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Research Progress on Heat Treatment of Metal Components
Manufactured by Laser Additive Manufacturing

for Aerospace Applications
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(Xi’an Sino-Euro Materials Technologies Co., Ltd., Xi’an 710018, China)

Abstract: Metal components for aerospace applications need to meet the requirements of high performance, low cost and
high reliability simultaneously. Aluminum, titanium, and nickel alloys have become key materials in the aerospace field due
to their excellent comprehensive properties, and they are also important application materials in laser additive manufacturing.
The selective laser melting (SLM) technology offers high forming accuracy, high production efficiency, and the ability to
produce nearly fully dense complex metal structures, making it a hotspot in current additive manufacturing research. The
heat treatment is a major step in the post-processing for additive manufactured metal components, playing a crucial role in
adjusting the microstructure and final performance. This paper focuses on the recent research progress in the heat treatment
processes of Al-Si-Mg, Ti6Al4V and Inconel 718 alloy components manufactured by SLM for aerospace applications, and it

provides an outlook on future development directions.
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Table 1 Mechanical properties of Al-Si-Mg alloys by laser additive manufacturing

Materials Heat treatment Tensile strength/MPa Elongation/ % Ref.
Al-Sil0Mg 450 C+2 h 396+8 3.47+0. 60 [19]
Al-Sil0Mg 450 C+2 h 282.36+6. 10 13. 40+0. 51 [20]
Al-12Si 500 C+2 h 380 3 [21]
Al-20Si 400 C+6 h 252+3 8.7 [22]
Al-Si7TMg 300 C+3 h 226.32+3.06 12.87+1.60 [23]
Al-Sil0Mg T6 315 7.3 [24]
Al-Sil0Mg T6 450 °C +ageing 219 11 [25]
Al-Sil0Mg T6 550 °C +ageing 307 9 [25]
Al-Si10Mg-TiC T6 486 10.9 [26]
Al-Sil0Mg-TiB, T6 530 15.5 [27]
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Fig. 1 Engineering stress-strain curves (a) and corresponding mechanical property (b) of the SLM and annealed samples of AlSi7Mg[30]
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Fig. 2 Mechanical property of SLM-formed Al-SilOMg alloymSJ . (a) engineering stress-strain curves before and after heat treatmen, (b)

the average values of tensile strength and elongation after fracture before and after heat treatment, (c) tensile strength, yield strength

and ductility values after heat treatment, (d) hardness values before and after heat treatment
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Table 2 Mechanical properties of Ti6Al4V alloys by laser additive manufacturing

Materials Heat treatment Tensile strength/MPa Elongation/ % Ref.
650 C+4 h 5.7 [56]
— 104626 9.5+1.0 [57]
800 C+2 h — [58]
600 C+8 h 1181+9 5.0+0.1 [59]

Ti6Al4V
700 °C 11.3 [60]
900 C 9.5 [60]
HIP 19.0 [60]
HIP(920 C+4 h) 1040+30 12.5+0.5 [61]
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Fig.3 SEM images of the vacuum annealed SLM-Ti6Al4V alloy speci-

mens!®; (a) as-fabricated, (b) 650 Cx4 h, (¢) 750 C x
4 h, (d) 800 Cx4 h
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Fig.4 EBSD images of SLM-fabricated Ti6AI4V after solution treat-
ment'®), (a)800 °C, 1 h; (b)800 C, 4 h; (c)900 C,
Lh; (d)900°C, 4h; (e)1000°C, 1h; (£)1000°C, 4 h
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Fig. 5 SEM images of SLM-fabricated Ti6Al4V gradient porous struc-

tures after compression[n] . (a) as-fabricated, (b) 800 °C +
air cooling, (c¢) 800 °C +furnace cooling, (d) 900 °C +air
cooling, (e) 900 °C +furnace cooling
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FUBR R, i o 4E JE kORI ¥ o7 R S B B R A
Briiggemann %”6 1%t SLM B 1Y Ti6Al4V iiFssh & 30
HIP W] DI/ FLBR, el ke IF HLLH 7E 800 °C
FAF T AT I HRAE I FEBR SLM BB Y Ti6A14V il {4
BIFRAY L 1, Qiu 2V & B SLM BIE i Ti6AI4V 285
HIP Ab PRI V5B T IR FLIR, I ELA 55 FC R 58 4 An
H(a+B) H, Zead HIP Ab 5 i B9 P 1 P BE 15 5 M
INTJEREER A, il 6 Fias, SEfRRTAE] 18%
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Fig. 6 Tensile properties of as-fabricated and SLMed+HIPed samples

