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Fig. 1 Transport diagram of heterogeneous alloy powder, as well as morphology and particle size distributions of two kinds of powders.

(a) Schematic diagram of synchronous delivery of heterogeneous alloy powder; (b) micro-morphology of Ti6A14V powder;

(¢) particle size distribution of Ti6Al4V powder; (d) micro-morphology of Nis;;Ti,; powder; (e) particle size distribution of

Nis; s Tiy, 5 powder
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Table 1 Process parameters corresponding to different composition ratios

Noo ety P (o (i) (g o o e ST
1 100% Ti6Al4V 1292 8.79 5.19 5.19 0.56 18 Ti6Al4V
2 90% Ti6A14V +10%NiTi 1292 8.79 5.58 5.02 0.56 0.53 18 Ti6A14V
3 80%Ti6Al4V+20%NiTi 1292 8.79 6.03 4.82 1.21 0.54 18 Ti6A14V
4 70% Ti6A14V +30%NiTi 1292 8.79 6.55 4.59 1.97 0.56 18 Ti6Al4V
5 60% Ti6A14V +40% NiTi 1292 8.79 7.18 4.31 2.87 0.61 16 Ti6AI4V
6 50% Ti6A14V +50%NiTi 1292 8.79 7.93 3.97 3.97 0.75 14 NiTi
7 40%Ti6Al4V+60%NiTi 1292 8.79 8.87 3.55 5.32 0.78 12 NiTi
8 30% Ti6Al4V+70%NiTi 1292 8.79 10.05 3.02 7.04 0.79 12 NiT1
9 20% Ti6A14V +80 % NiTi 1292 8.79 11.60 2.32 9.28 0.85 12 NiTi
10 10% Ti6Al4V 490 % NiTi 1292 8.79 13.72 1.37 12.35 0.96 10 NiTi
11 100%NiTi 1292 8.79 16.78 16.78 1.26 8 NiTi
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Fig. 2 Gradient compositional design of Ti6AI4V /NiTi
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Fig. 3 XRD spectra and macroscopic morphology of Ti6Al4V/NiTi composites thin-walled samples with 11 compositional ratios.

(a) XRD spectra; (b) macroscopic morphology

1002313-4



FHE I8 3L

£ 51% 5 10 H9/2024 £ 5 B/ EH:

No. 5.No. 8 fil No. 9 #i BE {4 127 80 T AR F2 1Y
PR HIR AT D, 8 9 1) B 2 24 5, i L DR A2 T AR B B ek AR
R T R D 249 7 5 No. 6 F1 No. 7 38 BE 28 {4 1k
B 210 A B PR R AT DL S 4, (0 H 5 NATi 3%
M 25 & 8 2% o S FI W AS [8) B 43 L ) Ti6A14V /NiTi
52 AR RE R AR AL T B, R 11 B EL ) B 52 A R R
T XA dr a5 RwE 3(a) iw . Mzl
B, 100% Ti6A14V # 100 % NiTi, A 4H M K K a-
Ti+ B-Ti—>a-Ti+NiTi,>NiTi,>NiTi,+NiTi,
100% Ti6 A4V JIEAF F B o Ti+B-TiAHAL L , i &
RAEMAPNITI G S KN FRESBU 109 £ KE
W, BB 4 2 B NG T L AT NG T .

WL EZE 11 Fh R 43 Fe ) Ti6A14V/NITi & 4 kL i

BE R (0 IO 2 20, 97 B EDS SR B
LR &I . W& 4(a) ~ (k) FioR,
Wi & NiTi A 40 A & & % 7 3% n, TUALZ A b H A
IS KA TMHE AL, 4546 K 3(a) frw il XRD
K I 2% S AT, AE 100 % Ti6A14V F1 90% Ti6A14V -+
L10%NITi 1 34 43 Aii 45 A W) B ) (9 1R o-TiAH . 4
Bl 4(e)~(d)Frn, T TifMNi &4 T 358 0,
a-Ti+NiTi, 2 g 2T b o W& 4 (e) ~ () B
L BEE NITI A &b K& mik— 258, [ gk
NiTi, FHZ 7 H 0, 24 Ti6AI4V iy T & 0 0K 2 40 %
IF, IF 88 98 B NITL, HENIT AR 4180, i 4 (g) ~ ()
Fis o Al NiTi A 4 (R 100 % NiTD B, JT L2
SR AR A A5

