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Abstract

An incomplete thermal cycle upon heating of a shape memory alloy (arrested at a temperature between austenite transformation start and
finish temperature#\s andA;) induced a kinetic stop in the next complete thermal cycle. The kinetic stop temperature was closely related to the
previous arrested temperature. This phenomenon is named temperature memory effect (TME). In this work, the TME induced by incomplete
cyclingin TiNi and TiNiCu ribbons, TiNiCu thin films and TiNiCu wire showing two-way shape memory effect was systematically investigated
by performing either a single incomplete cycle, or a sequence of incomplete cycles with different arrested temperatures. Results showed that
the TME is a common phenomenon in shape memory alloys, caused by a partial martensite to parent ph&3dréisformationN points
of temperatures could be memorizedNitimes of incomplete cycles on heating were performed with different arrested temperatures in a
decreasing order. On the contrary, if a partial parent phase to martensité/Rransformation was performed by an incomplete cycle on
cooling, the next complete B M transformation did show any evidence of TME. The incomplete cycle of parent phase to R-phase and
R-phase to parent phase transformations did not show any evidence of TME. Results showed that the capability to memorize the temperature
is a specific characteristic of the martensitic phase, and the decrease in microstrains and elastic energy after ICH procedure has significant
contributions to the TME.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction stable at low temperature) and the parent phase (P phase,
B2 cubic, thermodynamically stable at higher temperature).
TiNi-based alloys are well known for their unique shape The characteristic transformation temperatures are defined as
memory effect (SME) and superelasticity (SE) behavior. follows:
The SME and SE have been extensively investigated in the
past decades due to their potential use in many applica-e Ms: martensite start temperature upon cooling;
tions, especially for smart materigls 2]. The unique SME e Ms: martensite finish temperature upon cooling;
and SE originate from martensitic transformation and its re- e As: reverse transformation start temperature upon heating;
verse transformation. They are first-order solid—solid diffu- e As: reverse transformation finish temperature upon
sionless transformations which involve two different solid heating.
phases: the martensite (M, monoclinic, thermodynamically
Using the above terminology, SME can be defined as a
* Corresponding author. Tel.: +86 28 83201939; fax: +86 26 83201930, P€nomenon in which a plastic strain given at a temperature
E-mail addressestiaotaozu@yahoo.com, xtzu@uestc.edu.cn belowMs can be recovered by heating to a temperature above
(X.T. Zu). A, by virtue of the crystallographically reversible transfor-
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mation. SE, which is a pseudoelasticity occurring at a tem- 2. Experimental
perature abovéy, is caused by a stress-induced martensitic
transformation upon loading and a subsequent reverse trans- Commercial Ti—43 at.%Ni—7 at.%Cu ribbon with a thick-
formation upon unloading. ness of 0.30 mm, provided by the Northwestern Institute of
Recently, Zheng et al3] defined a new phenomenon Non-Ferrous Metal of China, was annealed at 80@or 3 h
in shape memory alloys (SMAs), called temperature mem- in an evacuated silica tube followed by air-cooling. Samples
