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Abstract

This work presents an experimental and numerical analysis of several parallel systems of NiTi pseudoelastic
wires. Standard tensile tests were accomplished to evaluate the global damping capacity, the energy
dissipated per cycle and the maximum attenuated force in a static condition. Besides, a numerical model
was implemented to predict the damping response of more complex pseudoelastic arrangements. It was
found a damping capacity upper limit of 0.09 regardless the number and the length of the NiTi components.
In addition, it was found that the energy dissipated per cycle is related to the strain and to the number of the
NiTi components; furthermore, the system composed of NiTi wires with different length allows for an elastic
region that is related to the numbers of wires and that presents a modulation of the stiffness. Finally, the
proposed numerical model allows a precise design of complex pseudoelastic combinations as it is able to

represent the Rhombohedral characteristic.
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1. Introduction

Equi-atomic NiTi alloys are known for their unique and excellent mechanical properties related to the high
strain recovery (shape memory effect) and to the peculiar pseudoelastic behavior. At the base of these two
mechanical responses, there is a first order thermo-elastic martensitic transformation between two different
solid phases, martensite with monoclinic crystalline structure, and austenite with body centered cubic lattice,
that go into a recoverable displacive non-diffusional process [1 - 6].

Pseudoelasticity occurs when the material is in the austenite state, that is to say when the operating
temperature is higher than Af (austenite finishing temperature), and in this case, martensite nucleates from
austenite at a constant stress (stress induced martensite, SIM). In the stress—strain diagram (see Figure 1 as
an example), pseudoelasticity appears as a flag shaped curve, and, in particular stress conditions, a

recoverable maximum strain of 8 - 10% can be associated to one single load/unload cycle [1, 3].
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Figure 1. Typical flag-shaped pseudoelastic tensile curve of a NiTi sample above Af temperature [CNR-
ICMATE Lecco Unit didactic document].

According to the stress-strain diagram of Figure 1, the pseudoelastic loading path starts with a linear elastic
response that can be used to recover low variations of strain at high forces. This elastic behavior is followed
by a second marked segment that is characterized by an almost constant stress plateau, in which martensite
is induced by stress (SIM). During this step, the martensite variants with the maximum resolved shear stress
among the possible 24 variants, are preferentially formed: throughout the plateau, the high mobility of the
interfaces of the martensite variants minimizes the strain energy allowing high deformation at quite constant
stress. The SIM plateau is therefore used to avoid a linear increasing of the load during high changes of
strain until the complete transformation of the material into SIM. Then, the elastic deformation of the SIM
completes the standard pseudoelastic loading path. During unloading, the strain is first recovered through
the elastic regaining of martensite and the martensite-to-austenite transformation at constant stress and
finally, by the elastic recovery of austenite. Through this hysteretic mechanical cycle, the SMA is capable to
passively dissipate a large amount of energy during one load/unload cycle and it allows to damp the strain

recovery of an associated structure through a soft return to the rest position [7-11].



Passive pseudoelastic dampers have attracted much interest in the last decades especially in civil
engineering. In this field, the high dissipated energy associated with a series of load/unload cycles of a
pseudoelastic shape memory element is used to damp or prevent the oscillations of a physical system. In
this context, the pseudoelastic component acts as isolator and it works in the control and recovery of the
deformation that is imposed by the external event. There are two main applications of pseudoelastic
dampers in civil engineering: the mitigation of the oscillations in structures induced by earthquakes, and the
reduction of the oscillations amplitude in stayed cables under action of rain, wind or traffic. Torra et al. [12]
defined appropriate requirements for a pseudoelastic civil damper. As regards earthquake, the device has to
work at least 1 000 working cycle with an oscillation frequency of 1Hz. These requirements increase for the
stayed cable case, for which the frequency may arrive up to 18Hz with the working cycles that can increase
up to 4 million cycles.

Besides, there are many other fields in which damping of vibration is mandatory for human security, and
some examples in the automotive, biomedical an aerospace fields are here presented. i) The vehicle
suspension has to minimize the transfer function of vibration from the rough road to the vehicle’s body, over
the entire concerned range of frequencies (0.1-100 Hz) for all the vehicle life [13]; ii) tremor is one of the
most common neurological disorders among adults, and it is clinically described as a rhythmical, involuntary
oscillatory movement of a body part produced by reciprocally innervated antagonist muscles, and it typically
manifests at a frequency in the range of 3 — 12 Hz with a unlimited duration [14]; iii) aircraft pilot comfort
requires continuous work in decreasing vibrations in the seat that is usually affected by vibrations in the
frequency range of 1 Hz to 200 Hz [15].

Some ways to improve the damping capacity of a massive damper with a pseudoelastic core are shown in
the works of Indirli et al. [16] and Ren et al. [17]. Indirli presented a multi-plateau self-balance SMA device
(SMAD) that shows different stress plateaux. According to Indirli's study, the pseudoelastic response of a
SMAD results in a multi force level at which a single plateau occurs. Previously, Ren et al. presented an
interesting study on the damping response of a re-centering damper made of two functional groups of
superelastic strands that differentiate one with the other by the pre-tensioning state.

