT 401, As-built 90 i Ff
) K6 2 LA 35 {001} <100>137. J7 446 155 {001} <110>
e ST 7 AR SR SRR 15, As-built 67 B FE IR 2344
T Ay {001} <110> JiE i 5777 2K, 20K 3 B 5.08.
HIP 90 i F 1) 2384 28 4 3 {001} <100>37. 77 23 1) il
{001} <110>J@ 5% 37 75 2K, K58 5 v 4.75. HIP 67 ik
FEBI LRI ZE R Jg3 {001 <110> i 5775 4K, Ky 5 Ji
N4.09. 23t HIP 4B 5 , HIP 90 B EEFI HIP 67 3 KE )
PG RSB L T UGS A R AR B, IX R B Y)
G m L) B B AR . SR, HIP 90 iFE AT HIP 67 4k
RE 7 20N S P B30T, 26 ) HIP Ab B8 5 bl 23004 51 6 1 45 4
B CARE Y R
3.3 B4%E

P 7 4 LPBF & J¥ Inconel 738 & 4 Ui AR 45 [ HIP 4k
AR RSE, £ Ta~7dF, EENARFLS R X K, 1%
DX 3 o P (R R S L [ 22 /N T 10 il 7a #1170 TR
As-built 90 A FI As-built 67 R AE 19 45 & di kL 520 o
Xof i &5 R B R AT 58 B A, As-built 90 T FE 1) T 45
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Average grain aspect ratio=4.3 a Average grain aspect ratio=3.9 b
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0.30F 0.30f
=025k 0.25}
g
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g
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0.04F 0.04
0.02F 0.02 I
[[] )
000,54 6 s 10 2 4 6 s 10
Grain Aspect Ratio Grain Aspect Ratio

5 LPBF /¥ Inconel 738 A iR 4 [ HIP b af ki K42 L o A
Fig.5 Distributions of grain aspect ratio of grain Inconel 738 alloy formed by LPBF and HIP treatments: (a) As-built 90 sample, (b) As-built 67

sample, (c) HIP 90 sample, and (d) HIP 67 sample

4 4

$,-0° $,=45°

%6 LPBF Ji#J¥ Inconel 738 & 4Vl FR >

Max=4.75

Min=0 b

$,=0°
5 ¢ HIP 4 ¥ 25 ODF A

Fig.6 ODF images of Inconel 738 alloy formed by LPBF and HIP treatments (¢,, @, ¢, are three Euler angles independent of each other):
(a) As-built 90 sample, (b) As-built 67 sample, (c) HIP 90 sample, and (d) HIP 67 sample

T2 BN 3.2%, As-built 67 ik £ (19 F 45 & 2 1% N 4.3%
(E 7e), DURRAS & 4 7 45 &b A BL IV T 2 H T LPBF i
T2 SN HT 51 & (1 34 F a6 f iRt B B 7£mr A,
As-built 90 Fl As-built 67 i FE 110 &y 7t CZNF- 200 Al
JE R T (20~15°) (5 E G A, KAERACKT 152 5t

B, X R HPTRA IFE P AR AEROR N AR . i HIP AL 2]
Ji » HIP 90 10 A HIP 67 iU DL JC W A% (1) 7 45 s ok oA
Fo EAFEENA, HIP 90 R A 1 F 45 & b T S0
BN AR Ao HIP 90 3R 1 77 45 & F2 58 92.5%,
As-built 67 145 AR N 91.2% (B Te) . [FIR, I 7F
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@ 30t
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K7 LPBF 1(J¥ Inconel 738 5 ST RAZS S HIP AL B2 T 45 i 151 F2 703 44 0 (AR 2 AR 8 AR 20 40
Fig.7 Recrystallization results of As-built 90 sample (a), As-built 67 sample (b), HIP 90 sample (c), and HIP 67 samples (d); recrystallization

volume fraction results (e); grain boundary volume fraction results (f)

AIAL M T UURLES  HIP 90 ATHIP 67 RFEE S SO 3.4 J%EMERE

T 200 RN B 5 5 (2°0~15°) 1) 7 L BAER , 17 K A 5 ot 7 P 8 i LPBF & J Inconel 738 & 4 IR ZS Jx HIP &b
(KT 1500 b7 Le B 48, KA a7t b i, X B =R mtERE. K 8a T LAE i, 7€ LPBF BiJE
F AL 5T HIP 4b ¥ )5 , LPBF B Inconel 738 4 K47 Inconel 738 & & VI AL 45, As-built 67H ik ¥ (H: 0, ~

