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Table 1 Chemical composition of Ti6Al4V alloy powder (wt%)

Al v Fe C O N H Ti
6.27 3.7 0.13 0.01 0.17  0.02 0.001 Bal.

1 LDED ST BFE R
Fig.1 Photograph of the LDED as-deposited specimen
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Fig.2 Selection of an optimal solution-aging treatment route
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4 LDED JJE Ti6AI4V & G TR A RAE AR 21
Fig4 OM images of the as-deposited LDED-fabricated Ti6Al4V

samples in directions perpendicular (a) and parallel (b) to the

printing direction
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Fig.5 Microstructures of as-deposited LDED-fabricated Ti6Al4V samples in directions perpendicular (a—b) and parallel (c—d) to the printing

direction
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Fig.6 IPF (a—b), grain boundary distribution maps (c—d), and statistical histograms (e—f) of as-deposited LDED-fabricated Ti6Al4V samples in

directions perpendicular (a, c, e) and parallel (b, d, f) to the printing direction
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I RS B, 3 WY it S BT ) R B I ) 22 SR N . A
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Fig.7 KAM maps (a—b) and local misorientation distribution (c—d) of as-deposited LDED-fabricated Ti6Al4V samples in directions perpendicular (a, c)

and parallel (b, d) to the printing direction
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Fig.8 Room-temperature tensile engineering stress-strain curves of
as-deposited LDED-fabricated Ti6A14V alloy
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Fig.9 OM images of LDED-fabricated Ti6Al4V alloy in directions perpendicular (a—c) and parallel (d—f) to the printing direction after solution
treatment at different temperatures: (a, d) 850 °C/2 h AC; (b, ¢) 950 °C/2 h AC; (c, f) 1050 °C/2 h AC
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A EAR BT B G %% . B 10 I 11
LDED /¥ Ti6Al4V & 4 28 [ A0 3 ¥ SEM JE o 78
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P10 850 'C/2 h AC &7 b ¥R J5 LDED FUE Ti6AI4V £ 4 1 i 41 21
Fig.10 Microstructures of LDED-fabricated Ti6Al4V alloy in directions perpendicular (a—b) and parallel (c—d) to the printing direction after

850 °C/2 h AC solution treatment
‘
Gyen Ktructurcs

7 &

11 950 "C/2 h AC [l #4325 LDED B JE Ti6AI4V £ 4x 1) S iz 41
Fig.11 Microstructures of LDED-fabricated Ti6Al4V alloy in directions perpendicular (a—b) and parallel (c—d) to the printing direction after

950 °C/2 h AC solution treatment

T AR AH 2 R AT AH B B R A R R . AR AL
FET H W VA AL FH (850 “C/2 h AC #1950 “C/2 h AC) IR AE
[ILHSURFAE CRAAL I A o AT RS B R AR 0 ZY) , 3 X 500
550,600 C 3 /i s AT I AL BE (4 b, AC) , RGE 46
715 I 3880 B 6o 20 20 A Y T A . I 12a~12¢ T
W, 5 ] v R 22 I R B S, WD AE B RL CBE FE 200~
500 pm) #FHT ERJ7 A7) S R AR, ROSF B 2R AL, 3X 3R 3

TE oS AH DX I RS, 1500 5 -1 BSOS 3K, A 2 LR BN
n IR, SRR R TR E . BT 12d~12F 1) SEM 5 AT
G [V I O 1) o R AFANE IR BT 2%, W) A
FHEH AL B IR AR AR N FIEOIR , TEAR B AH BT R
HIRA a (o). BAHTEEANELN ay, LTI
Ao BB FRR a A AN BEE AR EA (B, R AR BAHF a
LS« B 13a~13¢ N 950 C/2 h AC [ i FE LIt
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Fig.12 Microstructures of heat-treated LDED-fabricated Ti6Al4V alloy in directions parallel (a—c) and perpendicular (d—f) to the printing
direction: (a, d) 850 °C/2 h AC +500 °C/4 h AC; (b, ) 850 °C/2 h AC+550 °C/4 h AC; (c, f) 850 °C/2 h AC+600 °C/4 h AC
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Fig.13 Microstructures of heat-treated LDED-fabricated Ti6Al4V alloy in directions parallel (a—c) and perpendicular (d—f) to the printing
direction: (a, d) 950 °C/2 h AC+500 °C/4 h AC; (b, e) 950 °C/2 h AC+550 °C/4 h AC; (c, f) 950 °C/2 h AC+600 °C/4 h AC

SO RIS SRR SR A B R A A VST
B[ 7 I B s SRR 17 o HOHLAL A 8 T HE 2 5
56 BTS2, HE AT R TS, o DX 2 S A ok 1
13d~136 JAf L HG AL AU SR SR AL a0
PR a1 85 o 2% B, FEY 9 2 SR G EL B, TR 1K
S M. IR FEAT X T R — R R RE A L I
b B LA R A , 3 T 5 R A

ARk . BN RIS £ RE i A 41, B 3 IR A A
500 C e 600 C, ¥ILE o A RIS RCHAL . SRTTT , o,
A B2 I 280 P 5 M 5 g B S o o 280 R S T v 7
o A Z 8] B 1) a AH RS A B AR 4K, K R 9 i 35
B, B R A BN B K K.