ory effect (TME). If a reverse transformation of an SMA with dimensions of 5 mnx5mm x0.35mm were used for
is arrested at a temperature betwegnand A, a kinetic differential scanning calorimetry (DSC) measurements.
stop will appear in the next complete transformation cycle.  Ti—41 at.%Ni—9 at.%Cu (TiNiCu9) and Ti—46 at.%Ni-4
The kinetic stop temperature is a “memory” of the previ- at.%Cu (TiNiCu4) thin films were prepared by co-sputtering
ous arrested temperature. Previously this phenomenon wa®fa TiNitargetand a Cutargeton (1 0 0) silicon wafers using a
also named thermal arrest memory effect (TAME) or magnetron sputter, Coaxial MSS3A, Engldfd]. Substrate
step-wise martensite to austenite reversible transformationtemperature was 45 and substrate holder was rotated dur-
(SMART) [5,6]. The SMART was firstly reported in ther- ing deposition to achieve the uniform deposition. The base
mally induced phase transformation in TiNi alloyd. It is pressure of main chamber was 1.0~/ Torr. The argon pres-
a consequence of a partial reverse-MP phase transforma-  sure was 1.0 mTorr during deposition and the substrate-to-
tion due to an incomplete cycle on heating (ICH) with a low target distance was 100 mm. TiNiCu9 films peeled off from
temperature limit below/s and a high temperature limit be-  substrate were used for the temperature memory effect mea-
tweenAs andAs. The arrested temperature can be defined as surements. TiNiCu4 film on the Si substrate was also used to
Tich. The ICH procedure induces a stop in the kinetics of the measure the TME with dimension of 5 m&b mm, and a Si
following complete M— P transformation at a temperature substrate with same dimension was used as a reference.
slightly higher thanT,cy. The TME can be wiped out: the Ti—43 at.%Ni—7 at.%Cu wire with a diameter of 0.50 mm,
next M— P complete transformation following the TME cy-  provided by the Northwestern Institute of Non-Ferrous Metal
cle will not show TME. The SMART phenomenon has also of China, was used to train TWSME spring. The detailed
been found in stress-induced transformati6h However, training process of TWSME was described in referdié&g
the SMART in the stress-induced transformation cannot be (as shown inFig. 1). The TiNiCu wires were wound on a
erased by conducting complete mechanical-thermal cycles,cylindrical jig, then annealed at 50Q for 1 h followed by air-
but can be erased through an appropriate thermal treatmentooling. The mean diameter of the spring is 4.5 mm and the
[6]. So far, the mechanism of the temperature memory effect pitch of the spring is 0.1 mm after annealing. Then the springs
is still unclear. were extended till the pitch reached 12 mm and constrained at
SMA thin film has been recognized as a promising ma- the extension state and annealed at85€or 1 h followed by
terial for application in micro-electro-mechanical-system air-cooling. The springs were thermal-mechanically trained
(MEMS), due to its SME, large energy density, pseudoelas- for 150 cycles, and the elongation was about 60%. About
ticity and high damping capacity. Itis very interestingto study 10mg TiNiCu wire showing TWSME was used to do the
whether there is TME in SMA thin films. DSC measurement.
In addition to the well known one-way shape memory
effgct upon heating, shape memory glloys may also ex- el el E0E i T sk ot
hibit a shape recovery upon cooling, i.e. two-way shape WWW
memory effect (TWSME), which is more suitable in the
two-way actuation. As far as we know, there is no report

