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A Study on Multiple-stage Transformation in TiNi Shape Memory Alloys
Using in Coronary Stent
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Abstract

In this study, five kinds of binary NiTi alloys
with different chemical compositions were prepared
from high purity Ni (99.99%) and Ti (99.995%) by
VAR. The Ni-rich NiTi SMAs were subjected to
aging treatment at 400°C in order to find out the
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proper compositions and the corresponding aging
profile for applications in coronary stents. Moreover,
further investigations were carried out on the
characteristics of shape memory effect and
microstructral evolution. The experimental results
show that the martensitic transformation temperatures
changes during aging at 400°C and can be attributed
to the formation of NiyTi; precipitates. The
precipitation is considered to enhance shape memory
effect, increase hardness and reduce the temperature
hsyteresis. It is found that, after aging for 25h the
reverse transformation temperature can approach the
body temperature. In addition, a three-stage
transformation behavior was discovered to transform
in the sequence of B2—R, R—B19°, R—»B19’, from
regions along grain boundary to grain interior. It is
also noticed that, the morphology of martensite
changes from large twin plates to a slender
appearance, then becomes needle-like, small and
disorganized step by step.
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Table 1. Phase transformation temperatures for
50.5Ni- 50.9Ni alloys after solution
treatment at 900°C for 1 h.
—
compostion | mt | Ms | As | Af | M | Ax
50.5Ni -19 5 14 42 -7 29
50.6Ni -31 -4 4 31 -19 18
50.7Ni -41 -10 -4 22 -23 11
50.8Ni -53 -24 -14 10 -39 1
50.9Ni -65 -38 -26 -4 -52 -14
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Fig.1. Schematic illustraction of the SME bending

test.
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Fig.2. DSC curves for 50.5Ni-50.9Ni alloys aged at 400 ‘C for various periods of time.
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Table 2. Three kinds of phase transformation
temperatures (‘C) for 50.6Ni alloy aged at

400 °C for various periods of time.

—
Mf Ms | Rf Rs | As Af
Solution | -29.1 | -7.1 - - 46 |233
lhr -35.8 | -6.0 - - 3.2 29.7
5hrs -40.1 | -1.1 - - -2.1 | 46.7
10hrs -39.2 | 7.4 - 458 | 2.1 60.9"
25hrs -19.1 | 6.5 31 43.8 | 42.6 | 58.7
50hrs -10 13 329|449 | 53.2 | 68.1
100hrs 1.7 203 | 34 459 | 57.6 | 71.8
200hrs 142 | 36 34 475 | 61.9 | 83.2
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Fig.3. Phase transformation temperatures vs. aging

time for 50.6Ni alloys aged at 400 C.
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Table 3. Three kinds of temperature hystersis and
phases at room temperature for 50.6Ni alloy

aged at 400 ‘C for various periods of time.

Phases at
Ms—Mf | R—Rs Ai—A;s | Room Temp.
Solution 22.0 - 18.7 B2
lhr 29.7 - 26.5 B2
5hr 39.1 - 48.8 B2+R
10hr 46.6 - 58.8 B2+R
25hr 25.6 12.8 16.1 B2+R
50hr 23.0 12.0 14.9 B2+R
100hr 18.6 11.9 14.2 B2+R
200hr 21.8 13.5 213 B2+M
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Fig.4. Temperature hysteresis vs. aging time for

50.6Ni alloys aged at 400 C.

576 [l 125 ’fﬁl@@;}wu& 1P 25
Eﬂﬁf.ﬁﬁﬂ gty > oy 1P EELS PR 25 L
P EGRA P S BEROIFR) o f A 25 ] IRV
Sy o 25 T R R PR R 2 2
PEOXRD A1t 1) S]BEL T IR 25°C ™ B S
TIRE T T TR EE R R RN
3 A REEY RS (PSR B2 AFRR AT RAFD
T et PR RO 1250 PP RIS I 351

]
Tyl | NiTig112)
—_ B2(110) W
=
= 200h
1 Rwlllﬂdmﬁnn
£ 100h |/
o
£ R{(III]MR(TOU
= AN
e 50h |— h .
= -
g R(011) |R(101)
% 10h _J1L
- I
]\Bzulu}
sulution
~treated _J \__H

404142434445

B2(200) B2(211)
wandd W " ‘-_--J-

20 . 30 40 50 60 70 80 90
20

Fig.5. XRD patterns for 50.6Ni alloy aged at 400 C

for various periods of time.