1E TI6AI4V & 4, [ b B 2 SEINL 76 2 350 50 40 A
MBI H R & &9 BUME BE &, 76 S AR A DA IR



12 1

JEPRZE S WO MRS R TUR TIGAI4V £ & HZURE K F1# ML RETE 7T

* 3153 -

FERS, ST B2 R BHAS , A BE IR Sk S AR SE
AR o N 254k B 2 ol ] 5 5 S AR 2 i 0o [ VS
Ti6Al4V & G0 R AW, B ORI Jo R 3 #UE A B
FHBT H a A0 HI I 12 0 13 AT 0, B 28500 B A 500 CFH2
600 C, ¥4 a HHTE AR A K, 1H o #H 8] B, VB B 40 Hh (1)
a AHRFIE R BERA AW B, B TR
HOAE AT H IR AR o A 38R T = 3 O 6 0 A o AR
SRR T ROk AR, e R EUE B A o M AL
L) A R NS @ 9170 AN Y £ 7 N8
3.3 [EARTE%t LDED Ti6Al4V &€ SRR S0
AL EE 5] 1) o AHFN BAHTE ST VTEAS o0 A S AR
TR ERYSTME L& 1R . B 14 5 LDED &
TE TI6A14V 4 4 [8 1A I U B PR = IR R RE . W]
PLE HY, 7E 850 “C/2 h+500 ‘C/4 hAC 4T, T H T EN
J3 [ FNPAT T 4T B0 J7 0] (1 A% BR 47047 58 & 43 531 2 1033 F
1007 MPa, ZEfH 3 53 5 4 12.1% A1 15.8%. £ A [7] [# %
IRPER , BEE N RUR FE IR T, TICAIAV [ PTHLom 1 & A=
BH S BRI, 2 BT 4T B ) A PRATRE 58 B2 43771 24 989 MPa
(550 “CIF D 1972 MPa(600 C 20 , JEA# 9% A B
Ao SPAT T B 7 1) B 0% PR 470 7 58 5 43 3l 2 946 F
968 MPa, %L i 3 F i B K Bl & [ ¥ i 32 = 3
950 C, £ 500 “C F I 2408 FE T, 1alRE 2 B 14T ER J7 1) F
SPAT THT BN 7 1) F AR SR Bz 5 5 433 4 959 F1982 MPa,
FEAH R 53 51 SN 9.7% F110.9% , H. B I R0 B 32 5 ik

1200

a
UTS=1033 MPa, EL=12.1% UTS=989 MPa, EL=13.3%

1000 UTS=965 MPa, EL=14.8%

JTS=959 MPa, EL=9.7%

800}

UTS=984 MPa, EL=14.5%|

600}

Stress/MPa

——850 °C/2 h+500 °C/4 hAC
400 ——850 °C/2 h+550 °C/4 hAC
——950 °C/2 h+500 °C/4 hAC
——950 °C/2 h+550 °C/4 hAC

200

——950 °C/2 h+600 °C/4 h AC

0O 2 4 6 8 10 12 14 16 18 20
Strain/%
12
00 =
UTS=1007 MPa, EL=15.8%
]000 & UTS=958 MPa, EL=17.0%

UTS=982 MPa, EL=10.9%\

< 800f

& UTS*956 MPa, EL=16.8%

= UTS=946 MPa, EL=14.5%

<

@ 600

=

] ——850 °C/2 ht500 °C/4 h AC
——850 °C/2 h+550 °C/4 h AC

400

——950 °C/2 h+500 °C/4 h AC
——950 °C/2 h+550 °C/4 h AC
——950 °C/2 h+600 °C/4 hAC

200

0

0 2 4 6 8 1012 14 16 18 20 22
Strain/%
14 LDED HUJE Ti6AI4V £ 4 FAb #E AR S iR b v
Fig.14 Room-temperature tensile engineering stress-strain curves
of heat-treated Ti6Al4V
perpendicular (a) and parallel (b) to the printing direction

