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Abstract

This research aimed to fabricate and develop TiNi — Based High Temperature Shape
Memory Alloys (HTSMA) with good pseudoelasticity and good creep resistance in high
temperature range. The research also focused on the feasibility studies of the application
of these alloys as a sensor in high temperature range. In order to investigate such a
potential, nominal compositions of TisgNigAuzs (at %), TisoNisAuzs (at %),
Ti50Ni20Pd30 (at %), Ti5oNi12Pd33 (at 0/0), Ti5oNi28Pt22 (at %) and Ti50Ni23Pt27 (at %) were
used. The alloys were fabricated by a vacuum arc melting technique. The specimens
were cold rolled at 20% reduction in thickness and subsequently annealed at various
temperatures. Transformation temperatures were detected by differential scanning
calorimetry (DSC). Oxidation tests at 600°C were carried out in order to evaluate the
oxidation resistance. Cyclic tests were carried out at a temperature range of 240 — 540°C
in order to confirm pseudoelasticity. Creep tests under constant stress at 240°C were
also carried out in order to evaluate the creep resistance. In addition, the possibility for
the application of TiNi — based HTSMAs as a sensor at high temperatures was
investigated. The behavior of electrical resistance and strain were measured under
cyclic test, which was used as the simulated crack propagation. The results show that
TisoNiPdsg (at %) and TisoNiggPty, (at %) exhibit good pseudoelasticity under cyclic
tests at 240°C and 365°C, respectively. Furthermore, these alloys also exhibit superior
oxidation resistance and creep resistance. In this study, a HTSMA sensor with a
precision of 0.42% strain was able to measure the strain up to 3.8% under cyclic test at
240°C. The precision of this sensor can be obtained at a minimum strain of 0.42%.

Keywords : Pseudoelasticity / Strain Sensor / Stress — Induced Martensite / TiNi —
Based High Temperature Shape Memory Alloys
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Physical properties

Melting Point

1310°C (2390°F)

Density

6.5 gm/cc (0.233ibs/inch’)

Thermal Conductivity:

Austenite

0.18 watt/cm- C (10.4 BTU/hr-ft-"F)

Martensite

0.086 watt/cm-"C (5.0 BTU/hr-ft-'F)

Coefficient of Thermal Expansion:

Austenite 11.0x10° /°C (6.1x10°/°F)
Martensite 6.6x10° /°C (3.67°/°F)
Specific Heat 0.20cal/mg-"C (0.20 BTU/Ib-"F)

Electrical Resistivity :

Austenite

100x10"° ohm-cm (39.3x10° ohm-inch)

Martensite

80x10” ohm-cm (31.5x1 0° ohm-inch)

Mechanical Properties Young’s Modulus:

Austenite 120 GPa (12)(106 psi)
Martensite 50 GPa (5);106 psi)
Yield Strength:

Austenite 379 MPa (55x10° psi)
Martensite 138 MPa (20x10’ psi)

Ultimate Tensile Strength:

690 to 1380 MPa (100 to 200x10” psi)

Elongation

20 to 40 %

Shape Memory

Transformation Temperature:

-50 to +100°C (-58 to +212°F)

Shape Memory Recoverable Strain:

6.5 to 8.5%

Superelastic Recoverable Strain:

up to 8%

Transformation Fatigue Life:

at 6% Strain

several hundred cycles

at 2% Strain

10° cycles

at 0.5% Strain

10’ cycles
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320 340 360 3E0 400 420 440 460 480 500 520 5400 560 oz
SMART KMUTT: METILER STAR® SW 9.30

5l a3 wamsnadeumguvgiin/asunandi9InkIuNTZUIUNITOY Homogenization

L'

treatment YDA (a) Ta¥igHaN Ti, Ni,Pt,, (at %) (b) TanigHay Ti, Ni,,Pt,, (at %)




rexo

Sample: TINIPE30_After CWAHHT, 3.8000 mg

Method Mame: 25-500- 100-500Hr 1050 M2

Irkegral 75.25ml
nomlized 1980 Jg*-1 (a)

onset 209.42°C

Peak Height 0,52 mit

Peak 200,51 °C

Exbapol. Peak  203.22°C

Endset 171.57C

Peak Width 234270

Left Limit 161.52*C

Right: Limit zlzs2=C

Left bl Limi 161.52°C

Right bl Limk zlg.82°C

Heating Rate -10.00 *Crnire™-1

Basdine Type lne

Result Mode  Sample Temp

mid

Left Area
Right frea

Irkeoral

T1.15%
25.85%:

