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Metastable effects on martensitic transformation in SMA

Part VIII. Temperature effects on cycling
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Abstract The use of Shape Memory Alloys (SMA) in
technical applications as damping in civil engineering
structures requires the characterization of the alloy for each
specific application. This involves the evolution of the
mechanical properties and damping capacity with the
number of cycles, frequency, maximum deformation,
applied stresses, and the evolution of the alloy with aging
time and temperature. In particular, the temperature effects
associated to self-heating need to be evaluated. In contin-
uous cycling the effects of latent heat, the associated dis-
sipation induced by the hysteresis, the heat flow to
surroundings and the cycling frequency induce different
states of temperature in the specimen, which in turn pro-
duces changes in the transformation-retransformation
stresses. In this article, the temperature effects associated to
cycling are outlined for different cycling frequencies. The
results show that, for relatively faster frequency the tem-
perature arrives at an oscillatory state superimposed to an
exponential increase. For lower frequencies, some parts of
the sample attain temperatures below room temperature.
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The experimental results are represented with an elemen-
tary model (the 1-body model or the Tian equation used in
calorimetric representation) of heat transfer. For the higher
fracture where life requirements are associated to damping
in stayed cables for bridges, the results show (for the NiTi
alloy) a reduction of the hysteresis width as the frequency
increases for deformations up to 8%. For reduced defor-
mation, under 2% appears an asymptotic behavior where
the frictional area is practically independent of the cycling
frequency (up to 20 Hz). In addition, it is shown that more
than 4 million of working cycles can be attained if the
maximum applied stress is kept below a threshold of about
200 MPa. Although under this condition the deformation
must remain lower than 2% a reasonable damping capacity
can still be obtained.

Keywords Shape memory alloys - Phase transformation -
Latent heat - Hysteresis cycle - Damping - Passive systems -
Self-heating - Damping of stayed cables

Introduction

Recently, the SMA’s were proposed as useful passive
devices for dampers in Civil Engineering [see 1 and related
references]. The SMA produces hysteresis in their mar-
tensitic transformation (a called first order phase transfor-
mation of “military” characteristics). In the stress-induced
transformation (parent to martensite), a heat (Qp_.n) is
released corresponding to the macroscopic effect of the
latent heat per volume unit (o), _.m, Which is a function
of the applied stress to transform, oy, and in reverse action
(martensite to parent) the heat (O, p) related to the latent
heat #(6,e)m—p is absorbed by the alloy, where o, is the
re-transformation stress.
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In general, o, and o, are not constant but depends on
the amount of transformed material. In a close cycle
involving the forward and backward process without
intrinsic changes or change of internal energy (i.e., without
creation of dislocations or changes in atomic order), the
Hysteretic Work (HW) corresponding to the mechanical
work dissipated as heat is related by the First Law to
absorbed and released heats by:

HW = %fdf = Qpam + Qmﬂp (1)

The balance equation (1) is only valid when the shape of
the hysteresis cycle remains strictly invariant. For each
application an appropriate guaranteed behavior of the main
material parameters are required. For instance, a macro-
scopic or mesoscopic property as the hysteresis cycle
requires a well determined study of its evolution in
cycling. For instance, the effects of the cycling frequency,
of the maximum deformation, of the applied stress and
also, of the evolution of aging time and temperature need
to be carefully analyzed. In addition, the temperature
effects associated to self-heating need to be evaluated (part
3). In continuous cycling, the effects of latent heat and the
dissipation due to the hysteresis produces local changes in
the specimen temperature. This is also related to the heat
flow to/from the surroundings and with the cycling fre-
quency. Also, that the spontaneous increase of length of
the sample with cycling: (the SMA creep) has to remain
under control ensuring effective damping with the expec-
ted length.

The damping effect relates the absorption of mechanical
work HW and its transformation as heat in the sample to be
dissipated in the surroundings. In general, the self-heating
is intrinsic to damping equipments and needs to be ana-
lyzed to avoid temperature increases and eventual damage
of devices. Since the dissipated and absorbed heat takes
place at different stresses, a thermodynamic description of
the hysteretic cycle establishes that the latent heat is dif-
ferent in transformation that in retransformation by the HW
value that is fully converted in heat.