specimens in directions

FETE BLFT BT 1] (R 58 B WS AT 42 /51, T P47 1 ER 7 1] R 5
FEREE, EEWATT A ERE M Z 2 ETHES . ST
T 3 [V AR ER , A A1 ) S REAR R T U A IR
FEYA — e PR s . S5 LB T 0, 75 A0 [ ] 35 i 5
N, Bt B R FE H 500 °C A 600 C, i RAARS A T
B, T 7E 950 °C [H & 26 A N B EER A T B . 7EAH )
B3GR E T S oF [ AR 850 CHR i #1950 °C, i il
W WG [ T 48 A 26 7E 550~600 °C I 20 A5 Fr i . 1
850 ‘C/2 h+500 ‘C/4 h AC %11~ , iAFE 2 B T 4T ER U7 [f)
FSPAT T4T B 7 1] 58 B e 15 » R B BB PR AR FFLE R 47K
LDED filli& [ Ti6Al4V & 4 H ZURFAEXT /127 1 fig
TRTE T BA I, 3 A A BRI R A R ST R R
JIFPEREM iR R . AR, WIE o AL
O TN EE SR ERAL TN o, IR T HH 2 SIC 3 58 28 A () 25 4 i 1)
HER R — 5, M AT AE o AH SRS 50 4 5y
AEM T Z T, BRI R 7T, B2 iy T B4 T B R
713 75— T gy WAFAELSEERAL , B8 BHLLZ MR =30
VK" s i (AR A - N NI o = S e o R O 1
G, SREGT AT AE /) a AHESE BT SR E R, — e R |
PEm T A e nR s, R I [ VA I 2804 B R 11 Bk 28
YA i . 850 “C/2 h+500 C/4 h AC F1950 ‘C/2 h+
(500 C/550 ‘C/600 “C)/4 h AC iRkt R A HHAL o AT
BT AN o 1) B oS AR A ZUEH B, ] $ i B 2H 4 1) A2 T
PR e I ANPTR S e 7T, B AR R BB %, 15 950 °C
I 5 50 P 8 v WA o FEREL A R O i, AR T A 2 1
U, NI s T & &8, FIRHALK a M 7E — &R
B TR SR B O T v R M R
W XA o ROST A O, 72 A [R] A IR FE T Bl A 2
BT o ST 3G 0, IX 386 0 7 AR T AH 22, T A F
TR .

4 £ P

D YA 5 LDED Ti6Al4V i FE7E 25 W0 _F i1 58 1% R
200~500 pm [FIHTAE BFEIR b 4L, & N 2 o1 B T3
AL SR Y T 4140 . e 4k , LDED i Ti6AI4V i
PEAFAE— € RIS 1) SRR , 5 36 B T-4T BN 7 AR B, °F
A7 T B0 J7 T R RE 3R B 1.4% 1% B Hr 5 FE BRI A0
38.3% ¥ LA .

2)TE BAHAZ 25 LA R HEAT [, DK 3 S5 AN J2 A AR
e R &S AR R AR AR, T TR BAH AR s DL B[N, dfokr
RAE B RAHAL . 7E AHAR B DLR [V BC A IR R %, 20
GURAETAFHA o Ha BN 2 RS 1 . B [ %
IR FETH & a FEHLACHR BER o, ANESEAR BEHY I

3)LDED & J¥ Ti6Al4V & 4 il {14 28 [E 17 i R ik 71
J& (SR IB VI A BT i &, 1 850 “C/2 h+500 ‘C/4 h AC
AR A B AL iR UT T, 3 B P47 T 4T ED 7 ) 1Y)



* 3154

W] B RS TR

555 %

PURL 3 £ 43 B4 1033.1007 MPa, ZE #3735 4 12.1%.
15.8%. U FIFETHIE T U AE o AHTR BT H R 58 1k, 5%
A AR I R AL 3 55 I T AEAK , AN SR 0, 5
MR AL R LU 47 55 BEL T

SEHk References

[1]Pan Y, Yang Y C, Zhou Q J et al. Acta Materialia[J], 2024, 263:
119485

[2] Yao Bibo( k%5 ), Peng Yuyang(#2 £k V), Li Zhenhua(Z2 i 1£)
et al. Rare Metal Materials and Engineering(%i 5 & J& # £l 5 1L
FE)[J], 2025, 54(5): 1235

[3] Kuang F, Zhou Q J, Pan Y et al. Materials Science and
Engineering A[J], 2025, 927: 148023

[4] Li Yanping(Z= #i ), Huang Wei( 3% H5), He Yan(#% %) et al.
Rare Metal Materials and Engineering(Fi i & @M EL5 T[],
2025, 54(1): 62