SE A A o 1252.8 MPa, 6,=961.8 MPa, £=16.3%) J As-built 67V i
1400
a b
1200
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< <
[ [
2 2 800
% é 600
& - -~ As-built 90H & — HIP90H
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0 5 10 15 20 25 30 35 40 OO 5 10 15 20 25 30
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1288 = —25 140 — -7
& % \ us 20 120t g § a) 16
< 1200p \\ s 200l % § e Is
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= 600 S g 7: § o
400 | —:— § {2 @
200 § {1
N N5 N & 0

0 -
S g B ol e
\3&1@\20\\%\‘ RS

i

18 LPBF BJ¥ Inconel 738 & Gl RS [ HIP KEER A 5 i 4 {1 1 fiE
Fig.8 Room-temperature tensile properties of Inconel 738 alloy formed by LPBF and HIP treatments: (a) stress-strain curves of LPBF-formed

samples; (b) stress-strain curves of HIP-treated samples; (c—d) comparisons of mechanical properties



558 ] VPEEESE: W1 KT 300 #4256 I LPBF-Inconel 738 & 4 fIOWLZH SRy 2 ML R 2% 11 3 P (¥ 2 - 1983 -
P (V:0,=1178.8 MPa,0,=834.1 MPa,£=22.5%) {1 /7% E A g5 21K S S i 2 4 2 e o T 40 9 SR 3 1300

RELS T As-built 9OH i#¥: (0, =1137.2 MPa,5,=810.3 MPa,

¢=21.5%) J As-built 90H ik ¥ (5,,~1146.8 MPa, o=
828.2 MPa, £=20.5%) , iX 3 B /& tH T80 Ih 4 R Al
BUNA R RS . B 8b AT A H, 25 HIP 4b#E
Ja » HIP 67H X #f (9 77 2% 4 € (0,,=1288.5 MPa, o=
836.1 MPa, 5=15.7%) KT HIP 90H A 1) /) % M R (0, =
1270.2 MPa,0,=821.5 MPa,&=14.9%) . [AF,HIP 67V i
FE (¥ 32 VL8 (0,,=1255.6 MPa, 0,=804.7 MPa, £=16.8%)
KT HIP 90V & #% (5,=1242 MPa, 6,=791.9 MPa, ¢=
19.3%) [ 712 P B . HIP 90 B ) 24 1% AE K T HIP 67
BRI AR R 10 2R R R AU & & PR RS0
21, Hg HIP Ab B 5 R4 i, AN v ek G b T i v
§5 X, FERAR AR TS RE b s 5 TP, I 1) A PR RE R
Ko NT P As-built 90, As-built 67 HIP 90 FIHIP 67 &
EanvEdiipAE AR S iR e S I SEE N AETEVAC N SN EDS
e 2 T 1 JeE R B SE b iR R R e ZE A . (EAERN
J&, 43t HIP 435 , HIP 67H A1 HIP 67V iRk A ) %% i) 5
P K BE A, 1T HIP 90H A1 HIP 90V #% [ AR AL A K,
I % 1) e bk L ARG SN (1 8e AT 8D

4 ¥ i
4.1 AAREFM

As-built 90 A 4 A 32 B B K AR A /D 5 S
KR, H B AT SR ZAH L 10 As-built 67 3FE ELAG B4 AR

‘ »“; ) . =1 4 -3 '@
3 ,nnﬂ»zi%mi’?. !

AKXk

Dislocationfconcentration: ¥
{ [ § % oY

TR A AT U FRI AR ot 1 2B K B . &0 HIP b3
J& » HIP 90 1 HIP 67 4 42 iURE 1 o RL T 300 22 14 40 A2 15
FE AN R, HIP 90 & 4 30FE 32 B2 H KA IR 4 A0 55 A
RS, 1T HIP 67 4 46 iR Y 2 55 A i A5l A . A
P 9 /1 LPBF il J¥ Inconel 738 & 4 ) GND v i % & 43 Aii
FeR/NA] 5, YRR S Inconel 738 & 4 A 4525 B 7y A
A1, As-built 90 BUFE A7 4 5“5 7R A, A7 4l 32 B4R
w3 A TE AR AR i 1 Kl A , 3543 4 HRPE AR
o R P RIAEIR o RO Rl B o AHRTEE , As-built 67 K
FEH L ES AT L 5T, 2“4, B A fECR
kLAl 5 . & 10 9 LPBF & Inconel 738 & 41T #H
A N HIP 4b BRI & Rz 30 % A2 7= & B . LPBF %
Inconel 738 & 4 id #2 1 HHAR AR BT S BUN R TE A5,
HATE &R /N (Z110%m®) , B TEIKB) 1K, Fih & iz e
FRERIAK . P45 i o A% 08 S TE e O 2 R XAk o e
AP B S T T P4 o AR oR L S TR GG B R — B
M AT ) 38 A T A M it e K KRR R AR
bmo DR FERUIRIAL B, P45 S AR I, kA R AR
mm LK BRITTT AR RO/ o 26, HIP 90 3R 1) i kL
PR B R AR A B S 4 A . HIP 67 30K
1) RS B R AR i (S 86 Bl ) AN S Rl R A & o