In the previous articles of these series, several thermal
and thermomechanical properties were studied. These
properties are of the major importance for the applications
of CuAlBe and NiTi Shape Memory Alloys in particular
damping devices. See, for instance, the articles entitled
“Metastable effects on martensitic transformation in
SMA” (Parts 1-7) [2-8]. The applicability in dampers of
stayed cables requires several millions of working cycles
without fracture of SMA at “higher frequencies” (higher
than 1 Hz). In the Iroise Bridge, the main observed fre-
quencies are 1 and 3 Hz and also, 18 Hz in the St Nazaire
Bridge.
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In this article, the study is focused in self-heating and in
the availability of the faster cycles for damping. An ele-
mentary model of heat transfer describes the macroscopic
behavior of the temperature on the damper showing that the
temperature effects are decisive in the hysteretic behavior
for NiTi wires. Partial analysis is devoted to the experi-
mental results associated with low deformation cycling
ensuring higher fracture-life. Low deformation, in order to
get a maximum applied stress of about 200 MPa, is
required to ensure great number of working cycles (several
millions) and it is also compulsory to determine the self-
heating effects and the hysteretic effects at “higher”
cycling frequencies related with the stayed cables in
bridges.

Experimental

Several sets of measurements of stress—strain are carried
out using a MTS 810 with a Hydraulic Power Unit (MTS
silent flow 505.11). A roughly approach to the sample
temperature is obtained using one K thermo-pair of chro-
mel-alumel (furnished by OMEGA) with thinner wires
mechanically connected to the samples. In particular using
a DMM Agilent model Ul251A that via a proprietary
program permits 6.4 reading/s.

Three types of samples were used all in polycrystalline
state: CuZnAl prepared at an university laboratory, in an
induction furnace, from ingots of copper (Electrolytic
Tough Pitch, C11000, 99.9 wt% purity), aluminum (Alu-
minium Association 1050, 99.5 wt% purity) and zinc
(Special High Grade, 99.99 wt% purity), CuAlBe, and
NiTi. The composition on the first alloy determined by
Optical Emission Spectroscopy (OES) is Zn: 17.04 wt%,
Al: 7.24 wt%, Ms: 278.1 K, Af: 295.2 K measured by
DSC. For the CuAlBe, the cast AH140, the nominal
values determined by Trefimetaux are: Ms = 255 K;
Mf = 226 K; As = 253 K; Af = 275 K, with composition
Al = 11.8 wt%; Be = 0.5 wt%; Cu = balance. The com-
position for the NiTi alloys, (furnished by SAES Getter) is
Ni = 55.90 wt%, Ti = balance with some other parasitic
elements in the ppm range (C: 267 ppm, O: 269 ppm).

The CuAlZn and CuAlBe requires some thermo-
mechanical treatment ensuring that the samples are,
effectively, in the parent phase. For the CuAlZn, the
sample is homogenized and later quenched in water at
room temperature. For the established heat treatment in
CuAlBe see the references [3, 4]. Furthermore, some short
homogenization processes (10, 20, and 30 min at 820°C)
are studied to ensure appropriated fatigue-life for the
applications (damping of earthquakes) when samples with
higher lengths were required (i.e., 70 or 80 cm).
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Self-heating in cycling

Figure 1 shows the self-heating effect related to latent heat
and hysteretic behavior for CuAlZn alloy for series of
stress—strain cycles at 323 K and 3% of deformation. Using
a sampling of 1 s, the digitizer permits a reasonably eval-
uation of temperature behavior for cycling frequency near
to 0.1 Hz.

The mean temperature shows an oscillatory behavior
partially around the mean (room) temperature as expected
because of the heat loses to surroundings (see below the
part 4).

Avoiding changes in the hysteretic behavior, the dissi-
pated power due to the hysteresis (heating) is proportional
to the cycling frequency and the heat loses by natural or
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Fig. 1 Temperature effects on stress—strain cycling in CuAlZn, using
temperature sampling of 1 Hz (one data/s). The “base line” indicates
that the “room temperature” (323 K) is spontaneously reduced by
roughly 1 K
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Fig. 2 Temperature effects in a CuAlBe alloy, evolution of the
sample temperature with the cycling frequency for one maximal
deformation of 8%. The arrow indicates the dots and line that show a
rough representation of the room temperature time evolution (near
2 K peak to peak, with faster fluctuations)

forced convection is reduced with the length in time of the
cycles. At lower frequency (0.1 Hz), the temperature
shows a temperature wave with negative part (temperature
under the room temperature). The negative part progres-
sively disappears when the frequency increases. The effect
is roughly outlined in Fig. 1 or in Fig. 2 (CuAlBe alloy) for
cycling frequency of 0.1, 0.5, and 1 Hz.