100%Ti6A14V 90%Ti6A14V+10%NiTi

50%Ti6A14V+50%NiTi

80%Ti6A14V+20%NiTi 70%Ti6A14V+30%NiTi

40%Ti6A14V+60%NiTi 30%Ti6A14V+70%NiTi

20%Ti6A14V+80%NiTi

10%Ti6A14V+90%NiTi

100%NiTi

F4 KRR B TI6AIAV/NITE A bR RE IR 1R (0 S0 45 74

Fig. 4 Microstructures of Ti6A14V/NiTi composites thin-walled samples with different composition ratios
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Fig. 5 Elemental mass fraction changing of Ti6Al4V/NiTi thin-

walled samples with different composition ratios
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Fig. 6 In-situ gradient additive manufacturing of Ti6Al4V/
NiTi heterogeneous functional materials. (a) Macroscopic
morphology of formed part; (b) planer surface and partial

enlargement of gradient transition zone of formed sample
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(4:6) L P2 rp ) FEIE BT 20% Ti6A14V +80% NiTi
(2:8) L VB 2, 1 H iz b I J2 i JRE B Ok 41~123 pm
I1 £ 0 EDS A 25 S & B, Ti6A14V X 35 1) 41 20 &
B o TIFIB-TI M. RE NITiA 4 & =30, Hl
SRS EDS 3 25 R R, 80% Ti6AI4V +20% NiTi
(8:2) L I 2 MY AL 213 A8 K - Ti+NiTL M . 8:2 3 ¥
25 40638 I 2 A AL i B L BUB S KA T AR K AR
b, 4:6 5 P52 P B0 T SR AR R AT RS . 4165

#£2  TI6AV/NITi A 419 SEM W K EDS 73 #r
Table 2 SEM observation and EDS analysis of Ti6Al4V/NiTi gradient alloy