On the base of Indirli's and Ren’s studies, in this work new ways to modulate and improve the damping
response of pseudoelastic materials are presented,; in detail, some articulated pseudoelastic systems are
evaluated through the measure of the damping capacity, the dissipated energy and the maximum force
during mechanical cyclic tests in a static condition. On the base of the experimental results of several
simplified systems, a complex re-centering and bi-directional arrangement is presented and tested. At the
same time, a numerical simulation was implemented to predict the damping response of more complex
devices. At present, a significant number of models exists mainly for three purposes. The first one is to
understand the underlying physics and mechanisms that cause the observed effects: this helps to explain
the experimental phenomena and it can be fulfilled with micromechanical models. Some examples are
Fischer and Tanaka [18], Raniecki et al. [19], Bernardini [20]. The other two purposes are to identify the
material properties or processing parameters that can yield the desired effects in terms of shape memory
effect, superelasticity, two-way-shape memory effect, etc. (material development) and to predict the material
response in conjunction with a smart device or a system that is under investigation (application
development). The last two purposes are consequence of the spread of the applications of SMA and of the

resulting need for a design tool and they are the ones for which macromechanical models are the most



suitable. Macromechanical models are mainly divided in two categories: phenomenological and
thermodynamic. Phenomenological models draw heavily on the observed exhibition of the functional
properties of the material and are suitable for engineering practice, because they make use of measurable
guantities as parameters and are often relatively simple. They are sometimes also called 'state models'
because use a Stress-Temperature phase diagram to identify appropriate transformation bands [21 - 24]. On
the other hand, thermodynamic models are based on the free energy description of the material behavior [25
— 27]. The model used in this work is an uniaxial phenomenological model based on the one by Zhu and
Zhang [28], which is in turn an elaboration of that by Tanaka [21].

To maximize the pseudoelastic hysteretical mechanical curve, it was decided to use a material that is in the
rhomboedral phase (hereinafter called R-phase) at room temperature. Starting with this microstructural
condition the pseudoelastic curve has a wider mechanical hysteresis with respect to a conventional
pseudoelastic material that is normally in the austenitic initial state; however, starting from a R-phase
condition rather low forces can be reached during loading with respect to the austenitic state [29]. In terms of
modeling, the R-phase is still poorly investigated [30, 31], because of two main motivations. The first one is
that the R-phase, together with a calorimetric relevance and the utility in damping applications, contributes
mechanically only for strain below 1%, up to an order of magnitude less than those of the SIM, and for stress
below 200-250 MPa. The second reason is that the definition of the R-phase is a problem in outlining the
phase diagram, which is an essential first step to characterize this type of phenomenological models,
because of the lack of evidence indicating what happening exactly during the stress-induced R-phase
formation. To define the phase diagram, there is the need to understand the behavior of the R-phase at
different temperatures. It is analyzed for instance in [32] mainly for temperatures below the one of the
Rhombohedral finish transformation, RfC, in [29] and especially in [33], which focuses in detail on the
temperatures in the transformation band austenite-to-rhombhoedral, AtoR, that are those of our interest.
Therefore, this work focuses on the study of the mechanical response of some parallel systems based on
pseudoelastic NiTi wires that were prepared to be in the R-phase at room temperature; experimentation and
modeling allow then the design of complex pseudoelastic systems. To understand the mechanical response
of the considered pseudoelastic arrangements, the experimentation and the modeling were both

accomplished in a quasi-static configuration.

2. Materials and Methods

2.1 Experimental tests

All devices are based on a commercial NiTi wire (SmartFlex, from Saes Getters, Italy) with 1.2mm diameter
and annealed at 450 for 10 minutes (followed by q uench in water at room temperature).

Differential scanning calorimetry (DSC, Q100 TA Instruments) equipped with a liquid nitrogen cooling system
was used to evaluate the phase transformation temperatures of the wire after annealing. The temperature
range for the DSC measurement was from -120 T to 8 0 T at the controlled heating/cooling rate of 10
C/min.



Quasi-static tensile tests were accomplished to evaluate the mechanical response of the single NiTi wire, of
the basic pseudoelastic systems (BPS) and of a final articulated device. These tests were made by a MTS
2/M thermo-mechanical testing machine (MTS Systems) equipped with a thermal chamber, at 23T constant
temperature and at the controlled deformation rate of 1%/min (0.5mm/min).

The BPS consists of two NiTi wires arranged in parallel tensile configuration, and the following combinations
were considered:

1. parallel of two NiTi wires having the same length. In this case, the two NiTi wires perform the same
absolute stroke and the same strain as the resulting BPS. Tests were performed at different strain: 2%, 3%,
4% and 5%.

2. parallel of two NiTi wires having different length (L,=60mm, L2=1.5L,). In this case, the two NiTi wires
perform the same absolute stroke as the resulting BPS but with own strains. The considered absolute
strokes and the strain referred to the two NiTi wires during tensile tests are reported in Table 1. During these

tests, the 1%/min deformation rate was calculated on the length of the shortest wire (i.e. 0.6mm/min).

BPS wire 1 wire 2
absolute maximum maximum
stroke strain strain
[mm] [%] [%]
0.9 1.5 1
1.8 3 2
2.7 45 3
3.6 6 4

Table 1. Absolute stroke of BPS and maximum strains of the two NiTi wires during tensile tests.