The effect relates the heating—cooling by the transfor-
mation and also, the cooling to surroundings by sponta-
neous or forced convection. When the sample starts to
re-transform the temperature associated to latent heat is
reduced by the spontaneous cooling and the absorption of
latent heat in retransformation reduces the temperature
under the room temperature. A second set of data, relates
cycles on the CuAlBe alloy up to 3.14% of deformation
(previously homogenized by 10 min at 1,093 K) for a
series of progressive increased frequencies as shows the
Fig. 2. The results are similar to those from CuAlZn but in
this case the mean digitizing sampling is 0.1554 s or
6.4 reading/s. The DMM only furnishes, for higher cycling
freq, the temperature changes are relatively reduced in
comparison with fluctuations of room temperature. The
temperature in Fig. 2 shows the effects of room tempera-
ture fluctuations (2 K peak to peak) partially induced by
the on—off actions of the conditioning air device. The mean
net increase of temperature is relatively small (i.e., less
than 10 K), consequently the associated stress effects for
CuAlBe do not overcome 20 MPa [5].

The study of NiTi is performed at several levels of
approach. First, the temperature effects and the associate
time scales are evaluated for a thinner wire (0.5 mm of
diameter, 101 cm of total length) using a home-made
stress—strain-temperature device. Figure 3 shows the hys-
teresis cycle when is described using series of steps in
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Fig. 3 Temperature effects on the hysteretic behavior in a NiTi
sample of 1.01 m and 0.5 mm of diameter. The external data relate
the instantaneous force after an elementary step in length (2.5 mm)
and the inner data correspond to measured force after 138 s
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deformation (each step produces a length change of
2.5 mm). Each fast deformation step induces a step in force
(stress) against the time in transformation or in retrans-
formation produced by the released or absorbed latent heat.
The effect of fast step plus one larger pause permits the
visualization of local temperature increase via their force
action (Clausius—Clapeyron coefficient or df/dT). After
each load step the material shows a transitory behavior
approaching the thermal equilibrium (Fig. 4). After 138 s
of the step, the force reduces from 84 to 72 N (a change of
61 MPa) in transformation and similar value in retrans-
formation (see Figs. 3, 4). The mean difference in the
hysteretic width (Fig. 3) approaches from 341 to 188 MPa
from fast to slow reading. The mean reduction of hysteresis
indicates the relevance of thermal effects and that an iso-
lated value of the hysteresis width is, usually, an ill defined
parameter, highly dependent of the cycling frequency and
used material.

The required time for one complete cycle (i.e., repre-
sented in Fig. 3) is close to 3 h (roughly a cycling mean
frequency of 0.0001 Hz). Figure 4 (left and right) outlines
the evolution of the force with time after each displacement
step in loading or in unloading. The measurement is real-
ized by 31 complete steps of 2.5 mm of displacement plus
6 steps of 1/3 of displacement. The 1/3 step are used for
satisfactory resolution when the branch of the cycle are
stepped. The retransformation is realized via 28 complete
steps plus 15 steps of 1/3. The force sensor (HBM type
U9B/20kN) with amplifier MVD2510 associate to a digi-
tizer: DMM Keithley 2000. The use of a GPIB-bus with an
appropriate proprietary program permits a series of read-
ings showing a progressive decrease (increase) of the stress
in transformation (retransformation). Figure 3 shows the
general overview of the measurement.

The force steps are separated by 138 s (in transforma-
tion or retransformation; Fig. 3 or 4) that roughly repre-
sents 12 N or 61 MPa. The Clausius—Clapeyron equation
establishes that the stress change represents a local change
of temperature close to 9 K: an increase in transformation
and a decrease in retransformation. The global effect of

hysteresis width. Really, the hysteresis cycle is highly
dependent of the cycling frequency, the natural or forced
convection and of the sample diameter.