whether the TME still exists in a shape memory alloy showing Do siid Sotralied b Wik alisge aid
TWSME. annealed at different temperature

R-phase transformation in TiNi alloys is particularly im- [\/\/\/\/\/\/l
portant for many practical applications, as it exhibits small l
temperature hysteresis and less sensitivity to various physical

Deformed at matensite state

factorg[8,9]. R-phase transformation is martensitic and ther- >

moelastic, and it also shows SME and BB-13]. However,

there seems no report on the TME of the R-phase transfor- l

mation in the literature. Heated up to temperature higher than Af
In this study, the TME induced by incomplete cycling in [\/\/\/\/\/\/I

TiNiand TiNiCu ribbons, TiNiCu thin films and TiNiCu wire

showing TWSME, were systematically investigated by per- l

forming either a single incomplete cycle, or a sequence of Cooled to temperature lower than Mf

incomplete cycles with different arrested temperatures, with
an aim to compare TME of different TiNi-based materials
and to clarify the origin of the TME. Fig. 1. The procedure of processing TWSME TiNi SMAs spring.
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Fig. 2. Transformation behavior of a Ti-50.7at.%Ni SMA annealed at
450°C for 1 h in an evacuated silica tube followed by air-cooling.

2

Ti—50.7 at.%Ni ribbon with a dimension 5mm 5mm
x 0.35mm, provided by the Northwestern Institute of Non-
Ferrous Metal of China, was annealed at 460for 1 h in \\\\N/,_J

Heat flow / W/g
.
G
Endothermic direction

an evacuated silica tube followed by air-cooling. The trans-
formation behavior of the TiNi ribbon is shown Iig. 2.
Upon cooling, two-step transformation among austenite, R-

phase and martensite can be observed, while upon heating, L

only one-step transformation between martensite and austen- [T D

ite can be detected. This sample was used to study the tem- E ‘ Y

perature memory effect of the R-phase transformation in the s\ VL

temperature range between 10 and85 25 35 45 55 65 75 85 95
The phase transformation behavior of the samples was Temperature /C

studied using differential scanning calorimetry (DSC131, Se- _ o
Fig. 3. DSC results of a TiNiCu ribbon (a) and the temperature memory

Fara,m Company, France) with a scanning rate of n effect of same sample with single incomplete cycle on heating at 58.6 (b),
in nitrogen atmosphere. 61.1 (c) and 64.3C (d).

3. Results

3.1. Temperature memory effect in TiNiCu ribbon

The DSC result of TiNiCu ribbons with a global transfor- ﬁ
mation cycle is shown ifrig. 3(a). Those of TiNiCu ribbons — ""_**D
with single incomplete cycle upon heating Bty =58.6, —
61.1 and 64.3C, respectively, are shown iRig. 3(b), (c) \\ ﬁ
and (d), and the kinetic stops are clearly observed on the { /
heat flow curves upon heatingig. 4(a) shows the DSC re- 5

sults of TiNiCu ribbon after performing three successive in-
complete cycles upon heating at temperatures of 63.6, 61.3
and 58.3C, respectively (with decreasing order), and three
kinetic stops can be clearly observed corresponding to the
three arrested temperaturégy. 4(b) shows the DSC results \\/
of TiNiCu ribbon after performing three successive incom-

plete cycles upon heating at three arrested temperatures of
TicHq =58.3, 61.3 and 63.3C but with increasing order. Only
one kinetic stop can be observed as showRig 4(b), and — )
the maximum temperature dfcy =63.3°C is memorized.
The phenomenon shows that only the highest temperature
of the three successive temperatures (with increasing order)
is memorized implies that further heating to a temperature
exceeding the previous stop temperature can wipe out the
temperature memory effect caused by the previous stop tem-—ig. 4. DSC results showing the temperature memory effect of TiNiCu rib-
perature. The above results consist with those from previousbon with three single stops #@icy = 63.6, 61.3 and 58.3C with decreasing
reports[16]. If a numberN of ICHs with different arrested  order (a),Tich =58.3, 61.3 and 63.3C with increasing order (b) and sub-
temperatures is performed in a decreasing ofdémterrup- ~ Seduent global transformation (c).
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Fig. 5. An incomplete cycle on cooling does not show any temperature

memory effect of TiNiCu ribbon.
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3.2. Temperature memory effect in TiNiCu thin films

Fig. 7(a) shows the DSC results of the TiNiCu4 film
attached on a Si substrate. Upon heating and cooling, there
is only one peak observed, corresponding to transformation
between austenite and martenshig. 7(b), (c) and (d) show
the temperature memory effects of the TiNiCu4 thin film
attached on a Si substrate in one single incomplete cycle
upon heating at the arrested temperatures of 75.2, 76.7 and
78.2C, respectively. Clearly one kinetic stop temperature,
corresponding to the arrested temperatures can be clearly
observed for each DSC curvesig. 7(e) shows the DSC
results of TiNiCu4 film performed with three successive
stops aflicy =78.2, 76.7 and 75°Z with decreasing order,
and three kinetic stop temperatures can be observed in the
curve. For all the above results, the kinetic stop tempera-
ture is slightly higher than the arrested temperature. The

tions can be found. The TME is areversible process, and from
Fig. 4(c) it can be noticed that the transformation kinetics o
the global transformation (Fig. 3(a)) is completely recovered
in the following complete cycle.

Fig. 5(a) shows global transformation of the TiNiCu rib-
bon and (b) shows DSC results of the TiNiCu ribbon after
performing an incomplete cycle upon cooling, with an ar-
rested temperature of 4€. In this case, only part of austenite
transforms into martensite phase, and the rest of the austenite
remains. The transformed martensite can change to austenite
again with further increasing temperature abayéiowever,
results showed that the next complete-iM transformation
does not show any evidence of kinetic interruption, which
can support the previous findings in REf7].

