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Abstract

Effect of Thermomechanical Cycling on Transformation
Characteristics and Pseudoelasticity in Ni-Ti1 SMA Wires

By Park Yoon-Kyu
Advisor : Prof. Jang Woo-Yang Ph. D.
Department of Metallurgical Engineering

Graduate School of Chosun University

The effects of annealing temperature and time on transformation characteristics
and pseudoelasticity in Ni—-Ti based wires have been investigated. The effect of
thermal cycling on transformation temperature, heat flow and force-deformation
characteristics has been also studied in Ni-Ti based wires annealed at different
temperature and time. The obtained results are as follows;

Transformation temperature is risen with increasing annealing temperature up
to 400 C, while transformation temperature range becomes narrower due to the
disappearance of internal defects by annealing. However, transformation
temperature is increased with increasing annealing temperature above 450 C
because of the presence of precipitates.

With increasing annealing time at 500C, at which both R phase and 19R’
transformations occur concurrently, Rs temperature is stable but Ms temperature
is risen. On the other hand, reverse transformation temperature is increased,
while separated two peaks change into one peak.

When the annealed wire is deformed above Af temperature, force-deformation

curve represents pseudoelasic behavior showing typical stress induced

_V_



martensitic transformation.

In the case of deformation temperature of Rs+30C, Fmax and Fela show
higher value than that below deformation temperature of Rs+30C. Deformation
is also retained even after unloading by deformation below Rs+30TC Ze Rs+1
0C, Rf~10TC and Rf~Ms+10T.

Rs and Rf temperatures of as-received wire are 21.1°C and ~.56C but both
temperature are fallen and heat flow is decreased with increasing the number of
thermal cycling. After as-received wire is cycled thermally, critical stress is
almost constant but elastic stress 1s decreased. Deformation is retained by
unloading after deformation at Rf © Ms + 10C but it is decreased with thermal

cycling due to trainning effect.
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Flg. 2. 3. Electron micrograph of TisNi4 precipitatesm.
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Fig. 2. 6 Elactron micrographs showing R-phase nucleation form single

dislocations(Ti-48Ni-2A1(at%) alloy)'®.
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Fig.2.7. Comparison of the characteristics of thermal actuators. (a) Temperature
vs deflection curves of a thermostat alloy and a shape memory alloy. (b)

Temperature vs force/weight ratio curves of a wax actuator and a shape
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memory actuator .
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Table 2. 1. Applicative productions of Ni-Ti SMA

Productions Applications SME Type
- Hydroulic systems
. connection of aircraft )
Pipe coupler ] one—-way pipe
- Connection of the ocean
bed pipe
Dental arch wire & ) o ) )
) - Orthodontic superelasticity | wire&spring
spring
Brassiere wire |- Brassiere underwire superelasticity wire

Eyeglass frame

Temple, Lens holder

superelasticity

wire & plate

Drier - Drying damper adjustment one—-way spring
Airconditioner . .
) - Damper adjustment one—-way spring
spring
- Steamvalve of coffee pot )
Coffee—-maker one—-way spring
- Coffee pot thermostats
Cable shielding . )
o ] - Circle connector cable one—-way ring
termination ring
Rod for rock drill |- Rod for rock crack one—-way rod
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Fig. 3. 1 Photograph of thermal cycling machine.
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Fig. 3. 2 Photograph of compression tester with hot and cold bath.
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Fig 4. 1. DSC thermograms of forward transformation with annealing temperature; (a)
As-received, (b) 300Cx30min, (¢) 350Cx30min, (d) 400Cx 30min, (e) 450Cx30min, (f)
500Cx30min and (g) 600Cx30min.
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Fig 4. 2 DSC thermograms of reverse transformation with annealing temperature; (a)
As-received, (b) 300Cx30min, (¢) 350Cx30min, (d) 400Cx 30min, (e) 450Cx30min, (f)
500 Cx30min and (g) 600Tx30min.
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Fig. 4. 7 DSC thermogram of the forward transformation with annealing time;
(a) 500 Cxbmin, (b) 500Cx10min, (c) 500Cx20min, (d) 500Cx 40min and (e) 50
0C x80min.
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Fig. 4. 9. Change in Ry and Ms temperatures with annealing time.
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(c) o (d)