Atomic fraction /%

SEM morphology Position - - Possible phase
Ti N1 Al \
Region A 46.3 52.4 1.0 0.3
region A
Point Al 474 51.8 0.5 0.3 NiTi+Ni, Ti
Point A2 46.7 52.8 0.3 0.2 NiTi+ N, Ti
Region B 48.3 50.8 0.7 0.2
Point B1 48.1 51.0 0.5 0.4 NiTi
Region C 49.5 49.4 0.8 0.3
Point C1 55.5 42.0 1.3 1.2 NiTi+NiTi,
Region D 53.5 44.7 1.0 0.8
Tegon Point D1 53.7 43.9 1.5 0.9 NiTi+ NiTi,
Region E 54.5 43.1 1.3 1.1
region E
Point E1 53.9 43.9 1.3 0.8 NiTi+NiTi,
region F2
Region F2 62.1 34.8 1.8 1.3
Point F2 61.5 35.3 2.0 1.2 NiTi,
Region F 61.0 35.8 2.1 1.1
region K 300 pm
Point F1 60.6 36.2 2.0 1.2 NiTi,
Region G 61.2 35.6 2.2 1.1
Point G1 61.7 35.7 1.6 1.0 NiTi,
Region H 83.8 8.8 4.7 2.7
Point H1 82.9 9.3 4.4 3.5 a-Ti+NiTi,
point I1
Region I 90.7 0.1 5.2 4.0
300 um
Point 11 91.0 0 5.3 3.7 o-Ti+B-Ti
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T B2-NiTi & 4 (5 M B2 538 % o 41~75 GPa) fl
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BE 25 5 30 NITLAH B, DT R AR I 2240 ) 28 T
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Ti6AIAV/NITI B8 BE A 4 1R & OB Jr ) 1 1 G i
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FHK) o BB B 2T 8 DX Y b B 1 B 2 B T o S R G
By W M AE4:6 X, X FEE R M T8:2
A 46 X P R T KB NITL A, 3 A A AT S5 5
46 DX I A R (IR B I {H 576 HV 5 HV ., & 8(b)
Hiz Xk R R R R, e R e AR A,
F NITL, B A 5K, FRME B e, 5
SCHRLO] b o g 3% 22 1 45 1 B8 1 1Y B B
669.6 HV At , i T #UR | JE AR K& T2 45 ) 4% 4%
PR 22 5 A UG I i BRI S i B B
ik 16.3% . B B A9 B AR A A T Ti6AI4V/NITi 5 it
MBI RIE ., WENITI& 4 &8 — 21,
T B 2o 8 IX 4 NAT i, AH 28 7 %% A8 O NiTi A, B R
FFE . NIT X S 34 8 30 (o 275 HV £ 10 HV,
WG 2% 2 W B EDS g6 R 4 1 45 L 1% X8R NiTi A
A& N Ti A A . 7F Ti6AI4V/NITi 5 i &
G RUE R, T NITL NG TS i v 4 )8 Ak &
R R S = S TN S A N1 o =05 3 o v Y A ¢ =
2 WF 98 v AR IE Ti6A14V/NIT S 5 4 4 1Y 18I 1
A, N X ME M A R L A Y Rl 2R R i R AT
W

a
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g B )
E g 400 20
5 < T : -
o0 .B N :” y
: s {\{ t e
: wr ARG e
. 300 - \:\ - t
fheis
. 250 |- Ti6Al4V region gradient region NiTi region
. ' ' '
) 0 5 10 15 20
Point number

P8 TIiBAIAV/NITIHEEE A 4 1 GO B I ik e 7 2 1 R ) ik 4%

A B o Ca) BURE DI A2t i 75 T8 10 5 () 8 s 38 0 k45 2 73 A 141

Fig. 8 Schematic diagram of microhardness measurement points and distribution of measurement results for Ti6A14V/NiTi gradient

alloy. (a) Schematic diagram of sampling measurement points; (b) distribution of microhardness measurement results
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In-Situ Gradient Additive Forming and Interfacial Microstructure
Evolution of Ti6Al4V/NiTi Heterogeneous Functional Material
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'College of Mechanical Engineering, University of Shanghai for Science and Technology, Shanghai 200093, China;
*Shanghai Aerospace Equipments Manufacturer Co., Ltd., Shanghai 200245, China

Abstract

Objective For the extreme complex working conditions in the aerospace field, Ti6Al4V/NiTi heterogeneous functional structure
can give full play to the advantages of its high specific strength, corrosion resistance and other material properties while realizing the
functional requirements such as intelligent deformation. However, the two alloys have significant differences in melting point,
coefficient of thermal expansion, thermal conductivity and specific heat capacity, leading to the challenge in the high-quality
preparation of Ti6Al4V/NiTi alloy heterostructures. On the one hand, the brittle intermetallic compounds (such NiTi,, Ni;Ti and
Al Ti) generated during the forming process, induce a decrease in the interfacial bonding strength, bring on a potentially high cracking
tendency during the forming process. On the other hand, cracks are sprouted in the laser deposited formed parts due to the high
temperature gradient during the deposition process and the accumulation of thermal stresses caused by rapid solidification, thus
restricting the metallurgical bonding between the interfaces of heterogeneous material structures. In this study, Ti6A14V/NiTi
heterogeneous materials were successfully prepared using in-sizu gradient additive technology for heterogeneous materials. We hope
that this study will lay the foundation for the practical application of aerospace-oriented Ti6A14V/NiTi heterogeneous functional

materials on complex structural components.

