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Abstract. Shape memory alloys (SMAs) are good candidates as passive dampers. In order
to develop the use of these alloys in structural vibrations control, the dynamical response of
a NiTi holed disc and its damping effect is investigated. At first, the material superelastic
behavior is characterized in order to build a numerical tool based on a phenomenological SMA
model implemented in the finite element code Abaqus ©. This numerical tool allows to identify
the range of the amplitude of vibrations where the superelastic effect is on, without leading
to the damage of the disc. A dynamic mechanical analysis (DMA) versus many parameters
is performed on the disc which leads to the investigation of its damping effect by using the
equivalent complex stiffness approach. The non linear behavior of the disc is shown and its
damping performance is finally discussed.

Key words: Shape Memory Alloys, Superelastic behavior, Damping effect, Dynamic Mechan-
ical analysis, Equivalent complex stiffness.

1 INTRODUCTION

Shape memory alloys (SMAs) are widely studied as smart materials because of their poten-
tiality to be used as dampers, absorbers or actuators elements. For damping applications, an
understanding of the material dynamic behavior is needed. The damping properties of SMAs
are induced by the dissipated energy linked to the martensite transformation between the mother
phase called austenite (A) and the product phase called martensite (M). In this case, the SMA
elements are used as absorbers mainly for seismic applications. One can cite the studies leaded
by Bono and Tirelli [1], Tirelli et al. [2], Dolce et al. [3], Piedboeuf et al. [4] and Fang et al. [5]
for example. Moreover, a review about ths topic was proposed by Janke et al. [6].
This interest leads to many studies about the modelisation of the dynamical behavior of SMAs
and their damping effect as it is mentioned in the studies of Gandhi and Wolons [7], Collet et al.
[8] and Amarante Dos Santos and Cismasiu [9]. More recently, the shape memory effect was
investigated for damping applications too as it is mentioned in Megdiche et al. [10].
The state of the art shows that actually most part of the work focuses on the modelisation of
the damping effect and neither has there been much work on the study on original dampers
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designed from superelastic SMA although one can cite the work leaded by Fang et al. [5] on
Belleville washers or Mirzaeifar et al. [11] on helical springs.
Thus, In this paper we present the dynamical characterization and the evaluation of the damping
effect of an innovative superelastic damper designed as a holed disc built in NiTi.
In the first part, the geometrical characteristics of the damper and the identification of the SMA
thermomechanical behavior under a quasi-static loading are presented. To do this, tensile tests
at room temperature and quasi-static rates are leaded. In the second part, a numerical tool is
designed to predict the range of the amplitude of vibrations where the superelastic is activated.
This involves to identify the superelastic parameters of the NiTi SMA. Thus, numerical simu-
lations of the cyclic tensile test of the damper are leaded and the amplitude range is identified.
In the third part, dynamic mechanical analysis (DMA) are carried out to evaluate the damping
effect of the studied structure as function of many parameters such as the amplitude of vibration
(in the considering range), the frequency and a static pre-displacement. The damping effect
is here modeled by the innovative concept of the equivalent complex stiffness previously pre-
sented in Thiebaud and Ben Zineb [12].
The results clearly show that there is an optimized set of parameters which improve the damping
effect of the structure.

2 STATIC CHARACTERIZATION OF THE SMA BEHAVIOR AND THE DAMPER
RESPONSE

2.1 Design of the damper

The design of the damper studied in this paper is classically used as a springer in vibrating
pots. It is a disc with many oblong holes, built by wirecut electric discharge process in a main
NiTi superelastic plate with a thickness about 0.6 mm and provided by Nimesis©. The design
of the damper and its dimensions are specified in the figure 1.
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Figure 1: Springer disc in vibrating pots (a), design of the damper (b) and its dimensions (c).
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2.2 Superelastic behavior of the NiTi SMA

Tensile samples are cut in the main plate with a standard shape in order to lead tensile tests.
A destructive tensile test and a cyclic test at room temperature with a quasi-static rate are per-
formed to identify the characteristic transformation stress (figure 2). Their width is about 3 mm
and their thickness is about 0.6 mm. A tensile machine Zwick/Roell with a capacity 100 kN
is used and the strain is locally measured with a clipon extensometer. The curves given in the
figure 2 show that the forward transformation starts at the stress σs

AM = 475 MPa and finishes at
the stress σf

AM = 550 MPa. The fracture stress is measured around 1000 MPa. Consequently, in
order to prevent the fatigue effects during the use of the damper and thus its break, it’s preferable
to stay at a local stress in the range of 475 - 550 MPa.
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Figure 2: Tensile tests on NiTi SMA.