The observed results for NiTi of 0.5 mm of diameter
shows that some change of behavior can appear between
“lower” and “higher” cycling frequencies (for instance,
between 0.0001 and 1 Hz or for higher frequencies). In
transformation, the temperature increases due to the release
of latent heat in transformation creating a “warmed wave”.
At relatively low cycling frequencies the advancement of
transformation front occurs inside the local heated front.
Therefore, some supplementary stress (as shows the Fig. 4
left) is needed to proceed with the transformation. In fast
cycling the advancing transformation front remains ahead
of the temperature front, thus lower stress is required to
transform. For instance, only the stress associated to the
mean temperature of the sample is required.

Heat diffusion and transformation front

The heat diffusion indicates that a heat pulse is progres-
sively broadened and expanded with a displacement x in
the time 7 in a Gaussian shape by a thermal diffusion
coefficient D, via:

x* = 2Dt (2)

A rough approach to the speed of temperature front
propagation reads,

Ax 2D
Vr = Kt = Xt (3)

The mechanical approach to the front propagation, for a
complete transformation, i.e., 8% of deformation for a
sample with 200 mm length, suggests that the value of its
speed (vy1) approaches:

v =y / At (4)
The [, is the free sample length (for instance between the

grips) and the At is the time necessary to complete a half of
the cycle:

force versus temperature steps was a change of local At = 1/(2f) (5)
Fig. 4 Force evolution after 884 NjTi, cycle 17 loading 404 N, cycle 17 unfoading|
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Table 1 Values of vy and vy for different values of the cycling
frequency

flHz 0.0001 0.001 0.01 1
ym/mm s~ 0.02 0.2 2 200
vp/mm s~ 0.04 0.13 0.4 4
The value for the thermal diffusion coefficient in NiTi

(D = 4.02 107° m* s7) is extracted from [9]

The definition of vy, is a crude approach. Usually the cycles
are performed using sinusoidal deformation program and
the value of vy is continuously changed from maximal
value to zero. The f value is the cycling frequency. The
crude approach outlined indicates a difference of behavior
between the “thermal speed” and the “mechanical speed”.
For instance, the speed values are reversed for cycling
frequencies near 0.001 Hz (see Table 1). The experimental
measurements suggest that the reversion of vy and vy is
close to 0.01 Hz.

The just mentioned rough approach to front propagation
speed suggests that at lower cycling frequencies the

NiTi, net deformation: 1.5 mm or 1.41%
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Fig. 5 NiTi SMA, force, and excess temperature against time for
several cycling frequencies at lower deformation (near 1.5%). The
activation of a fan at + = 1,000 s, reduces the excess temperature to a
half and the force also changes accordingly the Clausius—Clapeyron
equation (6.3 MPa/K) and the wire diameter (2.48 mm)

Fig. 6 Temperature effects in
NiTi alloy with a progressive
increase of the cycling
frequency. Left: cycling
frequency 0.01 Hz. The room
temperature is close to 20 °C.
Right: sets of measurements:
A-B-C-D-E with 8% of
deformation, and f-g—h—i—j—k—
I-m with 1.25% of deformation.

Temperature/K

mét-2m-01 at 0.01 Hz
313 1 cydles: 1-20 and 43-100 |

mechanical front remains inside that the thermal wave. In
transformation/retransformation, the required stress is
higher/lower than necessary when the material is at the
mean room temperature. At higher frequencies the action is
reversed, the thermal front tracks the mechanical front with
a progressive delay as the cycling frequency increases. The
new transformation zone is in contact only with the mean
temperature arising from the mean previous hysteretic
dissipation with a weak effect of the actual transformation
front.

Cycling frequency effects on damping capacity

The studies for CuAlBe and NiTi alloys using sampling of
0.154 s permit a reasonable sampling and display of cycles
up to 1 Hz (see Figs. 2, 5, 6). Later, for cycling frequencies
near or over 2 Hz the sampling is insufficient and only
some “mean temperature value” can be obtained.

Series of tests are carried out in NiTi alloy, basically for
two deformations {complete transformation (8%) and
lower partial transformation: less than 2%}. The tempera-
ture effects determined in one point of the sample (near the
center) by a K type thermocouple (wire of 0.1 mm of
diameter) are clearly related with the air cooling effect
from the external air movement. Figure 5 clearly shows the
action of a fan. The increase of “wind” on the sample
(from natural convection to forced convection) reduces the
temperature span to a half (as shows the Fig. 5). At lower
cycling frequency 0.1 Hz in Fig. 1 and 0.02 Hz in Fig. 2,
the temperature “tracks” the external force with a tem-
perature wave over and under the room temperature
(Fig. 6), respectively.

