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Abstract

Effect of Heat Treatment on the Transformation and
Recovery Characteristic in Ni-Ti based SMA Wire
for Artificial Muscle

By Kim Mi-Sun
Advisor : Prof. Jang Woo-Yang Ph. D.
Dept. of Advanced Materials Engineering

Graduate School of Chosun University

The effect of annealing temperature on transformation characteristics such as
transformation temperature and transformation hysteresis has been investigated
in Ni-Ti based shape memory wires for artificial muscle. The tensile
deformation and shape recovery behaviors also have been studied in shape
memory wires showing different transformation characteristics with annealing
temperature.

(1) Heating temperature and holding time during reverse transformation
affected subsequent martensitic transformation characteristics; Ms temperature
and heat flow was decreased with higher heating temperature and longer
holding time.

(2) R phase — B19 ~ martensitic transformation at lower temperature range as
well B2 — R phase transformation at higher temperature range occurred in the

shape memory wires at annealed 200 ~ 500C. Transformation temperature and

_Iv_



heat flow of B19’ martensite was risen but that of R phase was almost
constant even with increasing annealing temperature.

(3) In case of wires annealed and then cooled to 20 T, plateau on
stress—strain curves could be observed due to the collapse of R phase variants
and the formation of deformation induced B19’" martensite. In case of wires
annealed and then cooled to -196 C, however, plateau on stress—strain curves
did not appear and stress was increased steadily with increasing tensile
deformation.

(4) The shape recovery of wires annealed at 200C and 300°C and then cooled
to 20 C were 78% and that of wire annealed at 500C was increased above
95%. Meanwhile, the shape recovery of wire annealed at 600C was decreased
due to lower strength of matrix. The shape recovery change, on the other hand,
of wires annealed and then cooled to -196 C was much the same to those of
wires annealed and then cooled to 20 C. Comparing with shape recovery with
cooling temperature after annealing, the shape recovery of the former was
higher than that of the later.

(5) As and A: temperatures measured during shape recovery tests after
tensile-deformed appeared higher than those measured by DSC tests even

though same annealing temperature.
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2. 1. Ni-TiAl 33714%=
2. 1. 1. Ni-TiA &= 4H=

Ni-TiAl 471987 vgas weed B2->B19 W EH, B2>R—>BI9 W L&
B2—B19—B19 ¥ glol o5 A7 dan wE 2EAERES JebdY

a8y 253 SFER o)Fod Ti-NiAl §addEoAes B2 T/79 55
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Parr7} “n 7o 2 &= NiTi(hexagonal) WEl 222 #&etqrt. 218al 1971d
o] Wasilewskie X-4 343 EPMAZ o]&3te] “X 472 TiNiy 24 < 23
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Table 2. 1 Ti-NiAl @aolA s 4E259 54% vepd ol =
Ti-NiAl g&=olA Yevdes &5 F2 TiNi, TisNiy, TiNis, TiNiz 2 Ti2Ni
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Temperature (K)
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Fig. 2. 1. Phase diagram for the Ni-Ti binary alloy systemm).



Table 2. 1. Precipitates in binary Ni-Ti alloym

Spacing Lattice Orientation relationship
Crystal structure Group | parameter |between precipitates and B2
TiNi B2 (CsCl type) a=0.3015nm
V1 (1-10)miania || [-321]82
a=0.67nm [112]riania || [111]B2
i, | Rhombohedral R3 o
TiaNls a=113.8  |V2  (1-10)miania || [-312]82
[111]riania || [111]82
- a=0.4398nm
%wgnng.)c Bbmm |b=0.4370nm |  [50Ljrianis || [111]e2
Ti2Nis ' c=1.3544nm
Tetragona a=0.3095nm
(higher temp.) | 14/mMmm | =1 3585nm
- a=0.51nm (0001)inis || (110)82
TiNia | Hexagona | P6ymmC | =0 ga1nm |  [10-10Jminis || [111]e2
Ti2Ni Cubic Fd3m | a=1.1278nm|  (440)riani || (110)s2




2. 1. 2. Ni-TiAl =9 247 x9 vt2dAlo]lE W

WEE g4l gFe wael bee FE FEAR F FHAAR T2E A
g2 mael bec T2 THAARE 7AW AA/AA vgol 15 2HsHA B
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WEE B GEe FAAA e zAvuld weh ®HE, Ti-NiA
CsCl 91 B2 FA A4 B, o2 Fosin 247

L

G 50:509] AR E 2t e
= Fig. 2. 2o Yt

Ni-Ti &3l vebds vh2elatol& W& 37k4 F5770 g™

(i) B2 — B19' vl2ElAlo]E HEj

(ii) B2 — R —BI19’' mt2dlAlo]E W)
(ili) B2 — B19 — B19" ml=EIAlo]E ¥ H]

1) B19' vf2Z€lxjlo]ES] AAFLZ
- Ni-Ti 3% A58 Fo FYA71H &A-4 7 (Monoclinic) 2] B19' v}

ZEI o] E7F YERY |, Otsuka, Hehmann? Sandrock, Micheal?} Sinclair,
18] 3 Kudoh S0] 3 dAAE3} HarAFHe A3t EA38 ARy =
4 Table 2. 28} 2t}

