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Fig. 1 SEM images and grain size distributions of Ti6Al4V((a), (a’)) and A1Si10Mg((b), (b")) powder

=1 Ti6AI4V By R HAL2E 5

Table 1 Chemical composition of Ti6Al4V powder (mass
fraction, %)
Al \Y (0] H N Fe Ti
6.04 402 0.12 0.008 0.03 0.14 Bal

2 AISilOMg 3 K 1 2 Ry
Table 2

(mass fraction, %)

Chemical composition of AlSilOMg powder

Si Mg Mn Cu
9.96 0.43 0.005 0.012
Fe Ni Zn Al
0.273 0.021 0.009 Bal.

AHIE T ) 2 () Ti/ALBE BE A RL B 5 86 5 2 2
8, RS R S B RE = R G SR R AR & 88
K& BN 100% Ti6bAl4V(I). 75% Ti6Al4V+
25% AISi10Mg(Il). 50% Ti6Al4V+50% AlSil0Mg
(1), 25% Ti6Al4V+75% AlSilOMg( IV). 100%
AISi1OMg(V) (B 73 ), $JZ VTR R FEZ1 8 0.2
mm; #EZEL . DIV B, BEEVIT

T4 )2 WO ARUTERH & 142 5T Ti/ AL FERR BEA
BoREEWE 3 fR. BT Ao R o
#% Ti6Al4V. AlSil0Mg () L &S 54 i 562,
HIE T OB R TUR TUALER R (0 2 S5 ot
%N 140~160 W, HHHH FE 4 450~550 mm/min,
Ti6A14V 3% H} 3 % 0~1.76 g/min. AlSil0OMg 1% #} i
K 0~1.08 g/min, FHSILEN7~9 L/min, %18 KT
FHAIEE 04 mm. EMEEFE T2 SHWE3
Fi7R o

1.2 #BEMRERRES RN

EEXTUURR TVALBR FEAT B, R 42 V)% 8 H T
FERRER T UIEL, 0 R A 1247 4 2R AE AN 2 il
PR o SR FH B S bl 5 A ASOnT T/ AL BE 4
R B HEAT T IR A IR Y VR 1)
(BB BEJ5 A1) LA 100 pum A7 [H] B, 47 9 0.98 N, R %k
10 s AT . X TR E EZ N3 R, HH
P FAE A AR B () 4R b o URE RS R
b 4 Fros .
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Fig. 2 Schematic diagram of laser powder deposition system
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Fig. 3 Schematic diagram of lightweight Ti/Al density

gradient materials
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Schematic diagram of hardness test of Ti/Al
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Table 3 Processing parameters for laser powder deposition lightweight Ti/Al density gradient materials

Ti6Al4V feed rate/ AlSi10Mg feed rate/ Laser power/ Scanning velocity/
Layer No. ) A -
(g'min™) (g'min™) W (mm-min)
I 0.1.76 0 160 550
I 0.1.32 0.27 155 550
il 0.88 0.54 150 500
v 0.44 0.81 145 500
v 0 1.08 140 450
Intensity
High Middle Low

5 B Ti/ALE FERR FERRH) B AR BTE ¥ SEM & S H EPMA JC K [ 4
Fig. 5 SEM images and EPMA elemental maps of cross-section of lightweight Ti/Al density gradient materials: (a) Overall

of Ti/Al graded materials microstructure; (b) Ti element; (c¢) Al element; (d) Si element
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K Ti6AI4V AT AISi10Mg (1) EL 91481k, &8 5 2
M RMAS R ZER . BEZDN TR R —
Ti6A4V, 7E K 6(b) 1 B g bR RILEA A
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REEH, WiE 6(e)F(H T

K AT N 6 A R X 38 (1) EDS 73 #7 45
Ro TVAIBEMEL S ZHEEITHR AT Al S
JLE . IR A EDS T4 R, B Z AT
SR AT ) SRR RUREIR B (B 0 UE ) 2 ‘& Ti-SiAH
(LB 6 H X482 f14), & Ti-Si MK Ti. Si /R
(n(Ti):n(Si))21°H 5:3, XK IE Ti-Si #H4 TiSi,Al
(0<x<1), MiLEMAFELE, FEZHTHOLH
RUTBUE AR, It P AL 1) 2 8 R AR AE AR (1 B

)

Bl6 /i TV/ALE BERE AR B = 1 S AR RONL T 3

Fig. 6 Typical microstructures of each gradient layer of lightweight Ti/Al density gradient materials: (a) Ti substrate;
(b) 100% Ti6Al4V; (c) 75% Ti6Al4V+25% AlSi10Mg; (d) 50% Ti6Al4V+50% AlSi10Mg; (e) 25% Ti6Al4V+75% AlSil0Mg;

(f) 100% AlSi10Mg
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Table 4 EDS analyzed results of micro-zones marked in Fig. 6

Micro Compositions, x/% .
Layer No. - - Possible phase
zone Ti Al Si Total
I 1 99.64 0.27 0.09 100 Ti
I 2 59.86 4.32 35.82 100 Ti,Si,Al
3 76.42 21.17 2.41 100 Ti,Al
- 4 61.93 5.67 32.40 100 Ti;Si,Al
5 51.57 44.74 3.69 100 TiAl
v 6 26.62 67.25 6.13 100 Ti-Al compound
7 2.19 91.34 6.47 100 Al-rich phase dissolved with Ti and Si
v 8 22.16 68.26 9.58 100 TiAl,
9 1.35 93.42 5.23 100 Al-rich phase dissolved with Ti and Si
Ti
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(e)FN(E) A o fh 18] X 35k 7 A1 9 ST EDS 43 #7 Al &5 &
BIEik90% LA F, NE AL, B, mEemm#Ek4
ALH, BEE DURUR K Ti6AI4V F A1Si10Mg [ b 4
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TiAL+AL IR .

