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The  use  of  shape  memory  alloys  (SMAs)  as  actuators  has  an increasing  importance  in  several  areas.  In gen-
eral, the  shape  memory  effect  and  the  two-way  shape  memory  effect  are  employed  in  order  to  produce
displacements  and/or  forces  by  heating  the  SMA  actuator  above  the phase  transformation  temperature.
This  paper  presents  an experimental  investigation  on  the  heating  rate  influence  on  an  SMA  actuator.
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Basically,  an  experimental  apparatus  is built  by  considering  NiTi  wire  connected  to a  steel  spring  and
monitored  by  sensors.  The  heating  rate  varies  from  2.9 ◦C/min  to 385 ◦C/min  by  applying  an  electrical  cur-
rent  in  the  SMA  actuator.  Several  situations  are investigated  highlighting  the  general  thermomechanical
behavior  associated  with  the  influence  of  heating  rate.

© 2013 Elsevier B.V. All rights reserved.
. Introduction

Shape memory alloys (SMAs) are smart or functional mate-
ials that have been used in several applications. This is due to
heir remarkable properties that are associated with martensitic
hase transformations. SMAs have two distinct phases: austen-

te and martensite. In the martensitic phase, different strains
rientations of crystallographic plates define what is known by
artensitic variants. On the other hand, austenitic phase has only

ne variant. Both phases can be induced either by stress and/or
emperature.

SMAs have a temperature dependent response that defines dis-
inct thermomechanical behaviors including pseudoelasticity and
hape memory effect. Pseudoelastic behavior occurs at a constant,
igher temperature, when an SMA  specimen is stressed causing

nelastic strain above a critical stress [1]. This inelastic strain fully
ecovers during the subsequent unloading. The stress–strain curve,

hich is the macroscopic manifestation of the strain mechanism

f the martensite, forms a hysteresis loop. Shape memory effect
ccurs at a lower temperature, where after the loading–unloading
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process, some amount of residual strain remains after complete
unloading. This residual strain may  be recovered by heating the
specimen [2].

There are several materials that can be classified as SMA. Among
others, one can highlight metallic alloys such as NiTi, Cu-based
(CuAlNi, CuZnAl), Fe-based (FeCrNiMnSi, FeCrNiMnSiCo and FeMn-
SiCrNi) [3]. Besides, thin films, composites and polymeric foams
also present the shape memory effect. Applications of SMAs are
related to several areas as aerospace, automotive, telecommunica-
tions, health, among others. In brief, one can cite references [4–7]
that discuss applications related to SMAs.

SMAs are usually employed as sensors and actuators in smart
systems [8,6,9–11]. In this regard, it is important to evaluate the
SMA  performance under specific actuation scenarios. This con-
tribution deals with the analysis of a martensitic SMA  actuator,
employed for linear actuation or torque generation. An experimen-
tal set up is built by considering an SMA  wire connected to a steel
spring. This device is subjected to different temperature changes.
The experiment allows the determination of the device’s ability to
generate force and displacement.

Although martensitic phase transformations are non-diffusive
and therefore rate-independent, the heat transfer process is time
dependent producing a rate-dependent behavior [12]. In this
regard, we  used the proposed experimental set up in order to eval-

uate the influence of heating rate on the actuation performance.
Two aspects are of concern: maximum force–displacement and
strain energy. Another aspect that is investigated is the device effi-
ciency, developed from the energy point of view measured from the
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This voltage increase induces temperature change shown in Fig. 4b,
which allows the heating rate calculation. In all tests, the final tem-
perature is 130 ◦C and the temperature of the wire is measured with
Fig. 1. Schematic picture of the experime

orce–displacement or stress–strain curves. Results show the gen-
ral tendency of the thermomechanical behavior of SMA  actuators
elated to the heating rate influence.