During the mechanical tests of BPS, the NiTi wires were fixed on two holders as the ones reported in Figure
2, and the change in length of the BPS was evaluated by a clip-on extensometer (MTS Systems). Figure 3
reports a schematization of the two configurations that were considered for the characterization of the BPS.
On the base of the two combinations of the BPS testing, an articulated device was designed, realized and
tested via the MTS machine.

Moreover, the damping capacity was evaluated through the loss factor calculation. According to published
literature, the loss factor is the most suitable index for describing the damping capacity of materials and it
was originally introduced as a measure of the intrinsic damping of viscoelastic materials. In this context, it is
defined as the ratio between the real (loss modulus, E’') and the imaginary (storage modulus, E’) parts of the

elastic complex modulus [34]:
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Alternatively, a definition in terms of energy concepts can be used:
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where 2—7: is the energy dissipation per cycle per radian, and W, is the stored energy during loading. With

this definition, the loss factor represents the damping as a global characteristic [35] . In this work, the loss

factor was evaluated from the tensile curves according to this latter definition.
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Figure 2. Experimental setup during tensile tests of BPS.
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Figure 3. Schematic representation of the experimental procedure used to evaluate the global damping

capacity of the articulate NiTi systems (1: parallel of two NiTi wires, PE; and PE,, with the same length, 2:

parallel of two NiTi wires, PE; and PE,, with different length).

2.2 Model characteristics and implementation

Due to the nature of the stress-induced martensitic transformation, to obtain maximal recoverable
deformation, the great number of applications of shape memory alloys is often one-dimensional, as the
configuration used in this work. In view of this, it was decided to implement a uniaxial phenomenological
model starting from the one by Zhu and Zhang [28]. It consists in a mechanical law governing the stress-
strain behavior, an energy balance equation that reflects the rate-dependent thermal effect and a
transformation kinetics law that describes the evolution of the phase fraction as a function of stress with a
sigmoidal law.

As previously reported, a material with an R-phase microstructural state has been chosen. Originally, the
model by Zhu and Zhang does not consider such phase, so it has been modified to include it. First, the
hypothesis of sequential order of the phase transformations was formed; this means that the transition of
volume fraction always takes place between two phases, generating four transformation bands (AtoR, RtoM,
MtoR, RtoA, where A, R and M are the austenite, rhombohedral and martensite phases) of which only one at
a time is in progression. Having different Clausius-Clapeyron coefficients, these bands can intersect one with
the other. When this happens, in order to maintain the first hypothesis, it was considered that the
transformations that do not include the R-phase take precedence. The second hypothesis is that the
rhombohedral transformation has the same thermodynamics of the martensitic one, but different kinetics.

This will be thoroughly explained in Section 3.1.



The thermodynamics base of the model is the free-energy density of superelastic SMA that is assumed here

to be in the Helmholtz formulation:

Y= 52 — e + (T~ T)E ~ G T In(3) 3)

The dependence of the Young modulus E from the martensite fraction is taken in the Voigt form:

E(§) = Ex§a + Enéy + Eér (4)

The material constants Ly, C,, and T, are the latent transformation heat, the specific heat and the
transformation temperature of the material. The variable ¢, is the maximum transformation strain, i.e. a
measure of the maximum deformation obtainable only by the detwinning of the multiple-variant martensite
and it is also a material constant, taken equal to 7% for martensite and 0.7% for R-phase. In the expression
of the strain and consequently in all the derivative of the Helmholtz energy with respect to (T, ¢, §), the
thermal expansion is omitted, because its effect is negligible. If it is to be added, the strain has to become

e =& — g & — aAT and all the equations have to be derived again.

Deriving with respect to the state variables (o, ¢, ¢) and the time, and applying the energy balance equation
and the Clausius-Duhem inequality, the expressions of the rate of the variables are obtained and can be

implemented in the integration algorithm.

6=E@e + (~& * EQ@)+ (Ey — E)(e — €))% ®)
T=¢x[e,E@)(e — 8) = 0.5(Ey — E)(e — €)% + poLnl/poCp — k(T = To)/VpoC, (6)
Different transformation kinetics rules have been proposed to describe the evolution of the phase volumetric

fraction of SMAs, however, according to [28], using the sigmoid function reduces the sharp transition at the

critical stress, resembling more closely experimental results. The evolution of phase fraction is expressed as
Sé =1- Ex)[_ax(T - d/CX)] gl—ax(T — Tpx — 0 /Cx)] (7)

which is the derivative form of

§=¢&x + (1 —&x) - sigl—ax(T — Tpy — 0 /Cx)], (8)
with:
ay = In(P) /|Tsy — Trx| 9)

Equations 7, 8 and 9 have the same formulation for each transformation and the subscript ‘X' is used in to

indicate the product phase of the one that is occurring. The argument of the logarithm P is a



phenomenological parameter, which can be modified to better accommodate the experimental behavior. In
this case, it is taken 100.000 for RtoM and MtoR transformations and 800 and 1000 for AtoR and RtoA
respectively, as explained also in Section 3.1. The model account also for self-heating effects, due to the
heat released/absorbed during transformation, but for the simulation of the temperature change to be
reliable, the convective exchange coefficient has to be correctly evaluated. This is particularly important if
performing a cyclic loading, when the effective test temperature changes if the loading rate is high [28].

