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Abstract. Shape Memory Alloys (SMA) are an interesting option for high-compacity
actuators. Meanwhile, the complexity of the precise actuation and, in particular, the
variation of functional properties throughout their lifetime are major challenges for their
use. The main objective of this work is to estimate the cyclic functional properties (trans-
formation strain and residual strain) of a NiTi SMA actuator to establish methods for
dimensioning actuators in a low-cycle fatigue context. In this study, experimental tests
simulating the actuator operation over its lifespan were performed by using an ad-hoc test
setup. Obtained results demonstrate the viability of energy-based methods for estimating
functional fatigue properties.
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1 INTRODUCTION

Smart materials are those which are able to convert a type of energy to another, at the
material scale, through a state coupling phenomenon. These characteristics can be found
in some specific classes of material such as piezoelectrics, piezomagnectics, and shape
memory alloys (SMAs) [1, 2].

Being one of the few materials capable of converting mechanical external stimuli into a
thermal response and able of recovering their original shape, SMA can be considered one
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of the most interesting smart materials. These attributes are possible due to a diffusionless
process called martensite transformation. The conjunction of those characteristics and
the fact that SMAs have one of the bigger ratios of actuation energy density makes them
a very suitable option for actuation purpose [3].

Therefore, SMA-based actuators are a convenient solution for several actuation appli-
cations, providing engineers with a compact and lightweight solution. Meanwhile, one of
the main drawbacks and the major causes for its minor utilization in the industry is the
variation of its thermomechanical behavior during a long-term operation.

The evolution in SMA behavior is mainly caused by the accumulation of dislocations
(plasticity) and residual stress-induced martensite (RSIM) (due to internal stress accu-
mulation) [4, 5, 6] that will change little by little, but substantially, the microstructure
of the SMA. These changes can be noted and measured macroscopically. In literature,
when the actuator performance is investigated, this instability is alternatively addressed
as functional fatigue (FF).

Differently from structural (conventional) fatigue which focuses on the maximum num-
ber of duty cycles, FF aims at the evolution of the so-called functional properties that
are linked to the actuator operation during its lifespan [7]. In this context, the main
functional properties are the transformation strain (¢'"), the residual strain (¢") and the
phase transformation temperatures which together can provide the necessary information
to evaluate the actuator output (displacement and force).

Despite a large number of investigations on fatigue in SMA-based actuators, the FF
has not been studied as extensively. Some authors have studied the impact of different
conditions during actuation such as the imposed mechanical stress [6], the heating current
(when an actuator is heated by using the Joule effect) [8, 9, 10], the heat treatment [11],
and other parameters. However, very few analyzed the impact of the main operating
parameters together. Other studies have proposed criteria to define structural fatigue,
but none, to the best of our knowledge, proposed criteria/relations that predict the FF
when the most influential operating parameters such as heating time, cooling time, current
level, stress level, and size are considered.

As some authors [12, 13] have introduced, the analysis of the so-called actuation energy
can provide a great amount of information about the state of the SMA at the beginning
and during the operation. This parameter evaluates the amount of energy consumed or
dissipated during the actuation of the system (the work energy output). The purpose of
the present work is to analyze the impact of the main operating parameters of an SMA-
based actuator over its lifespan and to propose a criterion that will help predict the FF
by using initial/design operating parameters and an “energy type” approach inspired by
the aforementioned references.
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2 MATERIALS AND EXPERIMENTAL PROCEDURES
2.1 Experimental conditions

In the present work, a 0.19mm diameter trained NiTi wire produced by Dynalloy®
has been considered for the experimental tests to simulate the actuation of an SMA-
based actuator over its lifespan. The wire shape is commonly implemented in SMA-based
actuators when a greater output force for the actuator is necessary. Spring shapes are
typically selected in order to privilege a bigger displacement output [14].

Thermomechanical loading experiments were performed by using an ad hoc testing
machine (figure 1) in which the samples were heated by using the Joule effect, cooled by
using two electric commanded fans and mechanically loaded by using a dead weight.

Laser sensor._.

» |

Figure 1: Ad hoc testing machine.