For practical applications, shape memory alloys are often
used in many thermal cycles. It is interesting to study the
repeatability of TME after many cycles. We define one in-
complete thermal cycle upon heating and subsequent global
transformation cycle as one working cyckdg. 6 shows the
first working cycle and 30th working cycle of a TiNiCu rib-
bon. We can see that there is perfect repeatability for the TME
for the TiNiCu ribbon.

64.3°C (b)

Heat flow / W/g
Endothermic direction

1 1 ] 1 1
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Heat flow /W/g

/\%_*__(f)

35 45 55 65 75 85
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95

temperature memory effect can be easily wiped out by the
f following complete thermal cycle as revealed fréig. 7(f).

T

Endothermic direction

Temperature /°C

Fig. 7. DSC results of a TiNiCu4 thin film (a) and the temperature memory
effect of same sample with single incomplete cycle on heating at 75.2 (b),

Fig. 6. The first cycle (a) and 30th working cycles (b) of the temperature 76.7 (c), 78.2C (d), three single stops @fcy =78.2, 76.7 and 75.2C with

memory effect of a TiNiCu ribbon.

decreasing order (e) and subsequent global transformation (f).
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= \/‘“ﬁ 3 the testing results, theirs is no evidence of kinetic inter-
- = ruption for the next complete B M transformation. Re-
‘=i:u7 C sults confirmed that the temperature memory effect of the
u{/\lr(ﬁ\ TiNiCu film is identical to that of the TiNiCu bulk mate-
© ‘ rial.
\/‘_‘_‘_j R L. . -
3.3. Temperature memory effect in TiNiCu wire with
e TWSME
o )

g ] Fig. 11(a) shows the DSC results of TiNiCu wire with
ﬁ‘ /‘ e TWSME, revealing the one-stage transformation between
R R austenite and martensitéig. 11(b) and (c) shows the tem-
Temerature °C perature memory effect of TiNiCu wire with the arrested
temperature of 62.5 and 4C upon either heating or cool-
Fig. 8. DSC results of a TiNiCu9 thin film (a) and the temperature memory ing process. The kinetic stop temperature can be observed
effect of same sample with single incomplete cycle on heating at 49.6 (b), clearly in the incomplete cycle during heating but cannot be

Zl ©). S.z'fcd(d)' threedsmg'e StOpst altcgzlfo.s,fo ar;_d 48.7C with observed for the incomplete cycle during cooling. Results

ecreasing order (€) and subsequent global transformation (7). confirmed that the TME of the TiNiCu wire with TWSME
are identical to those with only one-way shape memory
effect.

Fig. 8(a) shows the DSC results of the free-standing
TiNiCu9 films (peeled from the Si substrate). Upon heating
and cooling, there is only one peak observed, corresponding
to transformation between austenite and marterisige8(b),

(c) and (d) shows the temperature memory effects of the
TiNiCu9 thin film in one single incomplete cycle upon heat-
ing stopping at arrested temperatures of 49.6, 51 and62.1 PR
respectively. Clearly one kinetic stop temperature can be
observed in each tedskig. 8(e) shows the DSC results of
TiNiCu9 film performed with three successive stop3at,

of 50.8, 50 and 487 with decreasing order, and three ki-
netic stop temperatures can be clearly observed in the curve.
The temperature memory effect can also be easily wiped out
by the following complete thermal cycle as showirig. 8(f).
Compared the results frokigs. 7 and 8, it can be concluded
that the substrate has no effect on the temperature memory
effect.

Figs. 9 and 10show the DSC results of TiNiCu4 and
TiNiCu9 films after performing an incomplete cycle at & Fig. 10. An incomplete cycle on cooling does not show any temperature
temperature betweeMs and Ms upon cooling. For all memory effect of a TiNiCu9 thin film.
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ruptions for the R-phase to B2 phase transformation, indicat-
ing no TME.