The model has been implemented in a Matlab® routine, which integrates the equations using a fourth order
Runge-Kutta algorithm. At each step of integration, the ongoing transformation is determined depending on
the value of the state variables (stress and temperature) and on the direction of progress of their ratios in the
phase diagram. Hence, the equations for the ongoing transformation are solved and then integrated.

The AtoR and backward transformations occur only at strains below 0.7%, contributing to the total
deformation with a transformation strain equal to only 1/10 of the one involving martensite. In consideration
of this, for the wires or BPS with strain greater than 3%, only the transformations involving martensite are
supposed to exist. In all the other cases, the rhombohedral transformation cannot be ignored and then the
routine is modified to include this aspect. In particular, the thermodynamic of the transformations is

maintained, but the phase diagram is modified to include the other two transformation bands.

3. Results

3.1 Model validation

To tune and validate the model and to define the transformation bands, i.e. the phase diagram, the
experimental tests on single wires were analyzed together with the DSC curve. Figure 4 reports the DSC
curve of the material where the peaks of the R-phase [36] can be observed, and it can be also seen that at
room temperature (RT) the material is in the AtoR region below the peak temperature. According with [29]
and [33], in this range the mechanical response of the AtoR transformation does not displays a plateau, but
rather a curvature that causes a gradual increase of slope. This condition is modeled modifying the kinetics:
using the value 800 as argument of the logarithm in the sigmoid law, this results in a very rapid
transformation, for which the plateau is not developed, but there is only the final part of the sigmoid (i.e. the
curve with the concavity upwards). This approach, which is possible because the phenomenological models
allow calibrating the kinematics by the observed behavior, proves to be valid because there is good
accordance with all experimental data. As an example, two tests at low strains are reported in Figure 5 (less
than 1% strain) and Figure 6 (1.8% strain): in the first example (Figure 5), the only transformation observable
is the AtoR followed by the backward RtoA, while in the second test (Figure 6), all transformations are

present as indicated by the superimposed circled points.
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Figure 4. DSC curve of NiTi wire thermal treated at 450C for 10 minutes (A: austenite phase; R:

rhombohedral phase; M: martensite phase; RT: room temperature).
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The other values used in the model are derived from the experimental thermo-mechanical characterization:
the latent heats of the four transformations (values in Table 2) and the specific heat (449 J/kg/K)) from DSC
analysis, while the elastic moduli from mechanical tests. In particular, to determine E, and Ey, a tensile test
at 50C (above Af) has been performed and gives the values of 51 GPa and 20 GPa respectively in the two
elastic regions before and after the transformation plateau. The R-phase elastic modulus is more difficult to
determine because of the uncertainty of the temperature at which perform the tensile test that shows a pure
rhombohedral elastic region, so its value has been chosen equal to 28 GPa to better accommodate the
experimental behavior during transformation.

Tensile tests at different temperatures allow obtaining the Clausius-Clapeyron coefficients of the
transformations RtoM and MtoR, considering the stresses at which their respective plateaux start. A linear
regression between those stresses defines the lines of RtoM and MtoR start, while the finish lines are taken
parallel to the start ones and intersecting at zero stress the respective transformation finish temperature. The
stress at which the initial curve region of the loading path ends identifies the AtoR finish. In this case, the
interpolation between these stresses at different temperatures, gives the AtoR finish line, while the starting
one is parallel. To define the RtoA transformation, another consideration has to be done. In the test at 1%
strain (Figure 5), no elastic region is present in the unloading path and then the stress of RtoA start is at
least 250 MPa. Nevertheless, considering the test at 1.8% (Figure 6), this implies that this value is greater
than the stress of MtoR end. The explanation is that RtoA triggers only for deformations less than R-phase
maximum transformation strain (0.7%). Therefore, together with the phase diagram, the strain value has to
be considered as a third 'state variable' in addition to temperature and stress and as such it has been
considered in the simulations, to determine the beginning of the RtoA transformation. From these
considerations, the straight lines of the transformation bands in the phase diagram are identified and the
coefficients are reported in Table 2. The resulting phase diagram as well as the stress-temperature path
during test is reported in Figure 7. In particular, Figure 7a reports all the transformation lines (two for each
transformation: start and finish), that can be distinguished looking at the transformation temperatures labels
on Temperature axis. Black lines are for the two major transformations, gray ones for the two R-phase
transformations, while solid lines are for transformations occurring in loading (cooling if looking at DSC) and
dotted lines for that taking place in unloading (heating). The thin vertical line is the transformation path at the
temperature of the tests (23T). Proceeding on the line while increasing load, transformations AtoR and then
RtoM are triggered when the load value is comprised in the corresponding transformation bands (solid lines).
Same thing happens when following the line while unloading: the triggered transformations are MtoR first
and then RtoA, passing through the bands with dotted lines. Figure 7b shows that path in the close
neighborhood of the test temperature for the same test of Figure 8b. The four transformations bulges and

lines are labeled, while the gray solid lines are the elastic zones between transformations.
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Maximum transformation Sigmoid

Coefficient Latent Heat

Transformation (MPa/K) st((r);)\;n ggimgm (J/kg)
AtoR 55 0.7 800 7500
RtoM 4.8 7 100000 1860
MtoR 6.5 7 100000 6440
RtoA 6.8 0.7 1000 4380

Table 2. Value of the slope of the straight lines of the transformation bands in the phase diagram and of the

maximum strains.

