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Table 1 Chemical composition of pure titanium TA1 and pure

nickle N6 board (/%)

Ti. Ni 28R, HES At Ni ZHHE TAl  Fe Si C N H 0 Ti
SETEZ IS 0.15 0.1 005 003 0015 015  Bal
0.2 mm JE) Ti/Ni 2 2565 BHAFE AT 3) N6 Cu Fe  Mn C Si S NitCo
AU, AR AR N BE TR A 720 'C, 4> <0.06 <0.1 <0.05 <0.1 <0.1 <0.005 =>99.5
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Fig.2 Micro-structure of Ti/Ni multi-layer after cold rolling
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Fig.3 Diagram of heat treatment processing
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a
20 pm

d
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Bl 4 720 CANIRII [ F AL B Ti/Ni S
Fig.4 Ti/Ni interface after rolling (a) and heat treatment at 720 C for different time (b~f): (b) 1 h, (¢) 5 h, (d) 10 h, (¢) 20 h, and (f) 30 h
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Fig.5 SEM images of Ti/Ni interface after rolling (a) and heat treatment at 720 ‘C for different time: (b) 1 h, (¢c) 5 h, (d) 10 h, (¢) 20 h,
and (f) 30 h
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Kl 6 Ti/Ni 222 A B SEM R K EDS mif14 07 &
Fig.6 SEM images and interface EDS point scan position of
Ti/Ni multilayer composites with thickness of 0.2 mm

after rolling (a) and 720 ‘Cx10 h (b)

PR I 5] 20 7 K I, 7 O 2 P k23 i 42 A8 A s
BT AL AL, IX R B ORI )3 I, BR T
Ry EmAkeL, SRR G ER S S Kk
N, HEREE 4. £E 720 CTL 5 h UL EREH S,
AL EMOR B A W, JERCT TiNi M TipNi 3L
IR G AT A,
2.3 REELINFEERN

K9k 720 CAN[RNIN ] # b BE S 5245 A4 FHE XRD
Bl1% . 3l PDF R oo ] 9 rh &t i, &
WL 720 'CX1 h #AEHJGE, BRER TP 8

#2 BE6H&RH EDS SHTER
Table 2 EDS results of each point in Fig.6 (at%)

Point 1 2 3 4 5

Rolling state Ti 98.86 72.80 35.21 3.30 46.96

Ni 1.14 2720 64.79 96.70 53.04

. Solid  Solid . .
Phases Ti . . Ni  TiNi
solution solution
720 Cx10h Ti 62.63 47.32 49.92 50.14 62.29
Ni 37.73 52.68 50.08 49.86 37.71

Phases Tip,Ni  TiNi TiNi  TiNi Ti,Ni

7720 CANIF I AL FE Ti/NG FHI SEM [
Fig.7 SEM images of Ti/Ni interface after heat treatment at 720 ‘C for different time: (a) 1 h, (b) 5 h, (¢) 10 h, (d) 20 h, and (¢) 30 h
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PiAH, Tiv Ni 2090 OO NI FE, IS B L0

WEIAFAE, 1X 5 SEM-EDS MR 45 50— 5. )5 bl fR ik
I TR RE LG, Ti/Ni 2 )2 a8 B i TiNi (B19°) H
TioNi PAHZ i, X i Ve B R B i (2

MWE 9 bl FHH], 21, 5, 10 h iR HAb B 1)
ST G RARE ARG U 2] Y b AN [ 25 K ) TiNG AH, B B2 &5
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Bl 8 720 CANIFIIN ) #4 AL BE Ti/Ni i EDS 2414
Fig.8 Ti/Ni interface and EDS line scan after heat treatment at 720 “C for different time: (a) 1 h, (b) 5 h, (¢) 10 h, (d) 20 h, and (e) 30 h
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AbPR S5 TiNi/TipNi FLIZHZR 1) TEM B . AW 11 7]
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AEHEM, 5 TN M SRR . 454 Ti-Ni
TOcHE A, EREIE RS, & Ti M TING SE#iAT
Y TioNi A, IXEUE T TiNi 0k 2 A 4 TiNi 2 b
fRy 3k 9 X S CIn &l 10a A1 11a flizs ). B 11a Fil 12a
Rl UG Bl A BRI ) RN, St ab RS E b
A% TiNi A TiNi 2 ) X0 58, St i 3 X
Ti,Ni gk JSFAE R, H TipNi bR i K =ik A7
e, MFHHAL IR TioNi R W Fms A oo
ZiEBM AL, 5 EDS I RKH L5 1m 42

oTi &TiNi(B2) %TiNi
ONi ¢TiNi(B19") VN, Ti

3 A.JLA ,.30h
Z Ve ,20h
5 | ey . 10h
=

; b 5h
0t + Y1h
30 40 50 60 70 80

20/°)