(o) (f)

(g)

Fig. 4. 12 Optiacl micrographs of Ni-Ti wire with annealing temperature; (a)

as—received, (b) 300C, (c) 350C, (d) 400C, (e) 450°C, (f) 500C and (g) 600C.
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Fig. 4. 13 Optiacl micrographs of Ni-Ti wire with annealing time; (a) 5 min,

(b) 10 min, (c¢) 20min, (d) 40min and (e) 80min.
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Fig. 4. 14 Transmission electron micrographs of Ni-Ti wire with annealing

temperature; (a) as-received, (b) 400C, (c¢) 500°C and (d) 600C.
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Fig. 4. 15. Force-Displacement curves of as-received wire with deformation
temperature(Rs = 21.88C, Rf = -581C, Ms = -76.29C, Af = 14847C); (a) Rs
+30C, (b) Rs +10T (c) Rf -107C, and (d) Rf to Ms +10TC.
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Fig. 4. 16. Force-Displacement curves of wires annealed at 400Cx30min(Rs =
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(¢) Rf -10C and (d) Rf to Ms +10TC.
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Fig. 4. 17. Force-Displacement curves of wires annealed at 500C x 30min(Rs
= 938, Rf = 3.08C, Ms = -36.95C, Af = 18.07TC); (a) Rs +30TC, (b) Rs +1
0C, (¢) Rf -10C and (d) Rf to Ms +107C.
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Fig 4. 19 Changes in elastic stress and critical stress with annealing

temperatures(Test temperature; Rs+30C).
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Fig 4. 20 Changes in elastic stress and critical stress with annealing

temperatures(Test temperature; Rs+10C).
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Fig 4. 21 Changes in elastic stress and critical stress with annealing
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Fig. 4. 23 DSC thermograms of forward transformation of annealed wire with

the number of cycling; (a) 10°, (b) 10°, (¢) 10* and (d) as-received.

_60_



1257°C
(@) 962003 1057°C
= =
0.37°C
12.60°C
(b) 96210 10.08°C ,
/’_ —— " p— T
~N \J/
(<
= 0.07°C
; 13.42°C
5 (O 10.45)/g 19.41°C
e f —— —
T 0.80°C
16.04°C
ﬁ‘_(_d) . 12.77Jg 15.17°C
N /o
.-'fr
V4
\y
221°C
75 50 25 0 25 50

Temperature(C)

Fig. 4. 24 DSC thermograms of reverse transformation of as-received wire

with the number of cycling; (a) 10%, (b) 10°, (¢c) 10* and (d) as-received.
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Fig. 4. 25 DSC thermograms of forward transformation of annealed at 400C

wire with the number of cycling; (a) 10°, (b) 10°, (¢c) 10° and (d) as-received.
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Fig. 4. 27. DSC thermograms of forward transformation of annealed at 500C

wire with the number of cycling; (a) 10°, (b) 10°, (¢c) 10° and (d) as-received.
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Fig. 4. 28 DSC thermograms of reverse transformation of annealed at 500C

wire with the number of cycling; (a) 10%, (b) 10°, (¢) 10* and (d) as-received.
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Fig. 4. 29 DSC thermograms of forward transformation of annealed at 600TC

wire with the number of cycling; (a) 10%, (b) 10°, (c) 10* and (d) as-received.