4. Discussion

The temperature memory effect performed on four types
of TiNi-based materials revealed clearly that TME is a com-
mon phenomenon in shape memory alloys, which is induced
by a partial reverse M> P transformation. If a numbé\ of
ICHs with different arrested temperatures is performed with
decreasing ordeN temperatures can be memorized. On the
contrary, if a partial P> M transformation is performed by
an incomplete cycle on cooling, the next complete>mM
transformation does not show any evidence of temperature
memory effect. The partial P R-phase and R-phase P

Heat flow / W/g

Endothermic direction

L 1 I

20 10 &0 30 100 transformations do not show any evidence of temperature
memory effect. Results indicate that the capability to memo-
rize the arrested temperature is a special characteristic related
Fig. 11. DSC results of a TiNiCu wire with two-way shape memory effect t0 the martensite in TiNi alloys.

(a), the temperature memory effect of same sample with single incomplete During the partial reverse Ms> P transformation, the
cycle on heating at 62.5 (b) and an incomplete cycle on cooling does not 4 rtensite to austenite transformation is stopped at a cer-

Temperature /°C

show any temperature memory effect (c). tain temperature betweehs and A;, and only part of the

martensite transforms into the parent phase, with the rest of
3.4. Temperature memory effect of R-phase the martensite remaining. Here the remaining martensite is
transformation in TiNi ribbon called M1. With further decreasing the temperature bé¥pw
the parent phase transforms back to martensite, and the newly
formed martensite is called M2. During the following heating
process, M2 and M1 transform into the parent phase sequen-
tially, causing a kinetic stop between these transformations.
Several researchers explained the temperature memory effect
using the release of elastic strain energy, which serves as driv-
ing force during the reverse transformatif8]. However,
the proposed mechanisms are quite controversial between
(a) each other. Madangopal et §] proposed that M2 could
store more elastic strain energy than M1 in a global trans-
formation, therefore the reverse transformation of M2 could
be somehow pre-positioned. Airoldi et ] explained the
temperature memory effect using the lack of elastic strain
energy in M2, therefore a higher temperature is necessary to
start the transformation of M1, after the transformation of
M2 finishes.

Martensitic transformation in shape memory alloys oc-
curs between austenite (A, a crystallographic more-ordered
parent phase) and martensite (M, a crystallographic less-
ordered product phase). Upon cooling, the atoms will arrange
themselves in twinning structure with periodic stacking order
structure, and 24 variants of the martensites could gkt
During the transformation from austenite (B2) to marten-
site, some elastic strain energy is stored in the thermoelastic

10 20 30 L martensite variants. The interphase boundaries between the
Temperature /°C martensites and the parent phase are coherent phase bound-
. ) aries. The coherent energy resulted from the lattice distor-
Fig. 12_. DSC results of the transformapon betw_een R-phase and B2 phasetions at the coherent interfaces of the adjacent phases has a
for a TiNi ribbon (a) and after performing the single stopsTaiy =40.5

(b) and 42.5C (c). There is no evidence of kinetic interruptions for the ~Prominent effect on the transformation characterisfd.
R-phase- B2 phase transformation after the single stops. The TME should not be only attributed to the release of the

Fig. 12(a) shows DSC result of the transformation between
R-phase and parent phasé&y. 12(b) and (c) are the DSC re-
sults of the TiNi ribbon after performing incomplete cycles
on heating at the arrested temperatures of 40.5 and’@2.5
respectively. There is no apparent evidence of kinetic inter-

— ] 405°C )

Heat flow / W/g
Endothermic direction
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elastic strain energy stored in the martensite variants, and thecomplete P> M transformation does not show any evidence
coherent energy of the adjacent phases also contributes to thef temperature memory effect. The partiakPR-phase and
TME. R-phase— P transformation did not show any evidence of

Results from Zheng et gB] showed that the formation of  temperature memory effect. The decrease in microstrains and
M2 is the result of the nucleation and growth of martensite elastic energy after ICH procedure has significant contribu-
nuclei in the parent phase, but not the growth of the already tions to the TME.
existing M1 martensite, otherwise M2 would have the same
oriented structure as M1. When the martensite to austenite
transformation is stopped at a certain temperafg, only Acknowledgments
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