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Pseudoelasticity and Calorimetric Measurements in Shape Memory Alloys

Sei Miura

The relation between pseudoelastic behavior and the thermoelastic martensitic trans-
formation has been studied by means of the measurements of stress-strain curves in the
temperature range above and below the martensitic transition temperatures in so called
shape memory alloys. Thermodynamical analysis for the pseudoelasticity associated with
the stress-induced martensitic transformation have been briefly reviewed and in conjunction
with the measurements of latent heat of transformation, the thermoelastic martensitic
properties are discussed from a thermodynamic point of view. It was found that using the
Clausius-Clapeyron equation concerning the stress-strain relation obtained by the experi-
ments, the entalpy change was calculated and agreed reasonably well with the experimental
values. The importance of the measurement of latent heat of transformation was emphasized
for the justification of thermodynamical analysis of the pseudoelasticity associated with the
stress-induced martensitic transformation in the shape memory alloys.
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Fig. 1 Double hysteresis curves obtained by
tension-compression test in the tempera-
ture range Ag<T<My for Au-47.5at%Cd
(Superelastic loops)1).
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Fig. 2 Tension-compression hysteresis loops
below My for Au-47.5at%Cd (Ferro-
elastic loops) D).
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Table 1 Typical thermodynamic data of martensitic transformations”).
P-M P-M
AH P-M AG =4

Alloy T, To(K) AS o M AT ?{f ME Ref.

@ mol™) (3 mol™) ( molt) (K)
AuCd 281.2 — 410.0 330 - 350 0.8:04 8+4 20 (8)
368 — 443 266 — 363 1.3:04 — — 1)
Au-Cu-Zn 502 — 711 0 - 275 3.14 +1.05 15+4 10 - 50 (©))]
Cu-Al 167 — 272 300 — 800 0.33 £ 0.08 21«8 40 (10)
Cu-Zn 314 0 - 300 1.1 13 48 (10)
Ti alloy - — - 209 - 251 - (11)

Fe-C — — 59 628-1883 —
Fe-Ni 2510 - 2929 — - — 200 — 400 (12)

Fe-Cr - — - 293 - 1464 -
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Fig. 6 Stress-strain curves obtained below To in
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Table 2 Calculated and measured latent heat of transformation in the Au-Cd alloys 13).

| T>T,

_ T<T, ! Calculated | Measured
At.%Cd (@ do Kg i AHGTfoﬁs el | do Kg AHﬁ}—ﬁs' ]\ AHTQ AH
BB | T ame G Omot-ty | AT mm?°C (Imo>1) | (mol™) | (Jmol™)
46.5 34 0.30 420 0 0 ' 0 ] 420 -
475 3.8 0.25 357 0 0 3 0 | 357 370
48.5 3.5 0.24 286 4.3 -0.048 : =71 ! 357 -
49.0 33 0.26 : 286 4.0 -0.065 ! —88 ’ 374 445
49.5 3.6 0.26 315 4.3 ~0.060 | —88 | 403 -
50.0 3.5 0.24 286 5.4 ~0.053 | -97 \ 382 412
51.0 — - - - - - i - 420
b
_Tofe do  gg B—B's 5B
HT° h P dr ’ # T, AH T, e T,
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Table 3 Measured latent heat and T, in the Au-
Cu-Zn alloysl6).

Alloys ! Transformation To (°C)
heat, AH (J mol™") (Mg + A5)/2
Alze-Cuzo-Zias | 200 * 40 67 £3 ‘
Auye-Cuzs-Znass | 160 * 40 35£3 \
Algg-Clg7-Zngq 160 £ 40 - 3%3
Atge-Clize-Zas 155 £ 40 o1 #3 ’
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Fig. 12 Variation of stress-strain curves in Au-
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Fig. 13 Critical stress-temperature curves in Au-
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from 823 to 273 K17).
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Table 4 Latent heat and entropy values of the martensitic transformation calculated
from the Clausius-Clapeyron equation and obtained experimentally in the
Ausy 5. Age Cdgy 5 pseudobinary alloys!7).