[5] Banerjee D, Williams J C. Acta Materialia[J], 2013, 61(3): 844

[6] Zhu Y Y, Tian X J, Li J et al. Journal of Alloys and Com-
pounds[J], 2014, 616: 468

[7]Hou Y H, Liu B, Liu Y et al. Opto-Electronic Advances[J], 2019,
2(5): 180028

[8] Kuang F, Zhou Q J, Pan Y et al. Materials & Design[J], 2025,
253: 114011

[9] Azarniya A, Colera X G, Mirzaali M J et al. Journal of Alloys and
Compounds[J], 2019, 804: 163

[10]Qi C Q, Du Y, Yang P et al. Metals and Materials Interna-
tional[J], 2022, 28: 3068

[I1]Hao Y B, Huang Y L, Zhao K et al. Optics & Laser Techno-
logy[J], 2022, 150: 107983

[12] Ren Y M, Lin X, Fu X et al. Acta Materialia[J], 2017, 132: 82

[13] Bertoli U S, Guss G, Wu S et al. Materials & Design[J], 2017,
135: 385

[14]Ren Y M, Lin X, Guo P F et al. International Journal of
Fatigue[J]], 2019, 127: 58

[15] Asherloo M, Wu Z H, Sabisch J E C et al. Journal of Materials
Science Technology[J], 2023, 147: 56

[16] Li R K, Wang H M, Zheng D D et al. Materials Science and
Engineering A[J], 2022, 850: 143556

[17] Luo Hengjun( %' 18 %), Deng Hao( ¥} i), Yuan Wuhua( % 1)
et al. Rare Metal Materials and Engineering(¥i &= J@# k5 T
FH)[J], 2025, 54(5): 1185

[18] Bhattacharyya D, Viswanathan G B, Fraser H L. Acta Materia-
lia[J], 2007, 55(20): 6765

[19] Stefansson N, Semiatin S L. Metallurgical and Materials
Transactions A[J], 2003, 34(3): 691

[20] Stefansson N, Semiatin S L, Eylon D. Metallurgical and
Materials Transactions A[J], 2002, 33(11): 3527

[21]1Q1 C Q, Du Y, Yang P et al. Metals and Materials Interna-
tional[J], 2022, 28(12): 3068

[22] Sui S, Chew Y X, Hao Z W et al. Advanced Powder Mater-
ials[J], 2022, 1(1): 100002

Microstructure and Mechanical Properties of Ti6Al4V Alloy Fabricated by Laser
Directed Energy Deposition

Zhou Qingjun'?, Pan Yu', Kuang Fan', Yue Liansheng', Lu Xin'
(1. Institute of Engineering Technology, University of Science and Technology Beijing, Beijing 100083, China)
(2. Capital Aerospace Machinery Co., Ltd, Beijing 100076, China)

Abstract: Solution-aging treatment is a critical approach for optimizing the microstructure and enhancing the mechanical properties of laser
directed energy deposition (LDED)-fabricated Ti6Al4V alloys. The results show that as-deposited Ti6Al4V alloys consist of primary f columnar
grains with width ranging from 200 um to 500 pm. The intragranular features include grain-boundary o phase, Widmanstitten structure at grain
boundaries, and basket-weave microstructure. The ultimate tensile strengths in the directions perpendicular and parallel to the printing direction
are 1010 and 996 MPa, with corresponding elongations of 8.1% and 11.2%, respectively. After sub-f-transus solution treatment followed by
intermediate-temperature aging, the microstructure consists of discontinuous grain-boundary o phase, short rod-like o phase, and transformed S
phase (composed of retained S phase and secondary o phase). Solution treatment above the f-transus causes pronounced grain coarsening and
coarse Widmanstitten structure. The treatment of 850 °C/2 h+500 °C/4 h with air cooling (AC) yields the excellent strength-ductility balance at
room temperature. The ultimate tensile strengths perpendicular and parallel to the printing directions reach 1033 and 1007 MPa, respectively, with
corresponding elongations of 12.1% and 15.8%. The strength-plasticity synergy originates from the multiscale o/f structure formed by sub-/
-transus solution combined with intermediate-temperature aging. Specifically, the grain-boundary a phase transforms from a continuous to a
discontinuous/spheroidized morphology, thereby weakening the cracking propagation channels along boundaries. The intragranular a phase is
moderately coarsened and evolves from acicular to short-rod morphology, which improves deformation compatibility. Meanwhile, the secondary a
phase dispersed within the transformed f phase and the residual § phase jointly promote slip transfer and work hardening.
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