5) B19 w2 diAlolE AR T2

- Ab3A 70 (Orthorhombic)o] 31+ 27F W=8tm] Au-475Cd #ae g vhed

Aol B9k 9Bt
- 495Ti-40.5Ni-10Cu &= ol Al Saburi7t SA e =AFe] Az Zol= 0.3030

nm, PFERIAO]E ] ARG (@ x & x a) 0.2881nm x 0.4279nm x 0.4514

(mo] o,



3) R-4el 2472

NiTi @FolA B24to] B19'4 oz nf=elAlolE WEjE7] Aol F3F w4
ol R Aoz WHejg},

R-749] vt2ElAlo]lE WEl= Ti-50Ni &304 £%2 Nio] Fe £+ Al ¢
A= A w, Nio] FH3 Ti-Ni @Fo] 400C AL A3 SxoA
ANEAE sl TisNL Aol AEE w Ni-Ti F5& H7t3d & 444

2 ANl APxAol AMAn u wgP,

Az As By
~
g ® ®
T O
—>[110]
(a) unit cell @ Cs (b) (110) plane (c) the (110) plane
O cl above and below

the plane in (b)

Fig. 2. 2. Crystal structure of By type structure(f: parent phase)m.



Table 2. 2. Crystal characteristic of martensite in Ni-Ti alloym)

0SS HS MS KTSO
a (nm) 0.2889 0.2883 0.2885 0.2898
Lattice
b (nm) 0.4120 0.4117 0.4120 0.4108
parameter

¢ (nm) 0.4623 0.4623 0.4622 0.4646
B ©) 96.8 96.8 96.8 97.78
V (nm®) 0.05463 0.05449 0.05455 0.05479

atoms (ea/cell) 4 4 4 4
space group P2/c P2;/m P2;/m P2;/m
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D
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L
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7 7 3 7 F
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Fig. 2. 3. The one way shape memory effect'
T>A; T<Mj T=Af
A C

/
o
/IIJ’IIIJ’W

ATy

@ @ ©

Fig. 2. 4. The two way shape memory effect'.
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T<Mg T<Mg T<M; AgLT=T.<A; ToAg

&) (@B) (€

Fig. 2. 5. The generation of recovery stress of the shape memory helical Springm.

T<M; T<Mp T<Mj T<M; T-A;

e
L

Fig. 2. 6. The work output of the shape memory helical spring'®’.
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Fig. 2. 7. The superelastic effect'™
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Fig. 2. 8 Hypothetical plot of property change vs. temperature for martensitic
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Fig. 2. 10. Displacement-Temperature characteristics of a NiTi cantilever beam
specimen with a Ti content of 50.3 at.%(cold deformation 30%, heat treatment

at 673 K for 1h)%.
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Fig. 2. 11. Stress rates determined from bending tests, as shown in Fig. 2. 10 )
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Fig. 3. 1. Photograph of universal test machine attached LASER extensometer.
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Fig. 4. 1. DSC thermograms for forward transformation

120

of shape memory

wire(®=100im) with heating temperature(holding time: 30sec); (a) 80T, (b) 90T,

(c) 100C, (d) 110T and (e) 1207TC.
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Fig. 4. 2. DSC thermograms for reverse transformation of shape memory
wire(@=100im) with heating temperature(holding time: 30sec); (a) 80T, (b) 90T,
(¢c) 100C, (d) 110TC and (e) 120TC.
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Fig. 4. 3. DSC thermograms for forward transformation of shape memory wire
(d 100m) with heating temperature(holding time: 180sec); (a) 80T, (b) 90T, (c)
100C, (d) 110C and (e) 120C.
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Fig. 4. 4. DSC thermograms for reverse transformation of shape memory
wire(@®=100im) with heating temperature(holding time: 180sec); (a) 80C, (b) 9
0T, (¢) 100C, (d) 110TC and (e) 1207C.
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Fig. 4. 5. DSC thermograms for forward transformation of shape memory wire

(@=300gm) with annealing temperature;

(a)

as—received,

(b) 2007Cx30min,

3000C x30min, (d) 400Cx30min, (e) 500Cx30min and (f) 600C x30min.
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Fig. 4. 6. DSC thermograms for reverse transformation of shape memory wire
(@ = 300gm) with annealing temperature; (a) as-received, (b) 200C x30min, (c)

30Cx30min, (d) 400Cx30min, (e) 500Cx30min and (f) 600C x30min.
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Fig. 4. 7. Change in B2 Phase — R phase transformation temperature of shape

memory wire(@=300um) with annealed temperature.
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_32_



90 A,
| —=—A,
+ Af
80 |
2
o 70 |
2
©
oy Ay —
g 60 [
& —a—
|_
50 |
40 ‘ ‘ ‘ ‘ ‘ ‘
As-received 200 300 400 500 600

Annealing Temperature (C)

Fig 4. 9. Change in B19' martensite — B2 phase transformation

of shape memory wire(@=300m) with annealed temperature.