Harizontal

with different orientations (a), test results of the horizontally
and vertically built samples with tensile axis along their longitu-

dinal directions (b) (o]

BEAh, HIP 4b A v] DLk 230 ) 24 a0y R 0y /5,
AT 42 &5 SLM ARG JE 19 Ti6A14V 119 9% 95 PE i, Leuders
ST 0 SLM IE Y TI6AIAV 14044 1] Stk 2 S i b
BLEgE o7 PERE, 2o HIP Ab PR AT LIAT Rk 20 FL R A K/
FVBCE:, DT HIEAE 80 2, Chen 257 £EXT SLM
WIEHY Ti6AIAV & 4 b7 E4E LAt & B, Zead HIP 4k
MG ZEEFE RS RP MR ERILT, XEHTF
o Ty CARARFE AR Jy o ELAE RV (a+B) #H, BEAL, Aibf]
& HIP b BETT LA R s /s P FL B ) R /N A
H, TR SLM %I i Ti6A14V Fh ¥ 7 1Y 2L 8085 28
Ellyson 257" % $ HIP &b B ] LUK K42 & SLM AIE Y
Ti6Al4V & &R 55 75 mr, HEEMTTIE & LSNP 5
i, M EE R R T 40T HIP 4B 544 T
RS AN H TS G R Z 2

4 Inconel 718

Inconel 718 & 4 J&—Fp HA R 475 TP BE A9 T0VE 5
bR FR A4S, H 650 CLLIF B E SR ESERE G S
R, T T 4 32 R IR R A 2R 1V ) R
MR S AL R & 3h LR bR = A O B 0
Inconel 718 &4t MM EESESG S, DI%E,
BIE A AR A7 AE, & A i ™ 1 19 35% LA
o SR, Inconel 718 & 4 1 T hn T &8 AL 5 [m] 1 7T Z
Br, fEglE LR e HMas s, JFH, SB5mMEE
T 2438 Inconel 718 K AEZE Ml PEMT 2L, 75 Bl i & 1
AP, RKRIE S T & A, Inconel 718 A4 R&R
IR EERE, RS A SLM T 200 &, Bkl &
CEMPERA RATIY 14 MR RE AR D I s ™ L (R &
34 SLM AbHJ5 Inconel 718 &&= U EMMT . FRATN
JIHAR FAR, T8 T R ARAL B R DL E B G AA
T 5 HAAE BT T U BRBRBG . JCR AT, SRA N AL
AR, DT IR B RE G T T 00 3G SR T BE Mk RE, X
Inconel 718 & & WOGHI A il i 5 #EA T RAAE B AT AU 3 )
2EVERE, A0 A RN RCAT LR R AR A RS TR
], i HIP AT AR FLBR RN 3 Al . 46 3 B T 06
A HIZE Tnconel 718 443 AL FRATF 57 45 JL15%T
4.1 EELE

SLM RJE Y Inconel 718 & 4 B AR a] LB S0 25 WA Afr s
(BAEFTENRE RE P AT SR AETE O I AT . B 5, SLM UE 1Y
Inconel 718 &4 fhlA1AY Laves AHFHAG T 26 —AHZR AL JOAL AY
FEAATIR, JF HEA a0 A T ME A 2 T 8O Y
T12 P RRAR T B b ™, EEA AL R AR v, (A A
SER LA B A0 AR DA AL ) RNl AL W) BE 6 £ R S 1T I 2% b
FiA K, G 15 min [EAE AL B R DUA G Laves
A, A Nb A Ti 233504k, Laves ARIEARASKLN, 5@ 5
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R 3 A HIE Inconel 718 FEMIS1ZFMEEE
Table 3 Mechanical properties of Inconel 718 alloy by laser additive manufacturing

