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Low temperature aging behaviour of transformation temperatures in
some Cu-based and NiTi SMA
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Abstract. Effects of aging at intermediate temperatures (near 4&  LQ 60$ KDYH EHHQ IRXQG WR SURGXFH
precipitation, which affects the transformation behaviour. In this work, we observe some dependences
(recoverable or not) of transformation temperature with aging at temperatures near or under &in beta phase.
Two copper-based SMA alloys have been analyzed, CuZnAl and CuAlBe. Also, some analysis has been done on
pseudo-elastic NiTi. By aging at temperatures near &the two copper alloys show changes in transformation
temperatures, which can be related univocally to the changes in the temperature at which the alloy is kept. In
both alloys, by staying long time at a given temperature, an asymptotic value of the transformation temperature
is reached, and further coming to the same temperature produces the transformation temperature to evolve to that
asymptotic value. The maximal amplitude of the changes is about 16% of the amplitude of the change in aging
temperature. The changes are much faster in CuZnAl than in CuAlBe, and the sign of the changes is opposite in
CuAlBe respect to that in CuZnAl. The process can be well modelled by a system of differential equations with
one or two terms, giving a "tracking" of the transformation temperature respect the temperature at which the
alloy is kept. The activation energies for the time evolution suggest atomic-order related processes as cause for
the transformation temperature changes. For NiTi, the evolution is much slower, and seems to be monotonic with
time, suggesting a precipitation-related mechanism as the origin of the transformation temperature changes, even
at temperatures near &From the data, some conclusions may be drawn concerning long-time effects on the
applications of the alloys

1. Introduction
The martensitic transformation between metastable phases is the origin of the shape memory effects [1±3]. The
applications of the shape memory material for a small number of on±off actions, needs only a relative reliability.
Applications of shape memory alloys (SMA) as smart materials require a long time guaranteed behaviour. This
supposes a fatigue life in accordance with the application, and a reproducible hysteretic behaviour. The
mechanical properties of the SMA in the pseudo-elastic regime [1] make them attractive for damping devices,
for instance in civil engineering [2±4]. The ability to support large, recoverable strains at moderate stress levels,
and the presence of a considerable hysteresis are important parameters. In damping, the thermo-elasticity, the
hysteresis, the maximum recoverable strain, and the Clausius-Clapeyron equation (relating the critical
transformation stress with the room temperature) are the most relevant macroscopic properties. Also, careful
attention is necessary to avoid perturbative effects related with diffusion.
When the SMAs are subjected to working cycles, some evolutive dependencies can appear [5]. The
evolution of properties may have a mechanical origin, i.e., the classical creation and movement of dislocations,
but may also have a thermal cause, i.e., diffusive effects as atomic order changes and vacancy concentration
evolution, or even precipitation at intermediate temperatures. The alloys are usually subjected to quenching to
preserve the high temperature or parent phase, avoiding precipitation of equilibrium phases in the cooling
process. Then, the parent phase is considered a metastable one at room temperature. It has been observed in Cubased alloys that the quenching temperature has a strong influence on the transformation temperature, when the
quenching is from intermediate temperatures, because of atomic ordering depending on temperature [6]. For the
case of NiTi, it has been reported that aging at temperatures from 713 K to 823 K has a strong influence on
transformation temperatures, because of a precipitation-dissolution process [7].
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In fact, the time dependence of properties requires an evaluation to guarantee the behaviour [8]. In
SMAs they are slow processes at moderate temperatures [5], but each possible application needs a detailed
consideration of requirements the material has to fulfil, and the time-scales associated with the application
requires an explicit consideration. For instance, damping of earthquakes might have a waiting time of many
years or decades, while satellite launching needs only reliability for a few days, and medical applications might
need some weeks or months. In this work, results of the low temperature aging effects on transformation
temperature for two Cu-based alloys (CuZnAl and CuAlBe), and for NiTi are compared.

2. Experimental
We used CuZnAl single crystals of composition Cu-14.6 at.% Zn-16.2 at.% Al, with electronic concentration
1.48 e/a. Samples of 2 cm length and near 0.5 mm2 cross section were used. Also, polycrystalline CuAlBe from
Trefimetaux and Nimesis (France), with composition Al 11.8 wgt%, Be 0.5 wgt%, Cu to balance, was used. The
Cu-based alloys were subjected to betatisation at 1123 K for 10 minutes and water quench. The CuAlBe alloy in
the as-furnished state (extruded wire) contained beta but also some alpha phase, and there were some scarce
plates of martensite in the beta grains.
NiTi wire of 0.5 mm diameter (55.9 wgt% of Ni) furnished in super-elastic form, from Special Metals
(New Hartford, USA) and later SAES-getters, has also been used. The NiTi wires were used as furnished.
Electrical resistance measurements were done with a computer controlled and programmed temperature,
4-point technique, providing more than 4 significant figures in electrical resistance. The computerized device,
controlling the sample temperature as described in [9], permits cooling and heating to determine the Ms value by
electrical resistance measurements. The cycles were done at relatively low speeds, in order to determine properly
the temperature (near four hours per cycle).
To characterize the phases present in NiTi alloy, An X-ray diffractometer INEL was used, with Cu tube,
and graphite monochromator (using K 1, = 0.15406 nm), with detector CPS 120 (5644 channels). For the
temperature control we used an Oxford Cryosystems, 700 series cryo-stream plus. At room temperature (293 K),
only cubic beta phase was detected by X-ray diffraction, suggesting that any possible precipitates in the superelastic wire are rather small and/or scarce.