=74.15m1

normalized -19.51 1g™-1
nset 200.44°C
Peak Height 0,78
Peak 219.20°C
Extrapol Peak 220.34°C
Endset 220.03°C
Peak Wwidth 14.535°C
- Left Limit 183.93°C
Right: Lirnit 233.52°C
Left bl Limit 183.93°C
FRight bl Limit 233.52°C
Heating Rate 10,00° Crire™-1
Baseline Type line
Resuk Mode  Sample Temp
Left fArea 72.17%
Right area 27.83%
B s e e e B . e e s e o I e o m e o L B e e e B e B L m
120 140 160 180 200 zz0 240 ze0 280 300 320 340 380 350 400 4z0 440 480 450 “C
Lab: METTLER STAR® SW 10.00
fexo
Inteqgral 216,02 ml
romalized 27,70 Jg™-1
Onset 347.35 °gC (b)
Peak Height 1,53
Peak 332.57°C
Sample: TiMiPD38_AFter CW+HT, 7.8000 mg Extrapol. Peak 335,14 °C
Endset 312.35°C
Method Name: 25-500-100-500 Hr 10 50 N2 Peak Width 21.07°C
Left Limit 286.21°C
Right Limit 356.05°C
Left bl Limk 286.21°C
Right: bl Limk 556,05 *C
Heating Rate -10,00 *Crnire™-1
_ Basdine Type lne
Result Mode  Ssmple Temp
Left area 58.75%
Right Area 41.25 %

i

Integral
niormalized

Gnset

Peak Height
Peak
Extrapol Peak
Endset

Peak: idth
Left Limit
Right Limit
Left bl Limit
Right: bl Lirnit
Heating R.ate

-207.87 mJ
-26,65 3971
344.99°C
2,14 m
357.45°C
357.08°C
3707400
14,22 =
3z5.02°C
3FFE2C
Jzm.0zeC
3FFEZC
10,00 *Craire™-1

Baseline Type line

Result Mode  Sample Temp
Left Area 55.24 %
Right: Area 4476 %
L e 5 B e B e e e L B S S S B S B B B S I S B B B
120 140 160 1a0 200 220 240 260 2a0 300 320 340 360 3E0 400 420 440 460 40 i

Lab: METTLER

Y

STAR® SW 10.00

4' a = o 1 = <3 1
TIJ‘VI .4 NamimﬁaumqmwgunJaﬂugwﬁwmmﬂmuﬂizmumismﬂuuaz@ua@u

Y94 (a) Tavigway Ti Ni,Pd,, (at %) (b) TanigMery Ti, Ni,,Pd, (at %)




~exo TiNiPt22_CW_HT_GRAPH 31.01.201217:23:35

(@
Sample: TINPt22_Afer coldwork, 37300 mg
Integra 80,32 mJ
normalized 21,55 Jg™-1
Cnzet 32790 °C
Peak 31373 °C
Endset 299.32 °C
. A
Wwigs-1 7
|
Y -
Integrd -38.55 mJ
4 normalzed  -26.42 Jg™-1
Greet 32344 T
Feak 33541 °C
Endset 34852 °C
T T T T T T T T T T T T T T T T T T T T T
240 260 280 300 320 340 360 380 400 420 °C
SMART KMUTT: METTLER STAR® SW 9.30
“axo
(b)
Integrd 12044 m)J
normalzed 18,7031
Samp\e: TIMPE2T After CWWHT, &.4400 mg Orget 465,14
Faak 45228 °C

Endset

43324 °C

0.2
wgn-1
Integra -12648 m3
J normalzed  -19 .64 1g-1
Orget 49127 °C
Faak 50693 °C
Endeet 52420°C
v
| ! | | ! | | ! | ! | ! | ! | ! | ! | | !
360 380 400 420 440 460 480 500 520 540 560 580 °C
SMART KMUTT: METTLER STAR® SW .20

d' a (A o 1 = < J
3‘]]1’] .5 wamimﬁanmqmwguLﬂaﬂuwdawmmﬂmuﬂizmumiimﬂuuazauaau

Y94 (a) Tanean Ti, Ni,Pt, (at %) (b) IOULHAN Tig Ni,,Pt,, (at %)