For 0.01 Hz the temperature is practically “symmetri-
cal” (see, Fig. 6), for 0.1 Hz, the heating related to the
hysteresis cycle is progressively more relevant, and for
frequencies greater than 0.1 Hz, (deformation 8%) the
temperature remains higher than room temperature (see, for
instance, the Fig. 6 left; 0.01 Hz) and the cycling studies at
0.05, 0.5, 1, 2, and 3 (A-B-C-D, and E) in Fig. 6 (right).
However, the effect is not relevant for lower deformation

larger def. 8% (A,B,C,D,E)
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400 at 2, 400 at 3jHz |
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Fig. 7 First and last cycle of
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(<2%), see the sets of measurements at 0.05, 0.2, 0.5, 1, 2,
3,4, 8,and 16 Hz (f, g, h, 1, j, k, 1, and m). For instance,
under the fan action, the mean temperature increase does
not overcome 8 K for cycling frequencies as “faster” as
cycling at 16 Hz.

The information obtained for temperature data depends
on the sampling frequency and amount of deformation. The
analysis is limited to near 0.2 Hz when the sampling is 1 s
(Fig. 1). The sampling at 0.154 s is used in Figs. 2, 3, 5,
and 6. From the point of view of the mean temperature
effects, the Fig. 6 suggests that the NiTi can work for
relatively faster cycling frequencies when lower deforma-
tion is used. In fact, the temperature increase seems
roughly proportional to the percent of deformation. From
the sets of cycles D-E to sets f—g the temperature is
roughly divided by 8. Increasing the cycling frequency
with a maximal deformation of 8% the hysteresis cycle is
progressively modified and the hysteretic energy is, also,
progressively reduced (see, Fig. 7 left and right). The main
mean effect on the hysteretic energy against the cycling
frequency was represented in the Fig. 8.

At 8% deformation, the dissipated energy decays from
15.82 to a 5.05J in the training process (100 cycles at
0.01 Hz). After, the dissipated energy can attain a mini-
mum 1.17 J when cycled at frequencies near to 3 Hz. The
reduction of the hysteresis width during the training pro-
cedure is most probably due to the creation of dislocations
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facilitating the transformation process. A small part is
associated to the SMA creep (by reduction of hysteresis
deformation span after the training part in the A—-B—C-D
sets of cycles). In addition, the Fig. 6 (left) indicates that at
0.01 Hz the temperature in the specimen can change by
+12 K during the transformation and in the retransforma-
tion compared with the mean room temperature. This
global rough amplitude of 21 K produces a change of stress
close to 132 MPa. This value is of the same order to the
corresponding value in Fig. 3 and represents 2/3 of
the hysteresis (1/3 in loading and 1/3 in unloading) width in
the 100th cycle in Fig. 7 (left). The change in the first 100
slow cycles (see, Fig. 7 left) was from 15.82 to 5.051J
(diminishes 68%). In 400 cycles at 3 Hz the evolution of
energy is from 1.8 to 1.2 J (diminishes 33%).

Studying the hysteresis energy against the cycling fre-
quency shows that their value changes with cycling. Two
main effects can be observed. The first is an intrinsic effect
(dislocation creation, interaction between grain boundaries
an so on) as shows the Fig. 7 (left). The second action is
the effect of the temperature actions. Figure 8 shows the
changes on hysteresis width against the cycling frequency.
The change indicated by a-b dots in Fig. 8 (right) is
associated to a supplementary intrinsic effect produced by
the set of fast cycles (maximal deformation 8%). The
position of the maximal value of hysteresis width is situ-
ated at 0.01 Hz for the 2.46 mm of diameter. For wires of
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Fig. 9 Cycling effects for a 3.0+
maximal deformation of 8%.

Left: SMA creep in NiTi SMA.
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lower diameter the heat transfer to surroundings is more
effective and the maximum is situated at higher frequency.

The SMA creep effect after the training procedure for the
A-B-C-D-E sets of cycles (see Fig. 6) is shown in Fig. 9
left. It can be observed that it is not highly relevant
(1.8-2.4 mm or an increase of 0.5%) for the material
studied. Thus, the pre-training (100 cycles at 0.01 Hz) is an
effective method to nearly suppress the creep in further
cyclings.