3. Results and discussion
To determine quantitatively the evolution of the transformation temperature when the sample is kept in parent
phase, several samples were used. CuZnAl single crystal and some CuAlBe polycrystalline samples were mainly
used. Some parallel measurements on NiTi alloy have been also done, showing a similar general behaviour even
though harder to detect because of larger hysteresis and temperature domains involved [10].
For the Cu-based alloys CuZnAl and CuAlBe, it has been observed that, for cycled samples, and after
long time in parent (beta) phase at a given temperature T, and avoiding the coexistence of phases and dislocation
creation effects, the transformation temperature Ms converges to a well-defined value dependent only on the
temperature T [11]. When the material undergoes a step like change of temperature the electrical resistance
varies quickly via the classical phonon contribution (nearly linear dependence of resistance with temperature), as
expected, but it only reaches the HQG YDOXHDWFRQVWDQWWHPSHUDWXUH WKH ³VWHDG\´RU ³HTXLOLEULXP´VWDWH LQDQ
exponential way, with relatively large time constants near room temperature, from near 1 h at 373 K to about a
year at 293 K in CuZnAl with electronic concentration 1.48 e/a [9]. A similar effect has been reported at higher
temperatures in some alloys affected by diffusive atomic ordering processes [12]. The amplitude of the
exponential variation of resistance remains near 5% of the phonon contribution. Long time after the quench, the
Cu-based DOOR\VDSSURDFKWRWKHVWHDG\ ³HTXLOLEULXP´ VWDWHLVGHVFULEHGVDWLVIDFWRULO\E\PHDQVRIH[SRQHQWLDO
decay terms [5, 11]. The time FRQVWDQWV Ĳ(i), i=1, « UHODWHDFWLYDWHGSURFHVVHVVLQFHWKH\GHSHQGVWURQJO\RQ
the temperature T, and these time constants can be written as:
(i )

exp( Ai

Bi
)
T

(1)

As the electrical resistance versus time follows a similar behaviour to the experimental evolution of Ms, this
VXJJHVWVWKHLQWURGXFWLRQRIKLGGHQLQWHUQDO³RUGHU´WHPSHUDWXUHVT(i) (i « LQWKHVDPSOH>11, 13], tracking
the external or room temperature T(t) via independent differential equations, as:
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(i )

d T (t )
dt

(i )
T (t ) T (t )

(2)

(i )

And then the calculated time dependent Ms values are deduced from the T(i)(t) (the hidden order temperatures)
starting in a steady state at external temperature Tref (with Ms=Ms(Tref)) by:

Ms(t)=Ms(Tref ai(T(i)(t íTref)

(3)

Using a classical Runge±Kutta algorithm and starting in a steady state or in a known state the differential
equations can be solved and the time dependent values of Ms can be calculated if the temperature profile T(t) is
known. The previous expressions allow to obtain the Ms changes induced from winter and summer temperatures
(seasonal) smoothed by the tracking action in the differential equations.

3.1 CuZnAl alloy
The figure 1 shows the experimental temperature profile T(t), the measured transformation temperatures Ms
(circles), and the computed Ms during 2 years for a CuZnAl single crystal, using two terms in the expression (3),
2
with parameters a1= -0.105; 1= exp(-29.30+13630/T); a2=-0.067;
= exp(-16.93+10330/T) (T in K and
in s).
In a similar CuZnAl alloy, the temperature activated processes have been associated to an atomic
reordering visualized by careful X-ray diffraction study [14]. In that case, and due to limited temperatures and
times, only one term in equation (3) was fitted.
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Fig. 1 Transformation temperature Ms(T, t) for CuZnAl single crystal (1.48 e/a). Upper part: temperature profile. Lower part:
Circles: experimental Ms; Continuous line: computed Ms evolution as indicated in the text.