“exo

Sarmple: THPA30 after TGA, 79600 mg

vy

Integral
rorralized

Cnset

Peak

Erdset

158.35 mJ
200231
21674 °C
21395 °C
204,46 °C

(a)

= Integral -150.82ml
normalized  -18 95 Jg™-1
Onszet 223.130C
Feak 230,31 °C
Ericket 23244 °C
L e I B B e e L me  m me e o e e e N B s mes s s p
50 100 150 200 250 300 350 400 450 o
Lab: METILER STAR® SW 10.00
“exo
(b)
Sarnple: THNPA38 after TGA, 6.3200 mg Intecrdl 196,22 rril
mormalized 2946 Jg™-1
7 Cnset 3445190
Fesk 340.70°9C
Erdeat 33348°C
\ F 1 ‘1
S | S b i 4
rriy —[\w ﬁ
Integral -176.91 md
rmormalized  -27.99 Jg™-1
Chnset 356.27 °C
i Pedk 36376 °C
Endset 367,45 °C ‘
L B e e o I me o e e B e e e e B B ————T T T
100 150 200 250 300 350 400 450 oC

Lab: METILER

U

(a) Tanewary Tiy Ni, Pd,, (at %) (b) Javigway Ti, Ni Pd,, (at %)

STAR® SW 10.00

s a.6 wanInadourIgunglMslasuananNEIUNIINAGED Oxidation test YD




“exo

(a)
Sarmple: TMHPE22_after TGA, 2.2600 g I”rffrﬂﬁz o g;é; ;Si_l
Orset 333.21°C
Pesk 316.14 °C
Endset 299,07 °C

2
vy r
»W

Integral -50.74 m3
mormalized  -22.45 1g™-1
Cnset 321.12R°C
Pesk 33498°5C
Endset 35085°C
e e B e o T B e e o e e L e e e e e e e e T L B e e e e e e B M
150 200 250 300 350 400 450 500 550 oC
Lab: METILER STAR® SW 10.00
~exo
(b)
Integral 7248 ml
normalized 1954 1g7-1
Sarrpk: TNPL27_after TGA, 37600 mg Onset 474.50°C
Pesk 473.00°C
Endset 465.30R°C
2
i
il Integral -69.54 m]
rormalized  -18.49 Jgn-1
Onset 506.69 2
Pezk 512,18 °%C
Endset 515,25 °C
— T
300 350 400 4z0 500 530 ac
Lab: METILER STAR® SW 10.00

sl a7 wamsnadeumgamginmsnlasuandinnmunIsnaaey Oxidation test Y99

Y

(a) TaneWary Tig NiyPt,, (at %) (b) TaneHa Tiy,Niy,Pt,, (at %)




MANUIN 3
¥, 44 4 o ~ o o
namsnaaeurnihmiinindsuntlasliiiosnininsereendadi (Oxidation

Testing) Mamailn Thermogravimetric analysis (TGA)



rexo

mg
9.6 H

(a)

A4, 03.05.201202:55:52
| 5prpke Weight
MiALZ4, 9.0276 mg

94T

9.2 -

T T T T T T T T T
1) 20 40 B0 &0 100

T
1z0

—
140

T
1e0

T T T T T T T T L —
180 200 z2z0 240 ze0 280 300 3z0 340 380 380 400 min

Lab: METTLER

~fexo

STAR® SW 10.00

mg -

(b)

9.70 o

2.65 |

TINiBU3S, 03.05,.2012 17:33:14
Sample Weight
TiNiBU3S, 5.1766mg

9‘605
9‘55—2
950%
9‘4575
9‘405
9‘35;
9‘3075
9‘255
9‘20—5

1

2,15

—T
o z0 40

T
120

—
140

T
160

T
180

T T T T T T T
Zo0 220 240 260 280 300 320 340 360 380 400  min

Lab: METTLER

~

d‘ EOI v
sUn 1.1 namliwminuyuno il

U

v
a

P
=2

v
=

STAR® SW 10.00

¥ v
WUINUNVDY (a) TanzHa Tiy Ni, Au,, (at %) (b)