The phase diagram would include, according with [32], a band with a slope coefficient negative or null, which
identifies the detwinning of the R-phase at temperatures below RfC in analogy with the martensitic
transformation. In the cases treated in this paper, a simplified diagram with only the straight transformation
bands was considered because the tests are never performed in that temperature range. However, it is
worth underlining the importance to characterize the material and to define the correct diagram (i.e. the
stress-temperature conditions for each transformation), basing on design conditions, otherwise the modeling

results cannot be reliable.
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Figure 7. Phase diagram with the transformation bands (a) and zoom of the stress-temperature path (b) of
the tensile behavior for the NiTi wire up to 4%. In Figure (a), black lines are for the two major
transformations, gray ones for the two R-phase transformations; while solid lines are for transformations
occurring in loading (cooling if looking at DSC) and dotted lines for that taking place in unloading (heating).

The thin vertical line is the transformation path at the temperature of the tests (23<C).
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Increasing the maximum test strain, the curvature due to the rhombohedral transformation does not change,
but it becomes less relevant than the SIM contribution. For this reason, in the tests with strain less than 3%
the rhombohedral transformation is considered; while in the other cases, the elastic part has a single slope,
whose elastic modulus is equal to that of the purely rhombohedral phase: 28 GPa. The area of hysteresis
and the reached maximum load are simulated with good accordance in both cases. The differences due to
the presence of the R-phase are that the curvature of the initial loading path is better fitted and the loop is
closed in the end of the unloading path (Figure 8). In that region (unloading curve, below 0.7% strain), the
simulation without R-phase has a linear purely elastic segment that does not fully represent the experimental
behavior of the wire and leave an amount of unrecovered strain that is associated with R-phase not

recovered into austenite.
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Figure 8. Stress-strain tensile behavior for a NiTi wire stretch up to 4% strain, (a) without R-phase modeling
and (b) with R-phase.

3.2 Parallel system of NiTi wires with the same length

Figure 9 shows the experimental (black dashed line) and modeling (black solid line) tensile curves of the
BPS composed of two NiTi wires with the same length. Experiments were made at four different maximum
strains (2, 3, 4, and 5 %) and, by comparison, the experimental response of a single NiTi wire (grey solid
line) is reported as well. Figure 10 reports the damping capacity (n) and maximum expressed recovery force
(Fmax) Of BPS and of the single NiTi wire. From the experimental curves, it can be observed that the loading
and the unloading plateaux of the BPS start at the same strains as the ones of the single NiTi wire and they
occur at the double of the force of the single wire; it means that the BPS acts as a regular parallel system.
Furthermore, from data reported in Figure 10, it can be seen that the global damping capacity of BPS is very
similar to that of the single NiTi wire. The numerical simulation confirms the experimental result that this case
is equivalent to the superposition of two identical wires, with the same strain of transformation start and the
same displacement control law. Therefore, in this case, the forces cannot do other than duplicating (i.e.
adding one with the other) confirming the experimental observations.
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Figure 9. Force vs. strain of a single NiTi wire (grey solid line) and of a BPS composed of two NiTi wires with
the same length (dashed solid line: experimental curve; black solid line: model curve) at different maximum
strain: a: 2%; b: 3%; c: 4%; d: 5%.
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Figure 10. Damping capacity (n) and maximum force (Fnax) Of a single NiTi wire and of a BPS composed of
two NiTi wires with same length (BPS exp.: experimental measurement; BPS mod.: modeling). In
experimentations, n was evaluated on the second mechanical cycle while F, is the mean value of three

mechanical cycles.
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3.3 Parallel system of PE wires with different length

In this section, the mechanical response of a BPS composed of two NiTi wires with different length is
studied. Due to the different lengths, the two NiTi wires perform the same absolute stroke but different
strains when work together. Figure 11 reports the experimental and modeling response of this BPS and the
performance of the two single NiTi components. All the tests were performed according to the data described
in Table 1, and because of the impossibility to plot all the curves as a function of strain (due to the two
different lengths); all measures are reported as a function of the absolute stroke. Figure 12 reports the
damping capacity (n) and maximum force (Fmax) of BPS and the NiTi components.