_33_

temperature



A
3
2
i\
o,
rfo
2
)
i
r

AP 54

>
r (=
o

2,
2
i)
B
,_.
de)
>
a3
=

WA AEe Lo Qgudgstel ¢

hul

As-received, 200~400C o2& g3 AJH A4
T BEG 5 9oy o FHAVY MM WHEE
= WEHE 1% oldtoll e FHFHDb)E e $EHAME 7HEo] 715 e RA M
g AE Ao o3 W o] 3

F aggel ekl Ww RA )
==

9ol F7kekA = Fitoltt. WY o]l ks HW RYLRFE W[
B19" mt2ElAlo] EVE A E o] AAE B19 w2 ElAlo]ES W AETL FA|H=
THDeR FEZE F A oHd M FS Bl vlERIACE W FREE
A Mot 2% ol Ald 5 400Colatol A o2& g Ald Sl A

ZIAAQ Ao oF(U)wEE WElo] Qs TEHEe A HEE MtEsE A5
gl MgZol oA mf2erto]E WHE 7l dojuA "o, Lo A 7t $
Ho| we M. 2xo Wil= 2 (3. Dy gg®

dM; /do = Unax / (dAG / dT) (3.1)

%M, £ w2 oA wad] $o] AW SaH FEL AAH FEL
o] ZHsW vhERIAlolE WEE FPEYe] By > vhEditolE W Ba
B gl AR e dALHANA A B,

_34_



EE YRl wEdAolEd Tlddt= VAA FEEHS AANHTEToH
ZElA} o] E 9] habit planeol Al 3] 7 ©-3- 3 (shear stress), habit plane®] 4] # Ej
HAebakgko 2 o] Aok ¥ F(shear strain), habit planedl A 2 #a-53 WA
habit planeo] =202 WA oFo] o &3t}

ghH WY F7] RY — B19 vtE2dAlo]EZ WEjo] a3 A
ojd®g=%7F ¥ 200~300C¢ 749 21~22kg/mr Q1 wkHe] ofd
SE7F 6CR A4S 400C oldd AHg Ade A dASH

e & Atk olg gol o we SR WPR7] RY — B9 mhzu

o e oA E B19 vl ElA}]
Fig. 4. 5 % 4. 69 &gl =g vpel o] 500C % 600T oA
glol ol A2 o] el B9 viEEIAle]lE WHZE 58 AlHel = BlY vhE
glAtol E o] ghA el o (a’), mt2 ALl E Mgl AdES] FA GG (D) H 2 ()
Z JE S 9tk Fig. 4. 11914 500C 2 600CoAlA o283 (e) 2 () vl
3l BHE (D] A7 24999 MAHe] o wEA YEsow ols o &2 o
Uy 259 600ColAE H AAYAVY Tkl mE NAzAY FEAEY
Astell 71stE Ao g
Fig. 4. 11 9 (a), (b), (c) Z (D] A Fole WY +
AE gtd &8 F7E Holvd o AWt Al =dE A99 9dFsE ve
2 dddEy. g oJdy 227 400, 500 2 600C=E FT7tetd WP EF
3 F7re &¥& 15kg/miol st 2 FFAEA

i
s

¢

r
ol

_35_



35

« Arfe Brle— C—t D |

[ ]
e

Stress (kgffmm? )
[a—ry
wn

n

Strain (%)

35

« Ar Bre— C— D |

(b)

[ ]
wn

Stress (kgf/mm? )
[a—ry
n

Ln

Strain (%)
Fig. 4. 10. Stress-strain curve of shape memory wire(@=300um) annealed at

different temperature and then cooled to 207C; (a) as-received, (b) 200C, (¢) 30
0T, (d) 400C (e) 500C and (f) 600C.
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Fig. 4. 12. Change in length of shpe memory wire(@=300um) cooled to 20C and
then tensile-deformed to 6% with annealing temperature; (a) as-received, (b)
200°C, (c) 300C, (d) 400TC (e) 500C and (f) 600C.
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Fig. 4. 12 (Continued).
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Fig. 4. 12 (Continued).
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Fig. 4. 13. Change in length of shape memory wire(@=300um) cooled to -196C
and then tensile-deformed to 6% with annealed temperature; (a) as-received, (b)
200C, (c) 300C, (d) 400C (e) 500C and (f) 600C.
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_49_



350(C

N
[S3)
o
o

1500

Displacement (um )

500 |

3500

N
(S}
o
o

1500

Displacement (um )

500

_ (€)
0 50 100 150
Temperature ()
i ()
0 50 100 150

Temperature ()

Fig. 4. 13. (Continued).

_50_



110
| —— 0% (a)
100 | —— 6% 20°C cooling
| —#—6% -196 C cooling
90
© 80
"
< 70
60
50 [ _ -k -7
— AhA---4-"
40 ‘ | | ‘ | ,
As-received 200 300 400 500 600

Annealing Temperature (C)

Fig. 4. 14. Change in reverse transformation temperature of the shape memory
wire(@=300m) tensile-deformed to 6% and then heated in silicon oil bath with

annealing temperature; (a) As temperature and (b) A: temperature.
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