Ag Ae do/dT T, AH AHR AS ASR
@.%) (%  MNm? K'Y (K  (moll) (molt) (Imol? K')  (Jmold K)
25 4.4+ 2.1% 315¢ 3146+ 1.00%
44 2.1 305 304.6 1.00
5.0 43 2.2 278 2845 318 1.02 0.81
2625 2.0 4.7 152 153.1 162 1.01 1.06
32.5 1.6t 3.5% 183+ 109.6% 157+ 0.60% 1.05+
24 4.2 140 151.9 184 1.09 1.34
35 2.0 4.6 120 145.0 170 1.21 141
475 1.0 4.1 151 674 100 0.45 0.66

T Slowly cooled alloys.
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Table 5 Calculated latent heat of transformation
in the In-T1 alloy single crystals20),
L AGTE A d;’;" X107 N MK To(K)  AH(Imol™)
{ 21 0935 25 0””7777”7 7 33; ’;777 E
22 0.95 230 31t 1.08
2 0.55 19.0 290 0.50
24 Q.76 18.0 253 0.54
' 25 0.61 126 230 G.29
i 26 0.63 78.8 MR , 1.67

—127—



BoS BOM

[0}
Q
R
P——O——t
—O—t
I

AH/J mol™t

N
o
I

O 1 1 1 {
16 18 20 22

Thallium/at -%

Fig. 16 AH vs alloy composition in In-T1 alloys
(after Patel and Ahmed)23).

—~ A HED SR RERBRIS I TLEEROE(L
Kb od, 31F 230K M TRAEERT T LN
Db, ZOLINBERRMOAHEALTREADONT,
JEEICEEE, EESFIhENEREE T RFO
BEAEE/ERICL B 6D LR LTV 52, SIM i<
X AM SR LoEBTHOBR (1) KEORD SN
AHiETable 5 TR T EICIEFICNESNMETHD, D
BEOEREL 2T L VADTEAEBIGENT E BT
2, LOBEDEESBOEET -2 HBEA LR
Predel 25 1n-20.5at T¢ {2\ 2.06 £ 0.13 Jmol
Sl LT 052, 2 D% Patel & Ahmed ) 13 16~
21 at % TLEBELSESIC DWW TRERBIELITV Fig- 160
DERAE D, CHREFICKERETH L. THiC
17T Bonte O3 EE L OFERESIH L Patel 5DRD
RAHOBEERDBRY THAHH E BT HD), &Mk
BRAOBEPEBDTNI VDO TERINET— 9 BRIE
SNTVHL, HELARAEE OLBPEENS,
45 F-Cu-Sn&ae®d
Sn-15at % OFED sAECu-Sn BSBERTREA
NAETEELET 54 SIMIC &k » THEEMEE R L,
$BE LU SIME A AL BT A &Itk T
PRERNTLIRMESEA T EREFHOIKE - THES
n7:5), Cu-15at % SnBEROEEEREEL AT LV VR
IR R & IB0KITHIE L, gt & FEEG @ thil]
OWBAET b THBAICL - TE SN g ETOR
T kT M ADE N B LUEBREG OB E R
SOMBMES L, MEEELIKL > TIOHEEE
BO=F VA4 =T v A b FEREN sk
Ik - T CHRRS NB2D, Fig 1TdZhERT
bOTamTAME(bee) £ w734 - (Or-
thorombic 2H#E#E) MIEHFELSN, 2D TbORAT
&b gy Ty A N (IBREE) MISTIAES N

— 128 —

400 T T b 7{——)[31'

N
Q
o
Y
I

Stress/MPa
[~)
o)
o)

d
(o]
o
.

4

Strain/%

Fig. 17 Stress-strain curve in Cu-15.0at%Sn
alloy single crystal26)27).

‘[ Yietd Stress as a Furchion of Tempercture
0. e,
| aga T
« : 5Py .
= T
>~ 300 .
ff) ‘ - . .
5 T o
el i o o " °
%] | S..
POO R /9/
M % e 4‘
. /// . co Agedfor 1.5hr
o . o o ° e Agfd for 24hr )
i s 01 293K !
100+ 260 350 7306
T/K

Fig. 18 Temperature variation of the critical
stresses in Cu-15.0at%Sn alloy single
crystals26),27),

Calculated and Measured Latent Heat of
Transformation in Cu-15at.%Sn Alloys

250+
- * Aged ot 293K for 24 hr
', ©Aged at 293K for 1.5 hr
2 ®Measured by DSC
= ST
% 200+ /7/
=
QL
=
A

150;#,,,//////////

150 200
T/K
Fig. 19 Calculated and measured latent heat of
transformation in Cu-15.0at%Sn alloy
single crystals26),27).
B, ZOWRINTIEBEORKEE Fig 18 iCRUTS,
093K &1 273 K icfE AN 293K TORESHT 1 BEEHDE
KR E L LR A0 2 BHoZE B LS,
COFERE 1 BHOEEOSADMEMBLD AH %2R