!

Féﬂ@[’“‘ﬁ\ﬂji ] W\ﬁ%%ﬁ?ug‘u’ﬁﬁlﬁfﬁ@f“‘ ° 50.6%Ni X
A fj“Eﬁ?'Sfﬁ?j?FéF FEE= o AR (£ B2 —
BO+R + NIRRT (~ rssesy f e A B2
SIFIRE RS AT L[ s S B2 A IRETR)
1R AFEEONE AR 7T issee fg T
ST 6 [ VAT (A 1R S R
FIfEE & 7"\:£L_3F’iEL7FE[I—EI B2 filighsy B2+R FHE
FACRBITE TS I (S (IS R AP
(S i RAfH 5'(5 L OB TS 158U
B (AU« iy 25 EpORE(S  BILRLE
NigTi, 477! r#*iﬂﬁffﬂ'f E PR
I~ 5T e FA A T o [ 2 200 JE\ﬂijrM
FEICREOROL L+ RURTETRRIS i [ -

450

| —a&— Hardness (HV) |

/\/ L

hibb | oo Ty oo rorrTTmy
0.01 0.1 1 10 100
aging time (h)

Fig.6. Evolution of Vikers hardness of 50.6Ni alloy

400

w
o
o
1

Hardbess (HV)
a8
o
1

Ll

o

o
1

during aging at 400 C.



PPASI L (SMRORLGEVRLF & U2 ol A=Y
1 - :T?/UFIUE%'J?}VY%;% %o BVERSH N T
[T » [ 35 R g [y P P o
W T 25 Eﬂr‘%‘ﬁ = PO R
(100%) » [T} & R [ Fegr o » [l = ™ [
oSt o TiNi £ & RS PR i o NigTis el 7§
G IR IR - SR RLEYE 9
IR FLBSIE T i PR BAFER > [N R S X
R@HJFAL ST (RLEPRTRE )0  fp
R T RIS 25 ] B E RN > B
TIPS E R T R
PR R 7 0 25 P L R e

| —A—SME(%) |

92 \
w r Y
90
85
86 4
84
82 <
811 e
0.01 0.1 1 10 100

aging time (h)
Fig.7. Evolution of shape memory effect of 50.6Ni
alloy during aging at 400 C.

3.4 SEM ER B
N FL%F Eﬁ P Eﬁ ¥ VA LS SEM Hifg

ik g} EI[jJ‘/‘F‘P‘E lﬁg‘?ﬂﬁlb R ﬁ[ﬁtbﬁf’%}{kﬂé
%J > SEM N T phlk T o PRIEES PR ”’F’“‘(?}
T RS - R R R
Ni, Tis #7it! rfr"th’ﬁf" ga 'ﬁﬁa MR lﬁ’?’ 7
5T8 lﬁ'(a)t %Eﬁisﬂ/:ﬁkf LS tr,—J;Fp ) ﬁg“[l Hi
9% T’?r }{kﬂﬁfk lﬁgﬂ?ﬂ_ﬁ& R AU > 2T
il ['r%:ﬂ‘[ig‘ﬂ.,tﬁh&ﬁg*_f‘_k | F4EL 30um TJF o 578
[fi(b)~ ()53 BJE% 1h ~ Sh ~ 10h ~ 25h ~ 50h ~ 100h -
200h *I/Eﬁﬁ'séw » ¥ Th~ Sh~ 10h FE84 i1
25 [P b [ gt LA A S T
LRS! R liﬁgﬂ 1| 25h~200h f[17A- T’?I'?J—l{ﬁ”