B 7 BT 7~ R VR 6 B 5 ) 2 03 T/ AL BS54 PS5 4
BB MAE RS R fi. N7 LG
W, SICREE T ERIEEH LR, ES5HE
AR BAFAE PG M, LUTiFl AL G 3 45 A
LRI IR, BRI TVAL FERR LR
(IR P2 A AT A I IE X PRk e e R, RO B4
K, U, BB R (I~ V) BP0 B (G
& B #7R) 43 518 370.9 HV, .« 619.4 HV,,\ 567.7
HV,,+ 459.5 HV, FI213.8 HV, . %62 KM
FEH S EMHLEM AR g, &5 % 20
LB (LI 6 FIZR 4) 3BTl i, 516 5 2 B A A
YRR, FEIAK T 1) &R Ti-Al & )& 4k
BT Si, AR 2) % Ti-Al &8 ik &4+

substrate. 1 Il I IV .V

100

1700

- 75t -Hezlrdness ; 1600
% | ——T | {500 =
g" Al; 500 E
E 50r——V: @
z 400 3
o [=]
g | E
S sl {300 £

| 1200

O L
] 100
-500 0 500 1000 1500 2000

Distance/um
7 5T TVALE BB AR R E AN & TR 1
i

Fig. 7 Vickers microhardness and elemental composition

distribution of lightweight Ti/Al gradient materials
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Fig. 8 SEM images of typical cracks of lightweight Ti/Al gradient materials prepared by laser powder deposition: (a), (c)

Large size crack; (b), (d) Thermal crack
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large size crack: (a) Cross section for position marked; (b)

Quantitative elemental concentration profile of

EPMA concentration profile
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Table 5 EDS analysis results of micro-zones marked in
Fig. 9(a)

Micro Compositions, x/% Possible
zone Ti Al Si Total phase
68.53 2821  3.26 100 Ti;Al
2497 6741  7.62 100 ALTiSiy
1.73 9564  2.63 100 Al
2437 6838 725 100 ALTiSiy

66.95 29.18  3.87 100 Ti,Al
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EH, Selstb i) AISi1OMg KA TR 2440, Wik 10
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3) BEE WO, fEbRdEEE, MEHA
HIRARRNEK, HIECTIRBER IR, KL
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Fig. 10 Schematic diagram of crack self-healing process: (a) Molten liquid in molten pool filling crack; (b) Secondary crack

initation; (c) Crack wall reacting with filling solution; (d) Island-like microstructure formation
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Crack formation mechanism and self-healing behavior of
lightweight Ti/Al density gradient materials prepared by
laser powder deposition

LIU Yang" >3, SONG Yu-feng', TAN Xin-rong"*, LTU Wen-sheng® CAI Qing-shan?, LIANG Chao-ping?,
CHEN Zhen-xiang®, YANG Kai®, CHEN Yu-qiang', LIU Wen-hui'

(1. Hunan Engineering Research Center of Forming Technology and Damage Resistance Evaluation for
High Efficiency Light Alloy Components,Hunan University of Science and Technology, Xiangtan 411201, China;
2. National Key Laboratory of Science and Technology for High-strength Structural Materials,

Central South University, Changsha 410083, China;

3. Hunan Vanguard Group Co. Ltd., Changsha 410100, China)

Abstract: A novel lightweight Ti/Al density gradient material was fabricated successfully using the laser powder
deposition technology. The microstructures of gradient materials were characterized by the scanning electron
microscope, electron probe microanalyzer, energy spectrometer and microhardness tester. The crack formation
mechanism and self-healing behavior were studied. The results show that the microstructure of lightweight Ti/Al
density gradient material shows gradual change, and the phase evolution shows the regular change of Ti—Ti,Al—
TiAl+TiSi;—TiAL+TiAl+Ti,Si,+Al—TiAl,+Al. The average hardness of each gradient layer (I-V) are 370.9
HV,,, 619.4 HV,, 567.7 HV,, 459.5 HV, and 213.8 HV,, respectively. The cracks are observed in the
gradient layer, which initiate at the interface or defects (holes, etc.). In the process of laser powder deposition of
light Ti/Al density gradient materials, the subsequent metal solution in the molten pool can fill the cracks,
complete self repair structurally, make the cracks heal and effectively prevent the further expansion of cracks.

Key words: additive manufacturing; laser powder deposition; gradient material; crack; self-healing behavior;

microstructure evolution
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