Materials Forming process Heat treatment Tensile strength/MPa Elongation/ % Ref.
980 C/1 h 471+4 18.9x1.3 [85]

1080 °C/1 h 1529+19 18.6+0.9 [85]

1130 C/1 h 15001 19.8+1.2 [85]

DA 1605 21.0 [86]

HSA 1570 27.3 [86]

DA 1047 13 [87]

Inconel 718 SLM SA 1173 10.7 [87]
HSA 1102 12.4 [87]

SHT 1430+10 16.8 [88]

HG 1384+10 11.7+2.0 [88]

AG 1429+9 12.7£2.0 [88]

HIP 1153+7 29.2+0.5 [89]

HIP+HT 1225+5 25.3+0.4 [89]

Notes: DA represents direct ageing, HSA represents homogenization +solution annealing, SA represents solution annealing, SHT represents standard heat
treatment, HG represents homogenization treatment, AG represents ageing, HIP represents hot isostatic pressing, HIP +HT represents hot isostatic

pressing+heat treatment

A Nb Fl Mo S5 LR, XL 2R BB, i Nb
1 Mo P HCE] y Fefddr DT TE B Laves #H. b T 1M EBR
Inconel 718 & 4 7E SLM i3 F2 ¥ = A4 9 A 3 Laves #H,
Huang %™ % B AT L) 3 98 47 8 35 ¥4 50 78 32 R0 i 2 it
G, #=HlnRfbAH %, SC8l SLM BB Inconel 718 &

SO PE SRR VLD, FE B AORFSE f, Huang %Y 7
Y IR A F] 1080 °C, SLM B Inconel 718 &
SRFETEN) Laves M4 KAV i, EL 20 18135 B A b 3
G, HEESAUSEIL T SR gnfl, R 5 A8 v e
Pl i E L FHEDS, WE 7 iR,

K7 ZRFEEEEFEEAIE 1 h 25585 B IRAE T FR B 1Y Laves #11°" . (2)980 °C, (b)1030 €, (c)1080 °C, (d)1130 C, (e)

1180 °C, (f)1230 C

Fig. 7 Residual Laves phases of as-fabricated samples solution treated at different temperatures for 1 h followed by ACP, (a) 980 C,
(b) 1030 °C, (¢) 1080 C, (d) 1130 °C, (e) 1180 C, (f) 1230 C
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Hok, AL FEA AT O SLM B A Inconel 718 4
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A%, i SLM BRI Inconel 718 f Jit AR5 & I 680 34 i
) 1205 MPa, IAh, [ A0 BA AT LIGE i B Inconel
718 A FE ) Laves HIRAZFF HH v, Zhang E A
T EVERAEFEXT SLM BB 1 Inconel 718 & 4 WAMZH LU
R 2 B AT S s, 25 R, 2o [ Ak B Y
Inconel 718 &4 HA EHAYm ik, X EH T4TiR k)5
[ Tnconel 718 &4 HIEAE/ V& E Nb 119 Laves .

4.2 M

Inconel 718 7E SLM J8JE i F v fiy T AN [ 3 B 11 #4 i
TR LA — 0 7 A AN R R SR AR TR, T
IRERARARN F7, 3 3 B A Ak B AT LA A A R A OO 45 4
SN 9 24 PR H SLM B Y Inconel 718 22
I [ AL PRS T B AT B D OBUE I K A 2
FERF, LIASIGEvE R g p fe P, Qi 451 ARS8 —
ARRIURL AT L/ i A AL R R, 30T T 3 bk 3
T (BT, & BHRL+AT I 8, s T AH 234 514k +
& B+ B350 R SLM BB B9 Inconel 718 i 12F 1) 14
17k, S5RFRM, 3 Pk ab B RN MR B 5 2
et e P P eIk BB AT K, (EARCEA B R e, Huang
SRS T ASIRIARAL B B (BT IR, 8 R+ T i
B, m A AU Ak +8 BRI+ BT B AL R SLM B
Inconel 718 &4 TE = 4 1Y 2 23 AR HLER A B 19 1 2%
170, IWIE 8 ATLIE L, BEEHAEIR TS, R
LI e Tt R S50 Jei Al 0 T U RN O, PR BRI
eI R, PSRN G =R T
Inconel 718 &4 (W8I A58 J12#hRifE

