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Thermally Modulated Superelastic SMA Dampers for
Vibration Control

Sourav Gur

George Frantziskonis

Abstract

The present study shows the effects of temperature modulation on the
design of SMA dampers for structural vibration control. Temperature is an
important parameter in the constitutive behavior of a shape memory alloy
(SMA), as it can significantly alter its energy dissipation capacity under
cyclic loading. For the SMA, a rate dependent thermo-mechanical
constitutive model is considered, and simulations are performed that
demonstrate the effects of SMA thermal modulation during cyclic load. The
structure examined is a beam excited by sinusoidal force and coupled with
(@ a SMA at room temperature, and (b) a thermally modulated SMA
(tmSMA) damper. Detailed parametric studies, under varying damper
properties, beam properties, excitation intensity and frequency, temperature,
reveal the superior performance of the tmSMA over the unmodulated SMA
damper. Even at the resonance frequency of the beam-damper system, the
tmSMA damper substantially reduces beam displacement as compared to
the beam with the unmodulated SMA damper, with a small compromise in
beam acceleration.

Keywords: Nonlinear dynamic analysis, Superelastic SMA damper,
Thermal modulation, Thermo-mechanical model, Vibration control.
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Introduction

Vibration control of structures using passive energy absorbers or
passive dampers has received significant attention by the research and
structural applications community. Dampers or energy absorbers dissipate
input energy as well as reduce excessive structural vibration and thus reduce
the susceptibility of structures to catastrophic failure from vibrational input
such as from earthquakes. Over the past few decades, several types of
dampers, such as viscoelastic, Maxwell, nonlinear viscous, friction, fluid,
tuned-mass, MR (magnetorheological) and metallic yield damper, have been
employed/examined as energy absorbers that reduce the response of
structures (Crandall and Mark, 1973; Den Hartog J. P., 1934; Soong and
Dargush, 1997). Exhaustive studies on these types of dampers report that
most of them reduce some response parameters of the structure while
compromising others. For example, to reduce the vibration of bridge cables,
linear or nonlinear viscous dampers are used (Main et al., 2002; Main and
Jones, 2001; Pacheco et al., 1993), however, that does not provide
substantial level of response reduction of cables during excitation. Similarly,
viscoelastic or viscous dampers and friction dampers are used in vibration
control of tall buildings under seismic or wind loading (Kim et al., 2006;
Park, 2001; Samali and Kwok, 1995; Tsai and Lee, 1993), though the
displacement control efficiency reduces as the flexibility of a structure
Increases.

Nonlinear dampers such as nonlinear viscous, friction, yield, and MR
reduce the displacement of a vibrating structure, however they increase the
acceleration or force in the structure. Also, they leave significant level of
residual displacement at the end of a vibrational excitation (Bhaskararao and
Jangid, 2006; Kim et al., 2006; Main et al., 2002; Main and Jones, 2001;
Pacheco et al., 1993; Takewaki, 2007). MR dampers show more
effectiveness when used as semi-active or active dampers. This is because
the damping capacity of the MR dampers can be changed instantly (through
use of electricity) by an active or semi-active control system, which is not
possible in passive control systems. Further, the potential of suppressing the
vibration of flexible structures using conventional mass dampers (TMD
(tuned mass damper), TLCD (tuned liquid column damper) or TLCBD
(tuned liquid column ball damper)) under different types of excitation such
as wind and earthquake has been examined ( Fuj i no and Ab®, 1993;
al., 2015b; Lee et al., 2006; Yalla et al., 2001). Enhanced control efficiency
can be achieved by connecting multiple mass dampers to a structure.
However, they require a large mass and this limits their application. To
reduce the high amount of mass required researchers proposed several non-
linear mass dampers, or connecting non-linear elements between the
structure and damper mass (Inaudi and Kelly, 1995; Jaiswal et al., 2008;
R¢ d i n g e.This noB-OnBaBelement acts as energy sink, i.e. substantial
amount of input excitation energy is dissipated through hysteresis loops.
Nevertheless, behavior of all these non-linear dampers is highly dependent
on the excitation frequency, which is a significant drawback for potentially
wide range of applicability.
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Over the past few decades, SMA materials as dampers have been
examined. The SMA super-elastic behavior and energy dissipation capacity
through wide hysteresis loops make SMAs an alternative damper material
choice. Various research studies demonstrate the viability of applying SMA
as damper in civil structures subjected to seismic or wind loading (Han et
al., 2003; Saadat et al., 2002; 2001; Sharabash and Andrawes, 2009;
Thomson et al., 1995; Zuo et al., 2006). It is relatively recent that mass
dampers have been supplemented by SMA springs to enhance dissipation of
vibration energy (Gur et al., 2014; Mishra et al., 2013). The role of SMA
supplemental springs is to circumvent the problem of large displacement in
a structure by dissipating the input energy, as well as by reducing the
displacement. SMA springs are also used as adaptive tuned vibration
absorbers (ATVA), which effectively reduce response and remove the
complexity and bulkiness of existing ATVA (Rustighi et al., 2005; Savi et
al., 2010; Williams et al., 2002).