To understand these experimental results, a mechanical evaluation should be done: as a matter of fact,
when two pseudoelastic wires with different length work jointly, there is the overlapping of the corresponding
flag-shaped curves with SIM starting at two different values of the absolute stroke. Initially the two wires are
both in their elastic region (e.g. below 0.62 mm in Figure 13). When the shortest wire goes into SIM plateau,
the longest one is still in its elastic region, so the resulting load trend shows a slope change and the elastic
modulus of BPS decreases (stroke from 0.62 to 0.93 mm in Figure 13). When the longest wire starts
transforming into the stress-induced martensite too, the BPS shows a plateau that is located at a force level
equal to the sum of the plateaux of the two single pseudoelastic wires (Figure 11, approximately 500 N for a
single wire and 1000 N for the BPS). From here onwards, both the two wires transform into stress-induced
martensite (above 0.93 mm in Figure 13) but, at the end of loading, the percentage of detwinned martensite
in the two wires is different. It can be also observed that this mechanical shift allows BPS to have damping
capacity between that of the two NiTi components. Because the slope change is not so evident, to highlight it
better, the first derivative of the total load (for loading only) is calculated for the simulation of the sample d
(4%+6%) and it is reported in Figure 13. The derivative helps also to identify the two different strokes at
which the SIM transformation starts, because they correspond to two clear falls in the derivative itself. In the
example used in Figure 13, they are equal to 0.6193 mm and 0.9286 mm, both equivalent to 1.03%. The
model again predicts well the experimental behavior (see Figure 11, 12 and 13); in fact, the two point of
discontinuity highlighted by the derivative and due to the different strokes at which the SIM of the two single

wires starts match those detectable in experimental tests.
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Figure 11. Force vs. absolute stroke of a BPS composed of two NiTi wires with different length (black dashed
line: experimental curve; black solid line: model curve) and of two single wires that performed at different

strain (grey dashed line: experimental curve of the long wire; grey solid line: experimental curve of the short

wire).
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Figure 12. Damping capacity (n) and maximum force (Fnax) Of single NiTi wires and of a BPS composed of
two NiTi wires with different length (BPS exp.: experimental measurement; BPS mod.: modeling). In
experimentations, n was evaluated on the second mechanical cycle while F. is the mean value of three

mechanical cycles.
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Figure 13. Total load (solid line) and its first derivative (dashed line) vs. stroke for the loading path for the
simulation of the sample d (4%+6%).

3.4 Complex combination of BPS

The pseudoelastic configurations previously presented have the principal capability to promote the re-
centering, that is to say that the systems are able to regain the imposed deformation with a complete
recovery of the initial shape and with the concurrent dissipation of high mechanical energy. According to
these setups, a new system is now presented. The device is mainly composed of two groups of
pseudoelastic wires that work in a parallel configuration: the wires of the first group have length I}, while the
wires of the second group have length I, <, and the parallel configuration of group 1 and group 2 defines
the main system. In order to promote the bi-directionality, a system symmetrical to the main one is prepared
and mounted on to the device; the resulting apparatus is therefore designed to reproduce the experimental
conditions (NiTi wires with the same length and NiTi wires with different length) in both the two main

directions. Table 3 summarizes the pseudoelastic groups that composed the new pseudoelastic system.

group wires system length
Gl (A+B+ ... +N) pseudoelast_lc parallel system with wires I
having the same length
G2 @@+b+..+n) pseudoelastlc.parallel system with wires <l
having same length
Gl +G2 (A+B+ .. +N)+(@+b+.. +n) MAIN SYSTEM: pseudoelastic parallel Lol

system with wires having different length

(G1 +G2) and (G1 + G2) bi-directional device

Table 3. Components of the bi-directional pseudoelastic device.
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In order to have a symmetrical system, groups 1 and 2 have the identical number of pseudoelastic wires (i.e.
N = n), and in this paper a device with N = 2 is presented.

The complex system comprises a metallic sliding shaft that is coupled to a metallic cage, see Figure 14: the
shaft is free to slide through two holes formed at the two ends of the cage. In addition, three metallic disks
are positioned along the shaft: the main one is fixed right in the middle of the shaft, while the others occupy
an adjustable position. The distance between the fixed disk and one extremity of the cage defines the length
I, of G1 group; besides, the distance between one adjustable disk and the same cage extremity defines the
length |, of G2 group. According to this design, I, is adjustable and it is always less than I;, and |; may
assume only one single value. The pseudoelastic wires of G1 present a mechanical block at their ends and,
in order to avoid linear buckling, all the wires are free to slide in holes prepared in the fixed metallic disk and
in the extremity of the cage during the stretching of wires of G2. For the same reason, even the
pseudoelastic wires of G2 group have the ends free to slide in holes prepared on the adjustable disk and on
the cage. With this configuration, the wires of G2 group always deform more than do those of G1 group and
the absolute stroke of the system is strictly related to the amount of deformation performed by the
pseudoelastic wires of G1 and G2 groups: in particular, I, defines the upper limit of the stroke of the device.
That is to say that the absolute stroke must not overcome the elastic limit of the stress induced martensite
(SIM) of the shortest wires; in this way, it should be guaranteed a low amount of plastic deformation during
cyclic. In this study, it is assumed that this limit is 8%, therefore all tests were done without overcome this
limit.
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The device has |; approximately of 169 mm while I, can be adjusted in the range from 60 to 125 mm. Static
tests were done by standard tensile testing machine according to several values of the absolute stroke and
of the maximum deformation of the pseudoelastic wires of G1 and G2 groups, see Table 4. In this table, the
I, length, the peak-to-peak stroke and the working frequencies of the bi-directional system are reported as
well. The tests were performed in the controlled deformation mode, with a deformation rate of 1%/min

(calculated on I; length, 1.69mm/min) and following the bi-directional path.

absolute | peak-to-peak working
stroke sGiO/n}aX stO/n}aX [min] stroke frequency
[mm] ° ° [mm] [Hz]
5.07 3 5 101 10.14 0.0014
5.07 3 6 84.5 10.14 0.0014
6.76 4 6 112.6 13.52 0.001
8.45 5 7 121 16.9 0.00083

Table 4. Parameters of the static tests of the complex pseudoelastic system.