Teng LIS pRaY T SLM I 11 Inconel 718 LA Kz st
BB A R 2 S AR Fnhy b e, 25 FR I, SLM

o

Side surface (HSA) :

P8 Tnconel 718 b3 A [ MUY 5 JE 1Y ALBUVREAE ) . (a)
LRI (DAY, (b)Yl (DA), () L/ TR (SA), (d)
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Fig. 8  Microstructure characteristics of different height regions of
SLM-fabricated Inconel 718 after heat-treatment[gﬂg (a)
top/bottom surface ( DA), (b) side surface (DA), (c)
top/ bottom surface (SA), (d) side surface (SA), (e) top/
bottom surface (HSA), (f) side surface (HSA)

IEHY Inconel 718 227 B A AR AH 22 A, 1)
ROUC RS IE U NE) y"FAAERR 6 A, TEbT R/ T,
IRFER SR PTPR R & T 43. 7%, 5 RS An il
FEFEE T 12% ., SIM JE ) Inconel 718 14 XGE I CE H)
Ty My BB R A A — DA ATy Ly
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e, DAy Ry B RS FUARRSr 8. S 1 A4 SLM
BOE B Inconel 718 4 4 i ik I ) Wi 24 P B, Zhang
ZEVOTRT HIP+ [ + B B A S B 2, R
it 25 st 5 I P 8 B B 32 b,y A R B Has
K, I W Bk R e 4 S AT AL R R A AR AR
FAR AT B ARSI BT e Ah, Cao BV S T
SLM JE ) Inconel 718 & & M WAL, K& T
1080 C )51 AL AR AL FE -+ 980 °C. [F] ¥ $4 Ak HH + I I 25 &b
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h BRI AT DU T 3R B R AT =R T 2 Pk RE 1 1 b
HildE & A, B B g T HIP X SLM KB Y In-
conel 718 & 416 VAT I BT 44 #E Jy 1] (1 T W 21 23 Fn g
SEPERERISE W, R Z 5T HIP A4S, SLM BJE I In-
conel 718 & 4 Fh AP K4 Laves HHIH S, v FAAHHT
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SRRIE AR, JEBR SR FLE B, M4 w42
5 SLM I 1Y Tnconel 718 5414 F12FPERE

B, 1€ HIP ZbFE SLM BB (1) Inconel 718 #2423 H
P ERRRL AR R BE G, Smith %511 SRR A U KR A
SERR R 26 SLM BUIE Y Inconel 718 #E47T T #UbH#, &
BLeaT HIP RhER A RE & P A AR R O S5 4, I =4
THREMIE K2R, HXF TR JORBS Rk B R, HIP
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7% 7 HIP AL FEXT SLM ALIE () Inconel 718 X FE AY & fL 41
21 SR A SR B B RS R,  BRL HIP Ah B 2% 3 BNk
HBRLAE, B B AR N 154.8 wm A S5 Sk, 1E
HIP AP, Ty MM S RIE S 255, ik
B AR RE R AR T 36. 1% . B 1% 581241 Mostafa 251
KRG 50 HIP Ab¥RJ5 B SLM B B9 Inconel 718
AT R R SF 240 150 pum IZEIMZ5HE 16 AL TR
S ARAMEYERR ALY, Wl 9 FriaR, mdkRl i, SRA HIP
Ab3E SIM B HY Inconel 718 SR v LIE & FL B A Bk FE ,
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P3N

SLM-printed specimen

HIP treated specimen  Homogenization treated specimen

P9 Inconel 718 LUREM S P A A AL (a, b)SLM
ITERZS; (¢, d)¥Ffk; (e, ) HIP AbFEE
Fig.9 Inverse pole images and unique grain maps of Inconel 718
specimens“m] . (a, b) SLM-printed; (c, d) homogenized;
(e, f) HIP-treated
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