Methods Ti6Al4V and NiTi alloy powders were used in this study. Firstly, in-situ preparation of 11 thin-walled Ti6A14V /NiTi
alloys with different mass fraction ratios was carried out in an oxygen-enriched environment using in-situ gradient additive technology
for heterogeneous materials. Secondly, the microstructures and phase compositions of the composites with 11 compositional ratios
were analyzed and characterized by energy dispersive X-ray spectroscopy (EDS) and X-ray diffraction (XRD). On this basis, actual
characterization results of the elemental content of the 11 component ratios were compared with the compositional design results.
Then, Ti6Al4V/NiTi heterogeneous materials were prepared by combining gradient transition composition design and substrate
thermal management. And the metallurgical bonding properties between the interfaces of different gradient regions as well as the
elemental species and contents were characterized by scanning electron microscope (SEM) observations and EDS analyses. Finally,
microhardness tests were performed on the prepared Ti6Al4V/NiTi heterogeneous materials to characterize their mechanical

properties.

Results and Discussions For the 11 kinds of Ti6A14V/NiTi alloys with different mass fraction ratios, the XRD analysis results
show that the phase compositions from 100% Ti6Al4V to 100% NiTi are in the following order: a-Ti+p-Ti—>a-Ti+NiTi,>NiTi,~
NiTi,+NiTi [see Fig. 3(a)]. With the increase of NiTi alloy powder content, the Ti elemental mass fraction changed from 90.7% to
46.5% and the Ni elemental mass fraction increased from 0.1% to 53.3% (Fig. 5). The compositional design is in good agreement
with the actual results. SEM and EDS analysis results show that the Ti6Al4V/NiTi heterogeneous materials prepared after
component gradient optimization have good metallurgical bonding between the gradient layer interfaces (Table 2). With the gradual
increase of NiTi component, the phase composition from Ti6Al4V zone to NiTi zone evolves as a-Ti+ 3-Ti=>a-Ti+NiTi,>NiTi,~>
NiTi,+NiTi—>NiTi>NiTi-+Ni,Ti (Table 2). The average microhardness in the gradient transition zone varied from 343 HV =+
13 HV in the Ti6Al4V zone to 275 HV 10 HV in the NiTi zone; whereas, the precipitation of NiTi, reinforced phase resulted in the
highest hardness value of 576 HV £ 5 HV in the 40% Ti6A14V+60% NiTi zone (Fig. 8).

Conclusions In this study, preparation of Ti6A14V/NiTi alloys with different mass fraction ratios was firstly carried out in an
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oxygen-enriched environment by employing an in-situ gradient additive technology for heterogeneous materials. Microstructure
evolution and phase composition of the composites with 11 compositional ratios were also analyzed. EDS spectroscopy results show a
good agreement between the compositional design and the actual characterization, thus proving the feasibility of the Ti6A14V /NiTi
heterogeneous alloy powder synchronous conveying method proposed in this paper. Then, the integrated deposition and forming of
Ti6A14V/NiTi heterogeneous materials with the optimized component gradient transitions was finally achieved by proposing an
isoenergetic energy density forming method and thermal management of the substrate at 400 “C to reduce the content of brittle
intermetallic compounds as well as to lower the thermal stresses. Metallographic observations show good metallurgical bonding
between the interfaces in the different gradient regions. Thermal management of the substrate at 400 °C helps to reduce the cracking
tendency of the Ti6Al14V/NiTi heterogeneous alloy. Our study shows that integrated deposition and forming of Ti6Al4V/NiTi
heterogeneous materials can be carried out by rational gradient composition design combined with temperature regulation of the
forming process. Purpose of this study is to lay a foundation for the practical application of Ti6A14V/NiTi heterogeneous functional

materials on complex structural parts.

Key words laser fusion deposition; heterogeneous functional materials; in-sizu gradient additive manufacturing; interfacial

microstructure; isoenergetic density forming
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