f & 11a 1 11b A LU H LPBF % Inconel 738 &4
HAEAE KRB ML &, X 2 LPBF &% i F2 ik 4 1 17 5
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Fig.9 GND density distribution of Inconel 738 alloy formed by LPBF and HIP treatments: (a) As-built 90 sample, (b) As-built 67 sample,

(c) HIP 90 sample, and (d) HIP 67 sample
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Fig.10 Schematic diagrams of grain morphology transformation of Inconel 738 alloys formed by LPBF in the deposited state and HIP-treated
state: (a) As-built 90 sample, (b) As-built 67 sample, (c) HIP 90 sample, and (d) HIP 67 sample
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Fig.11 Distributions of grain boundary orientation (a—d) and recrystallization maps (c,—c,) of Inconel 738 alloys formed by LPBF at deposited
state and HIP-treated state (grain boundaries of 2°—10° are green, grain boundaries of 10°—15° are red, and grain boundaries of more than
15° are black): (a) As-built 90 sample; (b) As-built 67 sample; (c) HIP 90 sample; (d) HIP 67 samples; (c,, c,) the recrystallization maps
corresponding to the regions in Fig.11c; (d,—d,) the recrystallization maps corresponding to the regions in Fig.11d
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Effects of Initial Grain Morphology on Anisotropy of Microstructure and Mechanical
Property in LPBF-Inconel 738 Alloy by Hot Isostatic Pressing

Xu Jiayu', Gu Yuru'?, Ding Yutian"**, Tian Peng'?, Hua Shuli'?, Liu Bo’, Gao Yubi'?, Hu Yong'?, Zhang Hongfei*
(1. State Key Laboratory of Advanced Processing and Recycling of Nonferrous Metals,
Lanzhou University of Technology, Lanzhou 730050, China)
(2. School of Material Science and Engineering, Lanzhou University of Technology, Lanzhou 730050, China)
(3. School of Electromechanics and Automobile Engineering, Tianshui Normal University, Tianshui 741000, China)
(4. Institute of Materials, Henan Academy of Sciences, Zhengzhou 450000, China)

Abstract: Effects of initial grain morphology on anisotropy of microstructure and mechanical property in Inconel 738 alloy prepared by laser
powder bed fusion (LPBF) under different scanning strategies after hot isostatic pressing (HIP) treatment were studied. The results show that the
initial grain morphology is highly heritable. The initial grain morphology of Inconel 738 alloy formed by scanning strategy 90° (As-built 90 alloy)
presents elongated columnar grains and irregular fine grains. After HIP treatment, the recrystallized grain morphology of HIP 90 alloy presents
elongated columnar grains and a few equiaxed grains. The As-built Inconel 738 alloy formed by scanning strategy 67° (As-built 67 alloy) initially
has short columnar and equiaxed grains, and the recrystallized grain morphology of HIP 67 samples shows similarly equiaxed and equiaxed grain
morphology. The main reason is that the initial grain morphology determines the strain distribution. The strain distribution of As-built 90 samples
is in the shape of “bar”, while that of As-built 67 samples is in the shape of “net”, and the strain distribution is more uniform. During HIP
treatment, the strain concentration region preferentially provides nucleation location for recrystallized grains, which determines the morphology of
recrystallized grains in HIP samples. The mechanical anisotropy of HIP 90 alloy is larger than that of HIP 67 alloy, which is mainly related to the
grain morphology of HIP 90 alloy. The equiaxed grain morphology of LPBF-Inconel 738 alloy after HIP treatment requires appropriate LPBF
process parameters.

Key words: Inconel 738 alloy; laser powder bed fusion (LPBF); scanning strategy; hot isostatic pressing (HIP); anisotropy
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