Figure 15 shows the mechanical response of the bi-directional device according to the test parameters of
Table 6; in the same graphs the single performance of G1 and G2 groups are reported. It can be observed
that the complex system completely recovers the imposed deformation; furthermore, it shows a good stability
to mechanical cyclic. The results presented in Figure 15, confirms the ones obtained for the BPS composed
of two NiTi wires with different length.
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Figure 15. Mechanical response of the bi-directional system as a function of the strain ratio of the NiTi
components and the peak-to-peak stroke (Black solid lines). The black dotted curves and grey solid curves
represent the mechanical response of the G1 (i.e. two NiTi wire with length of 169mm) and G2 group (i.e.
two NiTi wire with length |12, see Table 6).

4. Discussions

In this work, experimental and numerical analysis were accomplished to understand the mechanical
response of complex pseudoelastic systems. Experimentation was accomplished in a static condition
because the main purpose of the paper is the establishing of the functioning fundamentals of different
combinations of pseudoelastic properties that at a later stage can be applied to the design of a real damper.
Experimental results show that the combination of the peculiar mechanical properties of pseudoelastic
materials allow to establish systems that are able to enhance and modulate the overall damping response of
a SMA-based device.

There are three key parameters that best describe the performance of the proposed pseudoelastic systems

referred to a complete mechanical cycle: the energy dissipated per cycle, the damping capacity and the
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maximum force. As an example, Figure 16 and Figure 17 report the values of these key parameters for
several combinations of NiTi wires as a function of the strain (Figure 16: case of BPS composed by two NiTi
wires with the same length, Figure 17: case of BPS composed by NiTi wires with different length). It can be
seen that the data reported in these pictures are coherent with those of Figure 10 and Figure 12 where
single wire performance are reported. In addition, in Figure 16 and Figure 17 it can be seen that the
experimental damping capacity of a NiTi system increases with the increasing of the maximum strain of the
single NiTi component until a maximum value of approximately 0.09. In addition, it is evident that the energy
dissipated per cycle and the maximum force are both strictly related to the strain. In fact, as an example, two
NiTi wires with the same length dissipate 681 Nmm per cycle when work at 4% of maximum strain and reach
a maximum force of 972N. When one of this wire is substituted with a shorter one (see the last combination
of Figure 17), a maximum force of 1076 N is registered and the resulting system dissipates higher energy per
cycle (1412 Nmm) with respect to the previous case. This improvement is related to the shortest wire which
starts to transform into SIM earlier than the coupled longest wire (the one that works at 4%); therefore, at the
same absolute stroke, the amount of dissipate energy of the shortest wire is higher than the one registered
for longest wire. In addition, a significant increase of the maximum force can be observed, and, as expected,

the resulting maximum force is proportional to the number of NiTi wires.
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Figure 16. Damping capacity, energy dissipated per cycle and maximum force at different strain of the BPS

composed of two NiTi wires with the same length.
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24



The proposed numerical model confirms experimental results. As an example, Figure 18 and Table 5 show
the numerical simulations of wire pairs, both with same and different length. Considering experimental and
numerical results of 4%+6% coupling (Figure 17 and Table 5) it can be seen that both the dissipated energy
and the damping capacity are well modeled. Besides, as observed in experimentations, the model shows
that the strain is the most relevant parameter; as an example, the coupling of two 90 mm long wires, which
reach both the 6% is more efficient than a wire 90 mm long working at 3% coupled to one 45 mm long
working at 6%. In addition, from data of Table 5, it can be also seen that the model confirms 0.09 as the
upper limit of the damping capacity of any complex pseudoelastic system composed of NiTi wires with

arbitrary length.
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Figure 18. Examples of simulations of wire pairs, both with same length and different length.

L2/L1 Coupling Dissip[zliltridme]nergy Stor[?\ldmenq]ergy Damping capacity n
1.3 3%+4% 932 1755 0.0845
1.67 3%+5% 982 1812 0.0862
2 3%+6% 1015 1861 0.0869
1.25 4%+5% 1408 2525 0.0887
1.5 4%+6% 1453 2590 0.0893
1.2 5%+6% 1897 3335 0.0905
1 6%+6% 2341 4102 0.0908

Table 5. Damping capacity, dissipated and stored energies at different strain by the numerical simulations of

coupling of wires with length L1 and L2.
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Furthermore, it is worth highlight that the coupling of two wires with different length allow one more “intrinsic”
result: that is the modulation of the elastic response. This is due to the lag time between the beginning of
SIM of the two wires (as the short wire detwins first), allowing both a change of stiffness and an enlargement
of the elastic region. In this way, the elastic region may further change (in force and/or in stroke) if more than
two wires are coupled, and in this case the elastic region will show more than two changes of stiffness and,
consequently, the final SIM may delay due to the new intermediate elastic parts.