TavigHery TigNi Au,, (at %)
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ma ] TINIPA30, 30.05.2012 06 143: 25 (a)
sample Weight
TiNIFd30, 21. 3107 ma
Z1.8 —_
217
216 ]
21.5 ]
1 I
21.4
1
21.3
7 1
21.2
T T T T T T T T T T T T T T T T T T T T T T T T T T
0 z0 40 60 a0 100 120 140 160 180 zo0 Z20 240 260 260 300 320 340 360 380 400 min
Lab: METTLER STAR® SW 10.00
*exo
mg | THiPd38, 30,05, 2012 18:58: 00
SarIaneWeight (b)
THiFA38, 13.6947 mg
14.2 4
14.1
14.0
13.5 4
i 1
13.8 4
13.7 |
T T T Um— T T T T T — T T T T T T T T
0 20 40 60 a0 100 120 140 160 180 200 z20 240 260 280 300 320 340 360 380 400 min
Lab: METTLER STAR® SW 10.00
' 9 vy Y ' ¥
= V‘I ° v A A K1 =2 T A A I o . . o
3‘1]7] 4.2 NTIWHIHUDTWNUYUAD VT UINUIINUNUON (a) lansHey TlsoleoPdm (at %)

(b) Tanewery Ti, Ni ,Pd., (at %)
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ma (a)

2.8 4

2.7 H

Ptz2, 25.11.2011 05:44:05
Sample Weight

2'6__ PLZZ2, 2,2530mg

2.5—:
24 ]
2.3—_
2.2—:

2.1+

L L e o e B B B s s B S Sy B S S S B S B B A E S B S S S —
1) 20 40 B0 &0 100 1z0 140 1e0 180 200 z2z0 240 ze0 280 300 3z0 340 380 380 400 min

Lab: METTLER STAR® SW 10.00

~fexo

mg

3 (b)

414 TiMIPEZT, 11.11.2011 20:43:58
d Sample W eight
TiNIPE2T, 3. 7536 Mg

4.0 H
3.9+

3.8 A

— T T T Tt T T T T T T T Tt T T T T T T T T T T T T T T T T T T T T T T Tt T T T T
o z0 40 =1l =) 100 120 140 160 180 Zo0 220 240 260 280 300 320 340 360 380 400  min

Lab: METTLER STAR® SW 10.00

= LTI S T T SR (R -
5U 4.3 asvliminNmiuvuae e uIeNUN vo4 (a) laneHaw Ti, Ni.Pt,, (at %)

U

(b) Tavigwan Tiy Ni,,Pt,, (at %)
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ma

blank Blank 600 6 Hr O2 100 mfmin, 11.11.2011 08:13:22
Sample Weight
blank. , 0.0000mg

0.2 -
0.3

0.4

T T T T T T T T T T T T T T
1z0 140 1e0 180

T T T T T T T T
1) 20 200 z2z0 240 ze0 280 300 3z0 340

T T T T
380 380 400 min

Lab: METTLER

] 9 v ¥ '
a Aa K ! =3 ' = I

U

STAR® SW 10.00

H Y le
51U 9.4 Aswhihminnmiuvuaenilanilenunvesd1eld¥ua1u (Alumina Pan)




MANHIN 2

HamM3nsee TATIES19HANAIBNATA X — Ray Diffraction (XRD)



(a)

Commander Sample ID (Coupled TwoTheta/Theta)
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3
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8

2Theta (Coupled TwoTheta/Theta) WL=1.54060

(b)

Commander Sample ID (Coupled TwoTheta/Theta)

3000=

2800—

2600~

2400~

2Theta (Coupled TwoTheta/Theta) WL=1.54060

517 2.1 wamsnadeu InseadunanNgungine e Tanznaw (a) TigNiAu,,

Y

(at %) uag (b) Tiy Ni, Au,; (at %)




Commander Sample ID (Coupled TwoTheta/Theta)

1500-

1400-

1300-

1200-

1100-

1000-

900

800

Counts

2Theta (Coupled TwoTheta/Theta) WL=1.54060

aaanm

(a)

Commander Sample ID (Coupled TwoTheta/Theta)

Counts
§

3

fndnd B8

30 40 50 &0

2Theta (Coupled TwoTheta' Theta) WL=1.54060

=]

(b)

d‘ Y =2 A a 9 . .
31U 9.2 wamsnageun InsaaiwanNgurginedved lansnay (a) Ti,Ni,Pd,, (at %)

uag (b) TiyNi,,Pd,, (at %)