Kl 9 720 ‘CANIRI ) Fhib B A2 444 B XRD B 3%
Fig.9 XRD patterns of the composites after heat treatment at
720 C for different time
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10 720 "Cx10 h #4b 2 TiNi/Ti;Ni S [fi TEM-SAED F141 2%
Fig.10 TEM-SAED image-pattern of TiNi/Ti,Ni interface after 720 ‘Cx10 h: (a) interface, (b) TiNi(B19”), and (c¢) Ti,Ni

Bl 11 720 'Cx10 h # b TiNi/Ti:Ni (] TEM
Fig.11 TEM images of TiNi/Ti,Ni interface after720 ‘C =10 h heat treatment: (a) interface, (b) TiNi(B19’), and (c) Ti;Ni

12 720 "Cx30 h #AbHE TiNi/Ti,Ni #tifi ) TEM B
Fig.12 TEM images of TiNi/Ti,Ni interface after 720 ‘C =30 h heat treatment: (a) interface, (b) TiNi(B19’), and (c) Ti>Ni

A A A AR L 11b 1 5, B 12b 1 B19? 2 Sy PAAR (1) 70 A BE I A 805

2 B AR BR TR R AE B B S HL A A SE S 4R, R M A 2.4 BrOMER

B A) AR, 5 XRD AT B19AHIEAE 1) 48 4k A4 54 Bl 13 2 720 CANIH] B[] #h kb B2 A5 A4 LR AR I 1
Hro DRIk, w45 B SRR BRI ] 38 I, R 4 ST AR TS I & 5 B S SR A EDS s AR o A, AT AN
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720 CASIAJINF [A] # kb BE S, SR IETAL 2335 8 TiNi Al Ti,Ni
MRAA. Hh TiNG AHAA RGP, TN BfH
Be i fIRE (7000 MPa) AL ey el & 13
if P 1) TioNi 2 W 1 SR AR, A7 8 0 b 0 At 28 1
Shy HUAY £t PRI L, TiNG 2 W 1A K LR SR
EPIERR, X5 0EYRERR AHEL R R
7 TiNi F1 TipNi J2Jmf K A 2%, Bk, kbt
TR FE S AR B A - HE VR A B W . B 13a TPk
g Ti SR TR, AW I RIS R JZ A, N
5 h JG & 13b~13e A LLAFH], BHINAIER, Fif
TiNi J2 W& M), Wi A& 12b HErE TiNi 4 1
W7 24 7 2 W 1 D1k TiNG A .
1S % J2 0 5 BE AR AL AR R B TiNG 2 B I i) 3 i 1)

19855 A< ) B BT TN 2 2R KR
2.5 METITH

K14 29 720 °C AR I ) B4R AR AT A 1R 52
Wi . DSC &k BTl #-3RFE A5 4 H1/0 Bk R b ) 4 38
R A->MIM—A BT ARAE, 54548 TiNi & 4L
S Ti/NG SEIRAR LG, 2 5004 1ol % 1 Ti/ND B84
BHEM AR % T R M4 . £ 3 0 720 TAS
[ IS () P A BE A6 R Ti/NG AWM BT . 24
PR I TR I, B AR A AR T R RS,
TCAR MR M) A8 B BE IS T AR AN, o, 4 fR
AT 1 h 3802 30 h B, AT 13.2°C, Acd
My 6.9 °C, i M M, 53Tt T 0.1 F1 1.3, Al
AR . AH MR A AH IR AR ORI 5, R

Bl 13 720 CANIR A (] #4421 Ti/NG 524 44 RHE T 1 TE 3
Fracture morphologies of Ti/Ni composite after heat treatment at 720 ‘C for different time: (a) 1 h, (b) 5 h, (¢) 10 h, (d) 20 h, and