2.3 Numerical prediction of the mechanical behavior of the damper

In order to activate superelastic behavior and thus the damping effect in the disc, it is im-
portant to estimate the displacement on which the forward martensitic transformation starts.
Likewise, it is important to estimate the maximum admissible displacement in order to prevent
the break of the disc. Both estimations are identified by static numerical simulations using a
three dimensional phenomenological model.

2.3.1 Identification of the material parameters

As it is shown in the figure 2, the SMA behavior considered in this study is induced by the
martensitic transformation in the SMA. In stress-free state, the SMA is supposed to be fully
austenitic. During the load, the phase can change locally to martensite. The phenomenological
model used in this paper is motivated by the work of Peultier et al. [13] and improved by
Chemisky and Duval [14]. The reader can refer to these references to get more information
about the model.
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Twenty parameters are required for this phenomenological model. Implemented in Abaqus© via
an UMAT subroutine, a numerical cyclic tensile test is performed in order to fit the experimental
curve given in the figure 2(b). The result of this simulation shows a good correlation between
both experimental and numerical results (figure 3). Finally, the parameters of the model are
given in the table 1.

Figure 3: Tensile tests on NiTi tensile samples.

Table 1: Material parameters

E (MPa) ν α (/K) εtrmax εtrmart

50000 0.3 0 0.035 0.05
Rf Fmax

et Hf Heps Htwin

0.6 120 1 2500 40000
εcmax bTMs (MPa/K) bTAf (MPa/K) Ms (°C) Af (°C)
0.035 5 5 -75 -30
Hs α0 α1 αeps nsurf

10 0.05 0.05 1 5

2.3.2 Numerical simulation of the superelastic behavior of the damper

Due to the symmetric conditions, only a quarter of the damper is modeled. 247 S4R shell
elements with 756 degrees of freedom (figure 4(a)) are used. S4R is a 4-node, quadrilateral,
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stress/displacement shell element with reduced integration and a large-strain formulation. The
external edge is clamped and the normal displacement is imposed on the internal edge. The
automatic time increment option in ABAQUS© is used with an initial guess of dividing the
loading and unloading steps into 1000 increments and the geometrical non-linearity option is
activated.
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Figure 4: Finite element model of the SMA damper (a) and comparison between the numerical and the experi-
mental responses.

The corresponding experimental cyclic test has been performed on the Zwick/Roell© tensile
machine at a quasi static loading rate and at room temperature. The figure 4(b) shows the evo-
lution of the reaction force of the damper versus the imposed displacement. One can notice a
good correlation between the experimental and the numerical curves. This result validate the
numerical model as a tool to predict the stress and the volume fraction of martensite distribu-
tions inside the damper versus the imposed displacement.
This numerical tool is now used to predict the stress, the volume fraction of martensite distri-
butions inside the damper and the required imposed displacement when the forward martensite
transformation starts (σVM = σs

AM ) and when the forward martensite transformation finish
(σVM = σf

AM ).
The figures 5(a), 5(b) and 5(c), show that the forward martensitic transformation begins in

the damper for an imposed displacement about 11 mm. At this statement, there are a localiza-
tion of the martensite and the maximal von Mises stress at the end of the oblong holes. One
can notice the same conclusion at the end of the forward martensitic transformation (figures
5(d), 5(e) and 5(f)) where an imposed displacement about 24 mm is needed. Thus it is clear
that for this design of damper, structure effects are preponderant versus the superelastic ones.
Furthermore, with an imposed displacement about 24 mm, rotation effects are very important
and the fatigue effects due to cyclic solicitations significantly increase through to the break of
the damper.
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Figure 5: Von Mises stress distribution (a, d), volume fraction of martensite (b, e) and resulted displacement (c, f)
at the beginning of the forward transformation (a, b, c) and at the end of the forward transformation (d, e, f) .
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Figure 6: Cylic tensile tests on the damper.

In order to confirm the numerical predictions, cyclic tensile tests are performed with three dif-
ferent displacement amplitudes (15, 20 and 25 mm). The curves given on the figure 6(a) show
the evolution of the residual force versus the displacement.
The deformed shape for 15 and 20 mm displacement amplitudes of the disc are given in the
figure 6(b) and compared to the numerical simulation.
For each test, a non linear superelastic with hysteresis behavior is shown. Nevertheless, one no-
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tice that the hysteresis is essentially zero with a displacement amplitude about 15 mm, moderate
with a displacement amplitude about 20 mm and more important with a displacement amplitude
about 25 mm. This means that the structure effect is preponderant versus the transformation
phase effect, as it is shown on the figure 6(b).that’s why we won’t imposed an amplitude of
displacement above 20 mm during the dynamic tests.

3 Dynamical behavior of the damper

The dynamic tensile tests are carried out by Dynamic Mechanical Analysis (DMA). The
Zwick/Roell© LTM1 driven by the software TestXpert R© is used here to measure the stor-
age modulus and the loss factor in function of many parameters like the amplitude, the pre-
displacement, and the frequency.