(a)

Commander Sample ID (Coupled TwoTheta/Theta)

3000—

2000—
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1000—

e o e o e e | i T e g —rr T
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8
g
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8

2Theta (Coupled TwoTheta/Theta) WL=1.54060

(b)

Commander Sample ID (Coupled TwoTheta/Theta)
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800—,
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a
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a
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~
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2Theta (Coupled TwoTheta/Theta) WL=1.54060

3

Y

Ui 2.3 wamsnadoun InseadunanNgunginesues Tanznau (a) Ti NiyPt, (at %) 1ay

(b) Ti Ni, Pt,, (at %)
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HaNsNATEULITIAIN18 AR NAUATY (Cyclic Test)



Stress (MPa)

Stress (MPa)

800 -

700 -

600 -

500 -

Strain (%)

y ¥ o 1
Eﬂﬁ a.1 ﬂiW‘Iﬂ’JHJ’ETN‘Wu‘ﬁi.;“,’ri'JNﬂ’J']mﬁjulmzﬂ’ﬂlILﬂgEJﬂi]']ﬂNﬂﬂﬁ‘V]ﬂﬁf)iJ Cyclic test ¥D3

a

Tavgray Ti Niy Pd, (at %) Ngangil 240°C

&

900

800 -

Strain (%)

y v o J 3
gﬂﬁ .2 ﬂﬁWﬂammJ‘wuﬁzw’mmm;ﬁ’uuazmmm?aﬂmnwamimﬁan Cyclic test YD

a

Tavigwery Tig Ni,Pd, (at %) NRM1fi 385°C

.



Stress (MPa)

Stress (MPa)

800 -

700 -
600 *
500 -
400 -
300 -
200 -
100 //
' T 2%
0
Strain (%)
il 0.3 nsmlanudimiussznihenduiaza el saninransnagey Cyclic test 109
Tawgnan Ti Ni Pt (at %) figaingil 365°C
600 -

500 +

Ll

Strain (%)

4 v o 1
Eﬂﬁ a4 ﬂ‘i'W‘Iﬂ’JHJﬁll“Wu‘ﬁiﬁ“ri’JNﬂ’J']mﬁIu!!ﬁZﬂ’ﬂiJm‘gEJﬂi]']ﬂNﬁﬂﬁVIﬂﬁ'f’Jﬂ Cyclic test U943

TangHay Ti NiyPt,, (at %) NguHfil 540°C

237 27



Stress (MPa)

800

700

600

500

400

300

200

100

Tested at 250°C
Tested at 240°C

Tested at 260°C

2%

Strain (%)

y v o '
gﬂﬁ 2.5 AAaNUFURUTI s IANUIRNIAZANUAT BAINHAN I NAT DY Cyclic test YD

Tavigwery Tig Niy,Pd,, (at %) Nl gaungilanee)
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HanSNATIUMITAY (Creep testing)



3.0 -

2.5

Total Strain (%)
o

1.0 ~

0.5 -

0.0

—— Creep at 40MPa

o

L'l

2000 4000 6000 8000 10000

Time (s)

! o o J
sUf 1.1 anuduiusszrIaNuIAToALaza1 HEAINIAUYR TaNgHEN i, Ni,Pd,, (at %)

v Y v
moldszauanuduasnasug 40 MPa figauingil 240°C

3.0 1

2.5 4

20 4

Total Strain (%)

1.0 ~

0.5 4

0.0

a

—— Creep at 80 MPa

2000 4000 65000 8000 10000

Time (s)

3 o @ 1
sl 1.2 anudiusszHINaNuATsALAzIA1 LEAINIIAYYRY TargHaN Ti,Ni,Pd, (at %)

a

v 9y v
Meldszauanuduasiaua 80 MPa figairigil 240°C

Rl



]

=).

Total Strain (%)

3.5 ~

3.0 ~

—— Creep at 120 MPa

2.5 1

2.0 1

0.5 A

0.0

0 2000 4000 6000

Time (s)

o o J J
ANNANNUTTZHINANUIAT IALAZIAWAAINTAVVOL TansWay Tiy NiyPd,, (at %)

v Y H
moldszauanuduasnaug 120 MPa figaingil 240°C
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