3.2 CuAlBe alloy
For the CuAlBe polycrystal, long time after the quench (i.e., the zone after the vertical arrow in fig. 2), a good
approach to the Ms dependence on temperature and time could be obtained with only one time constant (one
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term in expression 3)ZLWKDQ³D´FRHIILFLHQWQHDU0.13, and a time constant
K and in s):

as function of temperature (T in

ln = -3.47 + 5740/T

(4)

It has to be noted that, although the behaviour is analogue to that of CuZnAl, the time constants near room
temperature are much larger for CuAlBe, the amplitude of the changes in Ms are somewhat lower for CuAlBe,
and the sign of the change is opposite in CuAlBe respect to CuZnAl, i.e., if one increases the room temperature
from a "steady" state, for CuZnAl, the Ms tends to decrease, while in CuAlBe tends to increase, producing that
in CuZnAl both Clausius-Clapeyron and diffusive effects ask for more stress to transform a sample if
temperature is increased, but in CuAlBe, the diffusive actions result opposite to the Clausius-Clapeyron
relationship between the temperature changes and the changes in stress to transform a sample, smoothing the
concomitant effects, the dependence of stress to transform with temperature and the transformation temperature
changing with time due to diffusive effects.
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Fig. 2 Experimental transformation temperature Ms(T, t) for CuAlBe polycrystal (circles). The numbers over the circles
indicate the temperature at which the sample was kept in K.

3.3 NiTi alloy
The figure 3 shows the results obtained with samples of NiTi pseudo elastic wire. The results were obtained by
decreasing the temperature smoothly to detect a phase transition, to 255 K or to 275 K. X-ray measurements
showed that at zero stress, only beta phase was detected at 293 K, the martensite phase was detected at 148 K,
but only R-phase was detected at temperatures as low as 188 K. Then, the electrical resistance was used to
monitor the R-phase transformation temperature, Rs. By maintaining the sample at 373 K, a smooth increase of
Rs was observed during near a year (squares in fig. 3). The time dependence of Rs [15, 16] suggests a time
constant of more than 2 months at 373 K (for CuAlBe it was less than 2 days at this temperature, and for CuZnAl
it was near 2 hours).
To accelerate the process, temperatures of 388 K and 398 K were tested. After near 2 years, the samples
seemed to be near a "stationary" transformation temperature (circles and triangles in fig. 3). In order to see if the
Rs increase was recoverable, the temperature was lowered to 373 K (first vertical arrow in figure 3). There
seemed to be no effect on the transformation temperature for the 398 K-aged sample for near six months. Then,
the temperature was increased to 398 K, and the Rs increased slightly for the 388 K-aged sample. For both
samples, the transformation temperature does not recover on lowering the temperature at which the sample is
kept. Further on, it cannot be ascertained if a really "asymptotic-stationary" state is effectively reached, because
the evolution is very slow, within the experimental error of the long time measurements.
The microscopic changes corresponding to the observed transformation temperature evolution might be
very small from the structural point of view, and then be very difficult to detect. The reference [17] states that no

05012-p.4

ESOMAT 2009

order-disorder transition exists in near-stoichiometric NiTi at elevated temperatures, so fewer contributions from
atomic order issues would be expected than in Cu-based alloys. Also, [18] notifies WKDWDIWHUDJLQJDW&WKH
transformation could not be observed in samples of NiTi that, before aging, did transform. On the other hand,
[19] reported that no precipitation of Ti3Ni4 was detected in NiTi by TEM even after 3000 h at 373 K, but
precipitation was detectable at 473 K after 100 h. Then, from the long times implied in our study, it might be that
some precipitation phenomena is proceeding in the samples even at temperatures near 373 K, but the changes are
structurally very small, yet significant for the transformation temperature changes.

aged at 388 K
aged at 398 K
aged at 373 K

Transformation in K

300

373 K

398 K

290

280

270

260
0

200

400

600

800

1000

time in days
Fig. 3 Transformation temperature (Rs) for NiTi pseudo-elastic wire, as a function of temperature and time at which the
samples are kept.

4. Conclusions
Some SMAs have diffusion effects at moderate temperatures (near room temperature), giving rise to a
transformation temperature evolution related to the time and temperatures at which the sample is kept. CuZnAl
and CuAlBe alloys show recoverable transformation temperature changes long time after the quench, and a
predictive model based in experimental data is able to account for the evolutions, as thermally activated
processes, and these effects have been related, in CuZnAl, to atomic ordering.
The CuAlBe alloy has a time evolution in beta phase much slower than the CuZnAl alloy, DW&WKH
time constant for CuAlBe is around 2 days, but only near 2 hours for CuZnAl. The amplitude of the
transformation temperature evolution is similar, even though of opposite sign. The transformation temperature of
CuZnAl decreases if the sample is kept at higher temperature after stationary state is reached, but increases if
CuAlBe is kept at higher temperature.
The NiTi alloy has a much slower time HYROXWLRQWKDWWKH RQHIRU&X$O%HEXWLWLV ³QRQUHFRYHUDEOH
QHDUURRPWHPSHUDWXUH´, and the amplitude and time constant are not well determined. This poses a difficulty for
ORQJ WLPH DSSOLFDWLRQV DW ³PRGHUDWH´ WHPSHUDWXUHV QHDU &  EXW VKRXOG QRW EH D SUREOHP HLWKHU IRU VKRUW
WLPHDSSOLFDWLRQVRUIRUDSSOLFDWLRQVDWORZHUWHPSHUDWXUHV LHDW&a rough estimation of the time constant
for the evolution is longer than 100 years)
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