Fig.13
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Fig.14 Phase transition behavior of Ti/Ni composite after heat treatment at 720 “C for different time
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Table 3 Transformation behaviour of Ti/Ni composites under

different annealing conditions (°C)

Process
_ As Ay,  Ar My M, M; AyM,
variables

lh 62,6 775 928 645 55.1

228 224

720C 1oh 73 845 96.8 642 565 486 28
30h  75.8 883 99.7 64.6 564 473 319

POHOR K, TMAHARHE S (A4,-M,) M 1h [ 22.4 ‘CHY
BE 30 h (1) 31.9 'C. X5 TEM M %2 5 (1 4] 1A 1k 45
R, RUIBEORELI R R0, S ICAk 4 AHAR W
Fhir, M) A AH AR e, i M AR AT kg 52 AR il i
[ RN, e ks E e, R A Ak MAH
S BEIN R IR BN, 5 TEM W22 5k R 4141
TiNi (B19°) M AHIIEHTH 2 5T .

3 & i

1 75 Ti 9 Ti/Ni 48R BE Sk B 21T
Ni JEV#E5¢, N TiSERT S, ES5 248 Ti &
SN KE, T TiNi A1 TiNG 2 — EAS T2 K1 E o B,
FUR TiNi 2B KGRI T TiNi, 5 120K 45 1)
AR Sy 1 B 5E Y TING R Ti,Ni P A TR & i 41 20 454

2) 7E 720 CX10 h LURN#AEE, MR AEAE P
Rl K (1) TiNG AH, RIS 2% R &5 44 1K) B19°Fl CsCl Y
SERII B2 M AE 720 C X 10 h BL_E#EF AR A
AR AR AR E R B19°AH

3)AE 720 CEAER, Bl B Ab BN R] R 19 B, Ti/Ni
FHEY BOY AT E A D e &AL, &9H
J2 43 25 SRR/, Tis Ni 9o i 28 52 877 HAk .

DA MRAER E NG FE T N R A A~ MM
—A T Al WARAR, T 720 °C AS[E] I A HAd B R 1Y
FRARWE G (Ap-My), BERF AN 1 h () 22.4 CHY
JnEl 30 h #9319 C.
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Effect of Heat Treatment on the Interfacial Microstructure
of Ti/Ni Multi-layered Composites

Zhang Zhijuan', Zhang Bing', Zhang Shilin®, Yang Xiaokang®, Zhao Tianli', Cheng Jian', Wang Kuaishe'
(1. College of Metallurgy Engineering, Xi’an University of Architecture and Technology, Xi’an 710055, China)
(2. School of Optoelectronic Engineering, Xi’an Technological University, Xi’an 710021, China)
(3. Xi’an Saite Metal Material Development Co., Ltd, Xi’an 710018, China)

Abstract: The interface evolution of Ti/Ni multi-layered composites produced by six-cycle accumulative roll bonding after heat treatment
was investigated. And the interfacial structure, chemical composition and phase transition temperature of Ti/Ni multi-layered composites
with different heat treatments were studied by scanning electron microscopy (SEM), transmission electron microscopy (TEM), X-ray
diffraction (XRD) and differential scanning calorimeter (DSC). With the annealing time increasing, the compounds formed by Ti/Ni
interface diffusion transform from unstable state to stable state, and the composition curves of Ti and Ni elements in the interface gradually
changes from a cross-steep ladder to two nearly straight parallel lines. With time prolonging, the microstructure of Ti-rich Ti/Ni composites
treated at 720 °C transforms from a regular layered structure to a mixture structure with alternating TiNi and Ti>Ni layers. When the
holding time is less than 10 h, the structure of TiNi phase is composed of B19’ with complex monoclinal structure and B2 with CsCl
structure, while when the time is more than 10 h, only B19’ phase exists. In the process of cooling/heating, a good martensitic and
reversible phase transition of 4A—M/M—A occurs in each sample. With the increase of time, the phase transition hysteresis (A4p-M,)
increases from 22.4 °C of the 1 h heat treatment sample to 31.9 °C of the 30 h sample.

Key words: Ti/Ni multi-layered composite; heat treatment time; interface structure; phase transition behaviors
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