RS R T HUE RS AR | )

R T EF ST NLTL AU TEM
SRR R SR SR B A
PIIZH PF=re SEM ™ T B4 » 19t drpRiiu
BT o T A00TP R b 2 B -

3.5 TEM Bfa: 52 fL A 73 17
(1) NiLTis #5761 AP B R A 571
NigTiz Fril #97 TiNi /‘E [l#;ﬂ;h%;l{ﬁm
€0 iﬁ‘ﬁ?@%}‘ﬁﬁﬁ'@%& o %“ R
ERfeligh o 4 YERDT 9 [l ()i 3525 (T REH
iU NigTis H7 s 5000 2150
17 » AT S [l Ba B9 N Ty 4701
R > R R P
TR T NigTis BT ) 9 i
B T RS B T P A
PUARRSIER E - 579 H(b) - ()55 100 T Ff 9
ArEnPIp] - BRIES T - 23 9 [Ri(d) ~ (e)Fh SADP »
SADP EJET’?Q%']' » AL PR H Tige aNisos [ NigTis
Frel A EL Rhombohedral (7 ?:f‘) ) Ffﬂ‘*r‘,ﬁfj’g\'fa =
11.235A ~ ¢ = 5.0789A - 579 ﬁ%’]'(f)tbﬁﬁf?200 4 Eﬁ
Ni, Ti Frel 27 44 i R AT AT 60°
e E‘-‘Jflfﬁjf 'J D AR B E IEI Nyl ,#’J}é[%/“ﬁﬁ (A
FIEIRES 0 NigTis PREpoposo] 08 @i
200nm fU=

(2) R-phase BRI PH- B4 =548 51

TiNi F”,Azt‘,{fﬁﬁ Fr BRI 2T, Fﬁ[
ERRE ’f:hﬁﬁ]]ﬁfuﬁfk lﬁﬁﬂ?@r& ’}H il Ms<TR
R R HAERE Vg % @Fi"?’"ﬁ’?f‘»%%ﬁ“* PR
B2—BI19°M #@nh [ FE [y B2—R-phase—>B19'M
RAJE - 5T 10 ﬁ%‘ﬂ(a) (b)t'gEJJ‘?iTZS 4 E\ﬂji* ATk i R
FEIRAEE) 5 + 5710 () ~ (&3R435 100 | B
N F[J R ﬁlﬁE E%EFJE JI//ﬁl ’ ﬁg‘[l [[g@}ﬂ R ﬁ[rﬁ E;I‘“ uj
% NigTis Fril s g Gl i1 Nig Tis fetl P v e
i Rl RAFDSHY - = B A B2 B[ 111 1Y
[P0 o A5 AT ROAREH ﬁ! EF’FE"@ Fﬁi
( Rhombohedral ) » FFVM&!F{ Hrtha=738A~c=5.32
Ao



Fig.8. SEM micrographs of 50.6Ni alloy (a) after solution-treating, and aged at

(d)10h, (¢)25h, ()50h, (g)100h, (h)200h.
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Fig9. TEM micrographs of 50.6Ni alloy showing the evolution of Ni,Ti; precipitates aged at 400 “C (a) 25 h,

(b)100h, (c) dark field image of (b), (d)SAD pattern of (b),

(e)analytic illustration of (d), (f)200h.

Fig.10. TEM micrographs showing the evolution of R phase in 50.6Ni alloy aged at 400 “C for (a) 25 h, (b)

dark field image and SAD pattern of (a), (c) 100h, (d) dark field image and SAD pattern of
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Fig.11.

solution-treating, and aged at

TEM micrographs showing the evolution of B19’ martensite in 50.6Ni alloy after (a)
400 °C for (b) 1h, (c) dark field image and SAD pattern of (b),

(d)10h, (¢)SAD pattern of R phase in (d), (f)martensite in grain interior for material subjected to
10h aging, (g) SAD pattern of (f), (h)25h, (i) dark field image and SAD pattern of (h). (j) a

zoom-out portion of (h), (k)100h, (1)200h.
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