For higher deformation (8%) the progressive increase of
mean temperature (more than 20 K at 3 Hz extracted from
Fig. 6) produces an increase of stress (see, Fig. 9 right).
Their value approaches 590 N or 125 MPa that, via Clau-
sius—Clapeyron equation represents 20 K. The effect facil-
itates the increase of SMA creep and reducing the fracture-
life. The increase of temperature is critical for the cycling
life of the sample (see Fig. 10). A larger life is obtained for
200 MPa or lower stresses, corresponding for the samples
used (2.46 mm of diameter) for forces near or under 1 kN.
At this lower level the material life is highly sensitive to
load. An increase of 250 N (50 MPa) or from 200 to 250
MPa reduces the mean number of working cycles from “2
to 4 millions of working cycles” to 100,000 cycles.

The fatigue-life for NiTi of 2.46 mm of diameter is
represented in Fig. 10. The results include different
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Fig. 10 Evolution of the fatigue-life for NiTi (2.46 mm of diameter)
with the external stress for several sets of measurements

attempts to increase the life: use of local bath with still
water or paraffin. The increase of life requires a reduction
of stress in cycling that can be performed via short defor-
mation cycles (i.e. less than 2%) and also, with the support
of larger aging times at 373 K that reduces the critical
stress of transformation by an increase of Ms. The fracture-
life greatly increases for stresses less than 200 MPa.

When the application relates the stayed cables for
bridges, the required number of cycles is extremely higher.
For a storm of 3 or 4 days the expected number of working
cycles can overcome 269,200 cycles (3*86,400) for the
fundamental frequency (1 Hz) in the Iroise Bridge. One
higher harmonic frequency is also present: 3 Hz or the
same time requires increased fatigue-life. For instance,
more than 800,000 cycles. The situation is clearly more
demanding, for instance, in the St Nazaire Bridge. One of
the basic frequencies is close to 18 Hz [L. Dieng, LCPC
Nantes, private communication 2009].

Elementary heat transfer model using only one-body

The dissipation related to latent heat (W)) and to hysteresis
(W) in transformation-retransformation process when
positive, increase the local temperature of the sample. The
local temperature change in the heat capacity C is associ-
ated to (d7/dr). Also, a loss of power to the surroundings
at temperature T,,, via a Newton cooling law by
P(T — T,np) is considered. The heat power balance equa-
tion (the one-body or the Tian equation) reads:

W]+Wh:Ci_f+P(T_Tamb) (6)
Figure 11 outlines the power balance in the sample. The
dissipated power (latent heat and work lost by hysteresis) is
schematically represented in Fig. 12. The temperature 7 is
calculated via an extremely elementary numeric approach
using a FORTRAN program and the subroutine rk4 (a fourth-
order Runge—Kutta) extracted from Numerical Recipes [10].

Two cases are considered in the simulated power input
at 0.001 and 0.1 Hz. In Fig. 12, the simulated sinusoidal
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Fig. 11 Power balance between W, W,
dissipation inside the heat \ /
capacity C, the local increase of P NCY P
temperature (7(¢)) and the heat- T(H
power send to surroundings by
the coefficient P =
Tamb
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Fig. 12 Larger signal: simulation of latent heat (positive and
negative as released and absorbed power W)) by a sinusoidal signal.
Shorter signal: simulation of one dissipation associated to hysteretic
behavior (Wy). In the simulation the choice of cycling frequency is
0.001 Hz

shape of latent heat and the hysteresis heat. The hysteresis
contribution is considered added to a latent heat contribu-
tion only in the transformation part.