. Experimental set up

The analysis of SMA  actuators is carried out by considering an
xperimental set up composed by an SMA  wire connected to a
teel spring. The device has an adjustment for the initial condi-
ion, allowing the analysis at different stress levels. The SMA  wire
s in martensitic state at room temperature and temperature vari-
tions cause phase transformation, promoting linear displacement
f the assembly. The SMA  wire is a NiTi alloy (54.8% Ni and 45.2%
i) with 1.71 mm diameter, 10 cm long. Continuous phase transfor-
ations are achieved by considering heating-cooling cycles using

oule effect for heating and natural convection for cooling. In this
egard, the actuator performance is investigated through a series
f tests with different thermal loadings and different heating rates.
ig. 1 shows a schematic picture of the device where it is possi-
le to observe that the SMA  wire is connected to an adjustment
evice on one end and to a load cell on the other end. This load cell

s connected to a steel helical spring that is connected to a fixed
evice. The steel spring has a stiffness of 300 kN/m and is respon-
ible for the restoring force of the SMA  actuator. Besides, an S type
oad cell of 250 kN is employed to measure load and a dial gauge

ith 0.01 mm of resolution is employed to measure displacements.
Although martensitic phase has several variants, one-

imensional media as SMA  wires may  be described by considering
nly two variants: the twinned martensite (M), which at stress-
ree state, and detwinned martensite M+. These variants can be
onsidered as macroscopic phases and, together with austenite (A),
re enough for the description of the thermomechanical behavior
f SMAs.

Fig. 2 presents a schematic picture of the thermomechani-

al behavior of the experimental set up indicating the heating
nd cooling process. Initially, the SMA  actuator is in a detwinned
artensite state, M+, which means that it is previously subjected to

 stress level. The heating process tends to promote the formation

Fig. 2. Schematic picture of the experimental test.
t up employed to analyze SMA  actuators.

of austenite. After the cooling process, the SMA  wire is in marten-
sitic phase that could be variant M or M+, depending on the stress
level.

The characterization of the SMA  wire is performed with the aid
of a digital scanning calorimeter (DSC), NETZCH 200 F3 Maia. Fig. 3
presents results of DSC analysis where it is possible to identify the
phase transformation temperatures. By defining Ms and Mf, respec-
tively, the temperature of start and finish of martensitic formation
and, As and Af the temperature of start and finish of austenitic for-
mation, the DSC test furnishes the following results: Ms = 37.5 ◦C,
Mf = 26.2 ◦C, As = 78.4 ◦C and Af = 97.9 ◦C. It should be pointed out
that DSC test shows an intermediate R phase during cooling. Since
the actuation process occurs during heating, the R phase does not
influence the actuation process. Nevertheless, this phase may  influ-
ence the material resistivity [13].

The initial state of the SMA  wire is essentially martensitic, asso-
ciated with detwinned martensite, M+. Therefore, it is necessary
to previously promote the wire reorientation that can be done
through a tensile test. Here, this reorientation is imposed by a
servo-hydraulic test machine INSTRON 8800 by assuming a con-
trolled displacement rate of 0.02 mm/min. The specimen is trained
through cycles of mechanical loading at high temperatures in order
to stabilize its thermomechanical behavior.

Heating–cooling cycles are employed in order to induce SMA
actuation. Heating is imposed by Joule effect while cooling is
imposed by natural convection of the wire. Heating process is
imposed through a voltage increase in constant steps, as shown in
Fig. 4a. An MCE  8506 source of direct current is employed for this
aim. An I410 Fluke ammeter measures the intensity of the current.
Fig. 3. DSC analysis.
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Fig. 4. Heating process: (a) input voltage and (b) temperature response.

Fig. 5. Image of device during heating test (left) normal camera and (right) thermographic camera.

Fig. 6. Stress–strain curves for different heating rates.
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Fig. 7. Stress and strain as a function of heating rate.

he aid of an SC4000 FLIR thermographic camera that allows export-
ng temperature data of region or point of interest at real time. Fig. 5
hows the thermographic image obtained with the camera.

. Results and discussion

This section presents results related to the thermomechanical
nalysis of the SMA  wires using the proposed device. Basically,
ifferent heating rates are imposed to the SMA  actuator evaluat-

ng the differences. It should be pointed out that the influence of

eating rates is strictly related to heat transfer process. Therefore,
hanges in convection coefficient, associated with environmental
hanges for example, are closed related to heating rate changes.
nalyses contemplate stress–strain behavior and also strain energy

Fig. 9. Strain energy generate
Fig. 8. Strain energy for different heating rates.

behavior. The study of the device performance is based on two
aspects: strain energy and maximum force–displacement. Experi-
mental tests performed allow us to directly determine the device’s
ability to generate force and displacement. On the other hand, the
energy point of view promotes an indirect measurement from the
force–displacement or stress–strain curves.