3.1 Equivalent complex stiffness

In order to characterize the damping effect of the structure, the equivalent complex stiffness
model based on the Valanis endochronic theory (Valanis [15]) is presented in this section.
At first, one consider a vibrating displacement solicitation of the damper at the pulsation ω and
an amplitude um :

ũ(um, ω) = ume
iωt (1)

Thus, the reaction force F can be decomposed in Fourier series, and by considering the
harmonic balance approximation, written on its first harmonic :

F̃ (um, ω) = A(um, ω)e
(iωt+Φ(um,ω)) (2)

where :

A(um, ω) =

√(
ω

πum

∫ T

0

F (t)cos(ωt)dt

)2

+

(
ω

πum

∫ T

0

F (t)cos(ωt)dt

)2

(3)

Φ(um, ω) = Arctan

(∫ T

0
F (t)cos(ωt)dt∫ T

0
F (t)cos(ωt)dt

)

The dynamic stiffness K̃ is also defined as the ratio between the complex reaction force F̃
and the complex imposed displacement ũ :

K̃(um, ω) =
F̃ (um, ω)

ũ(um, ω)
(4)

Which leads to the explicit expression of the equivalent stiffness :

K̃(um, ω) = K(um, ω) (1 + η (um, ω)) (5)

where K is the storage stiffness and η the loss factor. These expressions are respectively :
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K(um, ω) =
ω

πum

∫ T

0

F (t)cos(ωt)dt (6)

η(um, ω) =

∫ T

0
F (t)cos(ωt)dt∫ T

0
F (t)cos(ωt)dt

These two parameters, K and η are directly calculated by the software TestXpert R©.

3.2 Influence of the frequency and the amplitude

In this section, The dynamic response and the damping effect of the disc are analysed as
function of the amplitude of the symmetric vibrations in the range [1-20 mm] and the frequency
in the range [1-10 Hz] (figure 7). For the amplitudes less than 10 mm, one notices some pertur-
bations and oscillations on the storage modulus and the loss factor. It can be explained by the
fact that the reaction force for this range of amplitude is very low compared to the load sensor
capacity (1 kN) and its measurement can be perturbed by some noise. Nevertheless, it is not a
problem because the phase transformation and thus the interest of the damper began above the
amplitudes of vibration about 10 mm.
In the range [10-20 mm] an increase of the loss factor is notice. It is due to the fact that forward
martensitic transformation starts for an amplitude of vibration around 10 mm. Furthermore, an
increase of the storage modulus is noticed for an amplitude of vibrations from 10 mm to 15
mm. Above 15 mm, a stabilization of the stiffness is noticed. Thus, it appears that the best
performances of the damper are in the range [15 - 20 mm].
For a given amplitude of vibration, an increase of the frequency leads to an increase of the dy-
namic stiffness and a decrease of the loss factor. Nevertheless the influence of the frequency is
not significant. Indeed, in vibration solicitations, the stable adiabatic behavior of the SMA is
quickly reached.
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Figure 7: Storage modulus and loss factor versus the amplitude of displacement and the frequency.
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3.3 Influence of the pre-displacement and the amplitude

The graphs shown on the figure 8 are respectively the storage stiffness and the loss factor,
both in function of a pre-displacement in the range [1-10 mm] and the amplitude of vibrations
which is in the range of 1 mm around the value of the given pre-displacement. The maximum
value of the loss factor - and thus the damping effect - are reached at high values of the pre-
displacement and the amplitude of vibrations. These values correspond to maximum forward
martensite transformation. Here, the storage stiffness is at its average value.
Thus, in order to get the best damping effect, it’s better to have a tension pre-displacement about
10 mm.
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Figure 8: Tensile tests on NiTi tensile samples.

4 Conclusion

In this communication, the experimental dynamic mechanical analysis (DMA) of an inno-
vating NiTi holed disc is presented. This investigation leads to characterize the damping effect
with the equivalent complex stiffness tool. To do this, a numerical tool using a phenomenolog-
ical model for the SMA superelastic effect implemented in Abaqus© was designed at first. This
numerical tool allows to determine the minimum amplitude of vibrations where the martensitic
transformation starts inside the disc and the maximum amplitude of vibrations allowed by the
disc to prevent its damage. Thus, in this range of amplitude of vibrations, many parameters such
as the frequency, the amplitude of vibrations and the pre-displacement were analysed at room
temperature. The results clearly show an optimal set of these parameters which gives the best
damping effect of the disc. This work will be continued by studying the effect of the tempera-
ture on the damping effect (a cold temperature and a warm one for example). And finally, this
experimental database will allow to build a numerical tool to develop and optimize applications
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for control in civil engineering.
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