The temperature in the simulated sample is visualized in
Fig. 13 for the two frequencies studied (0.001 and 0.1 Hz).
The simulated results show that at 0.001 Hz, the temper-
ature tracks the external stress with a practical symmetrical
evolution over and under the room temperature. In the
computerized simulation Celsius scale (20 °C or 293 K)
are used as shows Fig. 13. For 0.1 Hz the simulation shows
one reduction of the temperature span plus one progressive
evolution to and steady state with increased mean tem-
perature. At lower frequencies the temperature tracks the
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Fig. 14 Progressive reduction of the nominal deformation (estab-
lished in 1.25% of the sample) induced by the artifact effects by the
MTS equipment

transformation/retransformation by increase/decrease of
the temperature around the “room temperature” at higher
frequencies the temperature increase progressively to a

F.lg. 13 Calculated terpperature 24 P200LM1000T1000 701 P200LM100010
via the one heat capacity model n [ [\ {\ {\ |
and Runga—Kutta iterations 23 60— B
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Fig. 15 Hysteresis energy values for lower deformation (1.25%)
against the cycling frequency. Open dots: direct measurements of the
hysteresis energy. Starts: energy values adapted by the ratio of the
actual amplitude modified by the MTS equipment
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Fig. 16 Dissipated energy by the hysteretic cycles at lower defor-
mation (¢) using a NiTi wire of 4.14 m. The experimental results are
fitted by one quadratic form for lower cycling frequency (i.e., near
0.05 Hz) in stress—strain hysteretic measurements

steady state limit associate to transfer of hysteretic dissi-
pation to surroundings.

Artifact effects in hysteretic analysis

When uses low deformation and higher frequencies the
experimental conditions are relatively difficult to track for
the hydraulic system that controls the MTS equipment. In
fact, the equipment progressively reduces the span of
predetermined deformation as shows the Fig. 14. The loss
of relevancy starts for frequencies overcoming 2 Hz, the
main effects start at 4 or 6 Hz and the amplitude is pro-
gressively reduced and, at 20 Hz, the value is diminished
near 25%.

Figure 15 shows the direct evolution of the energy
against the cycling frequency (open dots), the hydraulic
equipment reduces the expected deformation and the hys-
teresis energy. Using one simple proportionality rule with
the change of deformation created by the MTS the high
relevant decrease of the energy is reduced (i.e., the full
starts). The decrease of energy for frequencies overcoming
8-10 Hz is probably reduced that indicated in the figure. In
fact, the cycling energy at lower deformations is not linear
but is quadratic (as shows the Fig. 16) with the deformation
length and the energy is more constant against the fre-
quency that a simple proportional correction as indicates
the stars in Fig. 15.

Figure 16 shows the energy when cycles are realized at
lower frequency and lower deformation percent (under
3%). The experimental data fits via a polynomial approach
of second degree. In Fig. 16, the used available length (/,)
overcomes 4 m (4.14 m) and the energy is calculated from
experimental cycles done with this large length. The sys-
tem relates one practical experiment used in damping of
the cable 1 in the ELSA facility (Joint Research Center—
EU, Ispra, Italy).

Conclusions

1) The temperature effects are highly relevant in the
behavior of the SMA. At lower cycling frequency the
temperature tracks the external stress and shows one
oscillatory character with values under and over the
room temperature. When the frequency increases, the
dissipation effect of the hysteresis cycles increases
their relative effect and the temperature increases to
one steady state than can increase the plastic effects
and reduces the life. In particular, these effects are
highly relevant for the NiTi alloy.

2) For the NiTi, the particular behavior of the tempera-
ture in the sample can be roughly modeled via an
elementary model using only one heat capacity or
using a crude approach between the speed of trans-
formation zone and the temperature shape (i.e., via a
Gaussian propagation). The model is coherent with a
change of behavior of temperature and transformation
front from low cycling frequencies and relative fast
cycling. At low frequencies the temperature affects the
local transformation stress. At faster cycling the
transformation front only remains in contact with the
mean temperature of the sample and the stress is
reduced. This effect is also relevant in the hysteresis
width. With an increase of cycling frequency from
0.0001 to 3 Hz the hysteresis width is reduced to a
quarter.
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3) The analysis shows that the hysteresis width is mainly
connected to temperature and, also to internal mech-
anisms induced by cycling that eventually, can reduce
their width. The effect is more relevant in the first 100
cycles at 8% of deformation (the training part), the
width is roughly reduced to a quarter.

4) The interest in highly fatigue-life and working at fast
cycling (i.e., between 1 and 20 Hz) requires reduced
transformation per cent (i.e., under 2%). At this level,
the maximal mean temperature increase is reduced to
10 K. The measurements are affected by artifacts in
the classical hydraulic equipment of stress—strain but
the measurements and their analysis suggest that the
dissipated energy seems practically constant to 20 Hz.
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