The possibility to combine more than two wires to investigate the modulation of the elastic region is
numerically explored with the two examples in Figures 19 and 20. The coupling of three wires, in the first
case two of which have the same strain, is plotted and, to highlight the changes in the loading path, the
derivative with respect to the stroke is overlapped. Coupling wires with high difference of strains produce a
greater fall in the load slope, while using closer strains allows splitting more the region before the plateau.
However, the combination of pseudoelastic wires with different length may enable a short fatigue life of the
shortest wire; to overcome this limit, the final system should be designed to not overcome a strain limit that is
defined according to the length of the shortest wire. Usually, pseudoelastic materials are strained up to a
partial elastic deformation of the stress induced martensite (approximately 8-10% [1, 3]), as higher strains

may cause firstly plasticity of martensite and then fracture of the material.
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Figure 19. Simulations of the coupling of three wires at 3%, 6% and 6%. Solid line is the Load; dashed one is

its derivative (loading only) with respect to stroke.
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Furthermore, as expected, groups of pseudoelastic wires allows improvements both in the expressed force
and in the energy dissipated per cycle (Table 6). Moreover, the use of groups of wires with different length
may produce, besides the modulation of the elastic region, also the adaptability to critical events. For
instance, in case of the shortest wires break to unexpected large strains, or in case they reach a maximum
strain, the longest wires would continue working and therefore the damping response will be ever

guaranteed.

strain of bi-directional system energy dissipated per cycle  Fmax

two groups of NiTi wires damping capacit
(two g p[%] ) ping capacity [Nmm] IN]
. 0,
g:gﬂg ;: gojz 0.081 3855 2170
- 30,
g:gﬂg ;: gojz 0.086 4639 2344
T
g:gﬂg ;: g(;z 0.085 5550 2153
group 1: 5% 0.089 7461 2240

group 2: 7%

Table 6. Damping capacity, energy dissipated per cycle and maximum force at different strain of the

pseudoelastic system composed of two groups of NiTi wires with different length.

Besides, the pseudoelastic system follows the principal requirements of a generic damper [12]: its length
remains invariant during functioning; since tests were accomplished in quasi-static conditions, the self-
heating can be neglected; it promotes the re-centering with the complete return to the start position and bi-
directionality. Further requirements proposed in [12] (as fatigue life, daily temperature, direct rain) are not
general conditions but they belong to a specific event (quakes or stayed cables) and lie outside the purpose
of the present study.

Finally, the presented results are based on few combinations of pseudoelastic wires, but they are the starting
point of a wide range of any further possible combinations that can be implemented to damp different kinds
of events. By doing this, it is evident that a numerical approach can be useful in detecting the great part of
these possible combinations. As said in Section 3.2, the result of the coupling of parallel wires can be
obtained as a linear combination of the single wires taken individually. Therefore, once the model is tuned on
the individual wires, it is possible to simulate any type of combination, so to use the model as a predictive
tool to perform a parametric optimization. As an example, Figure 21 shows the numerical simulation of a
pseudoelastic system based on two groups of NiTi wires each composed of four pseudoelastic wires and
one group performing at 4% and the other at 6% of strain (I1 = 90mm, [2 = 60mm).

The simulations in Figures from 18 to 21 are just a sample of the studies that can be done with a predictive
purpose. However, in this paper we mainly reported the cases of validation, useful to prove the efficiency of
the model itself, while simulations that are more extensive and the development of a parametric optimization
on damping capacity are sent back to the case of a particular application, with specific project requirements

of strength and energy.
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Figure 21. Numerical simulation of an articulated pseudoelastic system, composed of two groups of NiTi

wire (four wires each group) one performing at 4% (I, = 90mm) and the other at 6% (I, = 60mm).

5. Conclusion

This work presents a deep experimental study on the improvement and modulation of the quasi-static
pseudoelastic response of SMA. It was found that any system composed of NiTi wires presents an upper
limit of the damping capacity (approximately 0.09). Furthermore, it was observed that the coupling of NiTi
wires with different length can modulated the elastic response of the system. Because of the large number of
different kinds of events, a large variety of damping systems are required, with forces and strain calibrated
on the specific situation; therefore, a numerical model was proposed to solve any kind of force/strain
requirement. With respect to the model, it was presented how to tune the simulation results by changing the
argument of the logarithm of the sigmoid function used to represent the kinetics. In this way, it was possible
to model the behavior of the rhombohedral phase, taking care to add to stress and temperature, the

deformation as a control variable.

28



Nomenclature

n Loss factor

E’ Storage modulus

E” Loss modulus

Wy Energy dissipation per cycle

We Stored energy during loading

Es, Ey, Ex Young modulus of austenite, martensite and rhombohedral
Ea & Er Phase volumetric fraction of austenite, martensite and rhombohedral
Do Density

& Maximum strain due to SIM detwinning

Ly, Latent heat

T,, Thermodynamic transformation temperature

Gy Specific heat

To Ambient or reference temperature

Thermal dilatation coefficient.

Volume

Cx Clausius-Clapeyron coefficient of the transformation that has the phase 'X' as product phase

Trx, Tsx, Trx | Peak, start and finish temperatures for the transformation X'

&y Phase volumetric fraction of the 'X' phase
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