_66_



-24.68°C

IL 13.77J/g 672°C

<

-7.65°C

O EE e

-
N
O<

o

-8.
-21.11°C
(C) 19.59J/g 6.08°C

Heat flow (W/Q)

:

7.11°C
-19.46°C

(d) | 18.35J1g 9.44°C

<

‘ ‘ ‘ -4. 740.C
-75 -50 -25 0 25 50

Temperature(C)

Fig. 4. 30 DSC thermograms of reverse transformation of annealed at 600T
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Fig. 4. 32 Force-Displacement curves of as-received wires with the number of

cycles(Test temperature; Rs+10°C); (a) 0, (b) 10% (¢) 10* and (d) 10%
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Fig. 4. 33 Force-Displacement curves of as-received wires with the number of
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Fig. 4. 34 Force-Displacement curves of as-received wires with the number of

cycles(Test temperature; Rf to Ms+10C); (a) 0, (b) 10°, (¢) 10° and (d) 10"
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Fig. 4. 35 Force-Displacement curves of wires annealed at 500C with the

number of cycles(Test temperature; Rs+30C); (a) 0, (b) 10°, (¢) 10* and (d) 10"
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Fig. 4. 36 Force-Displacement curves of wires annealed at 500C with the

number of cycles(Test temperature; Rs+10C); (a) 0, (b) 10% (¢) 10° and (d) 10%
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Fig. 4. 37 Force-Displacement curves of wires annealed at 500C with the

number of cycles(Test temperature; Rs-10C); (a) 0, (b) 10% (¢) 10° and (d) 10™
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Fig. 4. 38 Force-Displacement curves of wires annealed at 500C with the
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Fig. A. 1 Force-Displacement curves of wires annealed at 400C with the

number of cycles(Test temperature; Rs+30C); (a) 0, (b) 10°, (¢) 10* and (d) 10"

Fig. A. 2 Force-Displacement curves of wires annealed at 400C with the

number of cycles(Test temperature; Rs+10C); (a) 0, (b) 10% (¢) 10* and (d) 10",

Fig. A. 3 Force-Displacement curves of wires annealed at 400C with the

number of cycles(Test temperature; Rf-10C); (a) 0, (b) 10% (c) 10* and (d) 10%

Fig. A. 4 Force-Displacement curves of wires annealed at 400C with the

number of cycles(Test temperature; Rf-10C); (a) 0, (b) 10% (c) 10" and (d) 10%

Fig. A. 5 Force-Displacement curves of wires annealed at 600C with the

number of cycles(Test temperature; Ms+35C); (a) 0, (b) 10° (c) 10° and (d) 10%
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Fig. A. 1 Force-Displacement curves of wires annealed at 400C with the

number of cycles(Test temperature; Rs+30°C); (a) 0, (b) 10°% (¢) 10° and (d) 10%

_83_



35
30
25 25
Z 2 Z 2
8 8
5 15 5 15
L L
10 10
5 5
0 0 . . . . . . . . . .
0 02 04 06 08 10 12 14 16 18 20 0 02 04 06 08 10 12 14 16 18 20
Extension (mm) Extension (mm)
(a) ()
35
30
25 25
Z 2 Z 2
3 38
5 15 5 15
L s
10 10
5 5
0 0
0 02 04 06 08 1.0 1.2 14 16 18 20 0 02 04 06 08 10 12 14 16 18 20
Extension (mm) Extension (mm)

(©) (d)

Fig. A. 2 Force-Displacement curves of wires annealed at 400C with the

number of cycles(Test temperature; Rs+10C); (a) 0, (b) 10% (¢) 10° and (d) 10%
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Fig. A. 3 Force-Displacement curves of wires annealed at 400C with the

number of cycles(Test temperature; Rf-10C); (a) 0, (b) 10% (¢) 10 and (d) 10"
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Fig. A. 4 Force-Displacement curves of wires annealed at 400C with the

number of cycles(Test temperature; Rf-10C); (a) 0, (b) 10% (¢) 10 and (d) 10"
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Fig. A. 5 Force-Displacement curves of wires annealed at 600C with the

number of cycles(Test temperature; Ms+35C); (a) 0, (b) 10, (c) 10° and (d) 10™
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Fig. A. 6 Force-Displacement curves of wires annealed at 600C with the

number of cycles(Test temperature; Ms-5C); (a) 0, (b) 10% (¢) 10° and (d) 10"
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