250

Netsu Sokutei 15(3) 1988



RS G o BN & sEaE

Do E LA Fig- 19 105 Uite BREBENSS N
LLINDMBEASAPT B ADTOAH KX C
L BIZDEIES~DAFEESE D M BB Ecs0 5
L1 rU KBEOAHGHEM E BENTIC & 2 HAHE
140 Jmol™l & ko —E AR LTV %,

5. &HoIZ

ERCREGKBOTHABHR LT V94 FERES
BB LTHE O N 258N (M) 282 LS L To
WH—03 A ROMEERE D EH L, EhGk<
WF Y4 P EEICK O BT BB B T
DHRETH O, IEH— O T AEED S Clausius- Clay-
peron DX & HOTHESNAL BB & EBICRE
BEIHCK » TROLEE In-TLE S OFARBR LT <
—HLTW3, 2O EQIENFRLT V94 Mok
LEREYE OB IENRIFOE ML ES 3 26D TH D,
EREBROUELFELERAF - TV AT 5 %EL
folo,

E [

B TRNIEROE CERFEIC DI 2 FERFHEY
My FEMZERRLE OHEHROMRICE D DTHO,
BB ER L L HELRT 5. FLABREORRE
E-THOWLRRE RELERY R (ReET
BRERIPRI R ) IKB# T 5,

X 4

1) N. Nakanishi, T. Mori, S. Miura, Y.
Murakami, S. Kachi, Phil Mag. 28, 277
(1973).

2) Z# F, PEEBRL, B¥ESIT 16, 1029 (1975).

3) K. Otsuka, C.M. Wayman, “Rev. on the
Deformation Behavior of Materials’” Freund
Pub. House Ltd., Israel (1977) p. 81.

4) K. Otsuka, K. Shimizu, Metal Forum 4,142
(1981).

5) N. Nakanishi, Arch. Mech. 35, 1 (1983).

6) MAREREER, “BRidEAe " BENEw®
(1984).

7) H. Warimont, L. Delaey, R.V. Krishnan,
H. Tas,J. Mat. Sci. 9, 1545 (1974).

Netsu Sokutei 15(3) 1988

8) B. Predel, W. Schwerman, Z. Naturf. 22A,
1499 (1967).

9) N. Nakanishi, Y. Murakami, S.
Scripta Met. 5,433 (1971).

10) H. Warlimont, L. Delaey, Prog. Mat. Sci.
19, (1974).

11) Y.C. Huang, S. Suzuki, H. Kaneko, T. Sato,
“The Science, Technology and Application
of Titanium”™ Pergamon Press, Oxford
(1970) p. 691, 695.

12) L. Kaufman, M. Cohen, Prog. Met. Phys.
7, 165(1958).

13) S. Miura, T. Mori, N. Nakanishi, Y. Murakami,
S. Kachi, Phil. Mag. 34, 337 (1976).

14) L.C. Chang, T.A. Read, Trans AIME 189,
47 (1951).

15) MEARE, BHEERB¥ S48 21,170 (1982)

16) S. Miura, S. Maeda, N. Nakanishi, Phil. Mag.
30, 565 (1974).

17) S. Miura, F. Hori, N. Nakanishi, Phil. Mag.
40,611 (1979).

18) N. Nakanishi, M. Takano, H. Morimoto, S.
Miura, F. Horli, Scripta Met. 12, 79 (1978).

19) S. Miura, M. Ito, K. Kondi, N. Nakanishi,
Ist JIM Int. Symp., Suppl. to Trans JIM
17, 221 (1976).

20) S. Miura, M. Ito, K. Endo, N. Nakanishi,
Mem. of Faculty of Eng., Kyoto Univ.
18, 287 (1981).

21) S. Miura and N. Nakanishi, ‘“Proc. Int. Conf.
on Martensitic Transformations” Japan
Inst. Metals, Nara (1986) p. 1015.

22) B. Predel, Z. Metallkde 55, 117 (1964).

23) J.Patel, S. Ahmed, Met. Sci. 12, 149 (1978).

24) M. De Bonte, P. Wollants, J.R. Roos, Met.
Sci. 14, 117 (1980).

Kachi,

25) S. Miura, Y. Morita, N. Nakanishi, “Shape
Memory Effects in Alloys” Plenum Press,
N.Y. (1975) p. 389.

26) il R, M, BF %, BEXSEyLE
BRGNS 101 HAS (1987, 10)
p. 333.

27) H. Kato, S. Hashimoto, S. Miura, to be
presented MRS Int. Meeting on Adv. Mater-
ials, Met. Res. Soc. Sunshine City, Ike-
bukuro, Tokyo (1988, May).

— 129 —