Different testing conditions were applied by varying the applied constant mechanical
load (o), the electrical current (i), and the heating time (HT'). All the tests were conducted
under forced convection regime during cooling for 2 seconds per cycle (CT). Subsequently,
the experimental data were processed and the functional parameters such as, (¢"") and
(e"), were extracted for each cycle until failure or up to 130k cycles when the experiments
were stopped.

The loading conditions were defined in a preliminary study in which, firstly, a differ-
ential scanning calorimetry test (DSC) (figure 2) was performed in order to evaluate the
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phase transformation temperatures of the employed wire. Then, a wide range of values
for HT, CT and o was tested, and only the sets of parameters that allow an initial &'
bigger than 2.5% (herein considered minimum output strain level for this actuator) were
chosen to be tested in a cyclic condition. Finally, the implemented loading conditions are

defined in table 1.

DSC (mW/mg)

—— Cooling

0.5 Rs = 81.3°C
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Figure 2: DSC test for the studied wire.

Table 1: Testing conditions

Test number Stress, ¢ Heating Time, HT Cooling Time, (CT)

[MPa] ] 5]
1 100 0.55 2
2 100 0.60 2
3 230 0.50 2
1 230 0.55 2
5 230 0.60 2
6 340 0.50 2
7 340 0.55 2
8 340 0.60 2

In addition to the measured strains, another parameter (ocf’) is also evaluated. This
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parameter is related to the maximum energy of actuation of the system and as the maxi-

mum transformation strain is obtained at the beginning of the cycling, one may consider
tr tr

€maz = €0 -

2.2 Functional fatigue estimation method

The design features in an SMA-based actuator are commonly the force output, the
actuation frequency, the desired initial and final values for the Assisted Shape Memory
Effect (ASME) and the output strain.

In this work, we will focus on the strain measurements. Then, in order to obtain the
strain output of the actuator, the transformation strain (¢'"), which is essentially the
ASME, and the residual strain (¢") are evaluated. &' is calculated from the difference
between the maximum and minimum values of strain during actuation cycles [13, 15] and
" is calculated from the evolution of the strain at austenite phase, being directly related to
the accumulation of Transformation-Induced Plasticity (TRIP) and to the Residual Stress-
Induced Martensite (RSIM) in the wire and representing the unrecoverable transformation
strain [4, 12].

Therefore, the combination of the two measured parameters is used to obtain the strain
output of the actuator. Ideally, the strain output value must be in a range defined by the
designers, that will ensure the desired displacement for the actuator during its lifespan as
shown in figure 3.

Thus, the proposed FF estimation method will use only initial and the (oef") parame-
ters in order to help designers predict the ultimate values for /" and " and their evolution
curves for different configurations of operating parameters. This will allow designers to
estimate the FF for different actuation configurations without the need of performing
several experimental tests, saving conception time and project cost.

3 RESULTS AND DISCUSSION
3.1 Evolution of the functional parameters

Given the experimental procedure, the aim of this section is to show the evolution of the
functional parameters with regard to the different loading conditions. All the measured
functional parameters are shown until 130k cycles or until the failure of the wire. First, for
the transformation strain degradation (figure 4), one may note that the higher value for
this parameter is found at the beginning of the lifespan. Then, an exponential evolution
takes place until about 3-5k cycles, this stage is also called “accommodation”. Finally, an
almost linear evolution occurs and continues until the failure of the actuator.

A similar degradation dynamics can be observed in the residual strain. Although, in
this case, the initial amount is zero at the beginning of cycling and, then it rises
exponentially until accommodation and evolves linearly to its maximum value at the end
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Figure 3: Desired output parameter.
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Figure 4: Transformation and residual strain evolution.

of the lifespan.

Therefore, one can note that the operating parameters (¢ and HT) have a direct and
strong impact on the degradation of functional parameters. With the increase of o, the
first stage of degradation seems to be more pronounced. This effect can be best observed
in a logarithmic scale (figure 5), where one may note that for greater stress values, the
slope of the degradation is higher than for lower stress levels. With regard to the impact
of the HT, one may also note that this parameter impacts directly the amount of initial
transformation strain. For the tests with the same stress level, the higher the heating
time, the higher . A similar impact of HT on the residual strain evolution is observed.
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Consequently, one may infer that o and HT impact directly the evolution of the functional
parameters. Additionally, this shows that the (oel") parameter can be a good indicator
for the FF. In the next section, the viability of the proposed FF estimation method will
be discussed and evaluated.
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Figure 5: Transformation and residual strain evolution in logarithmic scale.