3.1. Heating rate tests

Tests with different heating rates are conducted in order

to determine their effect on the actuator performance. Fig. 6
shows stress–strain curves for six different heating rates:
2.9 ◦C/min, 34.9 ◦C/min, 83.5 ◦C/min, 157.3 ◦C/min, 278.1 ◦C/min
and 383.1 ◦C/min. Results present slight differences among the

d by each heating rate.
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SMA  torque tube for the DARPA Smart Wing Program, in: Smart Structures and
Fig. 10. Actuator efficiency for different heating rates.

urves. Although the total area of the stress–strain curves remains
lmost constant, meaning that there is small variation in strain
nergy for different loading rates, stress and strain behaviors are
ffected for the heating rates, as shown in Fig. 7. Note that when the
train reaches its maximum value the stress reaches its minimum.
he strain variation shows an increase of 13.8% over the minimum
alue and the stress variation shows an increase of 7.4% over the
inimum. The extreme values are the following: 2.42% of strain or

.42 mm of displacement; 321 MPa  of stress or 735 N of force. These
alues correspond to a heating rate around 65 ◦C/min. Besides heat-
ng rate, this maximum value is influenced by geometrical aspects
nd chemical composition of the SMA  actuator.

In order to analyze the amount of energy related to the actua-
ion process, it is defined the strain energy density, EStrain, which is
alculated by the integration of stress–strain curves presented in
ig. 6, during the heating process. Fig. 8 presents the strain energy
s a function of heating rate. Although this curve presents small
ariations of the strain energy, it has the same qualitative behavior
f the stress and strain curves, presenting a maximum value.

Fig. 9 presents the strain energy density as a function of tem-
erature. Note that the phase transformation temperatures are
learly defined. For all cases, phase transformation starts around
5 ◦C and finishes around 130 ◦C. It should be highlighted the dif-
erence between these values and the ones defined by the DSC tests
As = 78.4 ◦C and Af = 97.9 ◦C). This difference is due to the stress level
f the SMA  actuator imposed by the spring.

The actuator efficiency is defined as a relation between the sup-
lied thermal energy, EThermal, and the generated strain energy,
Strain, as follows:

 = EStrain

EThermal
(1)

The thermal energy is given by:

Thermal = mc �T  + �H(�), (2)

here �H  is the enthalpy variation between phases, m is
he mass, c is the specific heat, and �T  is the tempera-
ure variation. SMA  actuator has the following parameters:

 = 1.48 g; c = 520 J/(kg K); �T  = 105 ◦C; �H = 1867 J/kg. This defi-

ition neglects energy exchanges with the surroundings and also
he dependence of the enthalpy with respect to the stress [15],
ssuming a constant value.

[
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Fig. 10 shows the system efficiency for different values of heat-
ing rate, presenting the maximum value at 65 ◦C/min. This variation
is approximately 5.7% over the minimum.

4. Conclusions

The aim of this paper is to study the influence of heating rate
in actuating process. As a result of this study we  observed a heat-
ing rate that maximizes force and/or displacement of the actuator.
Although different geometries or alloys present different values of
critical heating rate, it is important to show that a performance
analysis is important for the actuator design. This contribution pro-
poses two different ways to perform this analysis in terms of force
and displacement efficiency or combinations of them. An exper-
imental set up connecting an SMA  wire with a helical spring is
developed for this aim. Several tests are carried out indicating the
importance of the consideration of heating rate when designing an
SMA  actuator. In general, there are heating rates around 65 ◦C/min
that maximizes the displacement of the actuator, although reduc-
ing its force. The maximum variations are observed around 14% in
displacement and 7.5% in force. At high heating rates (>100 ◦C/min)
we observed a force increase with a significant decrease of actua-
tor displacement. Concerning energy analysis, we  observed that
higher heating rates provide lower energy consumption and better
performance. As a result of this study we  observed a heating rate
can maximizes force and/or displacement of the actuator. The effi-
ciency analysis shows an increase of 5.7% at the same heating rate
that maximizes strain. This value depends directly on the product
of the displacement and force of the actuator, which is proportional
to the strain energy.
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