3.2  Evaluation of proposed FF estimation method

3.2.1 Ultimate values estimation

Based on the literature review and on the experimental evidence discussed previously,
the goal of this section is to evaluate the proposed FF estimation method.

Firstly, an analysis of the functional parameter €5 for its ultimate value is performed.
In figure 6, one can observe that a linear relation between the (oef’) parameter and the
ultimate residual strain can be established for the majority of the testing points. This
highlights that o and e}y parameters have a direct influence on the residual strain. In
this case, the impact of stress can be associated with the accumulation of TRIP during
cycling [12, 16], where the higher the stress level, the higher the quantity of dislocations
created during a cycle. Then, these additional dislocations trigger more RSIM, resulting
in an increase in the residual strain. Therefore, a linear regression can be used to predict
el imate Values for different actuation configurations. The found regression coefficients
and R-squared values for the proposed estimation are also presented in figure 6.

Secondly, a similar analysis is performed for ultimate transformation strain values in
figure 7. However, one can note that, for this FF parameter, different linear relations can
be found in each applied stress level. Therefore, as the relation is stress-dependent, one
may opt for removing the stress influence from the estimation parameter (oef").
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Figure 6: FF estimation for €%, . parameter.

The stress-independence can be explained by the fact that in SMA-actuator wires, the
maximum amount of transformation strain varies very little for near stress values, as the
ones employed in this study. So, in this case, the major influential parameter is (f).
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Figure 7: Linear relation between residual strain and oel.
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Finally, another linear regression is performed and the coefficients for the estimation
of the ultimate transformation strain are defined and presented in figure 8. A good
correspondence between the data point and the FF parameters estimations are found for
both predictions.
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3.2.2 Functional Fatigue evolution curves

In order to complete the estimation for actuators, the shape of the evolution of the
aforementioned main parameters is also relevant. Based on the experimental evidences,
one may note that theses parameters evolve in a logarithmic-type curve. Therefore, by
using the forecast ultimate values for " and €', the prediction of the FF evolution can

be performed.
To carry out theses predictions, we opted for a description of the FF evolution until
the maximum quantity of cycles (Nyuq4.) of 130k. Then by using the following equations:

e’ = a, x logip(N), (1)
Etr = Qi * loglO(N) + btr7 (2)

where a,, a; and by, are the evolution coefficients, evaluated from the initial parameters
and from the forecast values, as follows:
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r = 5T/10910(Nma:c>7 (3)
bir = €h, (4)
Aty = (‘Sfﬁtimate —)/10g10(Ninaz)- (5)

The estimations for each FF curves can be evaluated and compared with the experimen-
tal data (figure 9). By using this approach, a good correlation between the estimations
and the experimental data is found, especially for those tests that reached 130k cycles.
Thus, in order to increase the precision of the proposed method, a conventional fatigue
criteria should be used to predict the cycles to failure and so, this value will allow to
better evaluate the evolution coefficients.
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Figure 9: FF parameters evolution estimation.

4 CONCLUSIONS

In order to study the evolution of the functional parameters during actuation, fatigue
tests were performed simulating a real actuation condition. The impact of the operating
parameters is evaluated and it is found that the stress and the heating time are the most
influential ones.

Based on the literature review and on the experimental findings, parameters related to
the actuation energy (oef’) and to the initial transformation strain (¢f) are considered
for the estimation of the ultimate values for the FF parameters. Then, the estimated
values together with the design parameters are used to forecast the evolution curves of
each studied FF parameter during cycling. The proposed estimations demonstrated a
good correlation with the experimental data.
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Finally, this approach shows an easy-to-apply solution to predict the functional prop-
erties of SMA-based actuators, helping the design and sizing procedure for this type of
system. However, the stress-dependency of the two main FF parameters herein analyzed
must be better investigated in order to clarify the mechanism involved in each case.
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