Changing the temperature of a SMA spring results in phase
transformation so that its elastic properties change. This, in turn, changes
the natural frequency of the structure-damper system and reduces the
structural response to cyclic excitation. Therefore, use of SMA materials as
dampers takes advantage of the SMA super-elasticity and enhanced energy
dissipation capability. Thus, for studying SMAs as dampers, it is important
to use an appropriate material model for the SMA, which is able to capture
the thermo-mechanical complexity involved in the SMA phase
transformation process.

Extensive research had been performed in the area of constitutive
modeling of shape memory alloys. Most studies in this field focus on the
development of macroscopic phenomenological models for SMAs based on
continuum thermo-mechanics or by directly fitting experimental data. At the
initial stages of research in this area one dimensional material models were
developed by curve fitting (Graesser and Cozzarelli, 1994; 1991,
Rengarajan et al, 1998). It has been observed that all these
phenomenological models (based on curve fitting) are not able to properly
capture the effects of complex phase transformation phenomena. Evolution
of the martensite volume fraction in the SMA s typically expressed by an
empirical relation, which does not consider the effects of crystallography. In
some cases, these models are directly extended to multiple dimensions
(Graesser and Cozzarelli, 1994) without considering the effects of crystal
structure and temperature. However, in order to develop reliable SMA
models which can be used under complex thermo-mechanical loading, it is
important to check material models against multi-axial thermo-mechanical
experimental results. Furthermore, temperature controlled multi-axial
experiments, which cover the whole transformation temperature regime are
required in order to characterize the path dependence of phase
transformation. Some proposed models do not compare favorably to
experimental observations (Shariat et al., 2013a; 2013b), however, these
models offer simplicity and implementation with fast computational
algorithms.

For appropriate modeling of SMA, it is important to consider the strain
and temperature path dependence (i.e. history of loading and thermal cycle)



ATINER CONFERENCE PAPER SERIES No: CIV2016-2124

of the phase transformation process based on continuum thermodynamics,
and the material model needs to be verified through strain and temperature
controlled multi-axial experiments. Several one- and multi-dimensional
constitutive models for SMAs have been proposed valuable under complex
thermo-mechanical loading (Helm and Haupt, 2003; Mirzaeifar et al., 2012,
2011; Morin et al., 2011; Moumni et al., 2008; Panico and Brinson, 2007;
Prahlad and Chopra, 2003; Zaki and Moumni, 2007). Most of these material
models incorporate the thermo-mechanical aspects of phase transformation
as well as the effects of strain rate. The martensitic volume fraction is
considered as an internal variable and properly identified functions are used
to describe phase transformation. The Helm and Haupt (Helm and Haupt,
2003) model shows sufficient agreement with experiments and is thus used
in the present study. It is sufficiently complex to capture all the major
macro-mechanical phenomena related to SMA phase transformation, such
as the one-way and two-way shape memory effect, the pseudo-elastic and
pseudo-plastic behavior and phase nucleation during phase transition. It has
been used successfully in many studies, including recent ones by the authors
(Gur et al., 2015a).

The present study explores the effects of temperature modulation during
loading and unloading cycles on the design of SMA material based
dampers. For this, the temperature of the SMA spring is designed to vary
during loading and unloading cycles according to certain criteria. Non-linear
time-history analyses is performed to determine the performance of
thermally modulated SMA dampers and their effectiveness is compared to
unmodulated SMA dampers under force excitation. An extensive parametric
study is performed considering a wide range of damper parameters and
structure (beam) property, as well as various force excitation scenarios and
ambient temperatures. The technical issue of how the SMA temperature can
be physically modulated is not addressed in the present study as it
constitutes a separate issue by itself. However, it is mentioned that for
example controlled heating could be achieved through electrical current, and
cooling by fluid flow.

Thermo-mechanical Constitutive Relation of SMA

This section provides a brief description of the force-deformation
characteristics of SMA springs, of the effects of temperature on the force-
deformation hysteresis loop and hysteresis energy dissipation capacity of the
SMA spring, and provides a holistic idea about modeling of SMA damper
with or without temperature modulation. Many variants of SMAs exist,
common ones being Nickel-Titanium (Ni-Ti), Nickel-Aluminum (Ni-Al),
Copper-Zinc-Aluminum (Cu-Zn-Al) and Copper-Aluminum-Beryllium (Cu-
Al-Be) (Buban and Frantziskonis, 2013; Gur et al., 2015a; Ozbulut et al.,
2011; Zhang et al., 2009). The Nickel-Titanium alloy, also known as Nitinol
shape memory alloy (SMA) is considered herein as SMA spring. The
Nitinol properties such as super elasticity and shape memory through the
reversible martensitic transformation are well-documented in the literature
(Buban and Frantziskonis, 2013; Gur et al., 2015a).
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Material Model of Shape Memonyldy

The shape memory effect and super-elasticity are two very important
properties of SMAs (particularly of Ni-Ti considered here), which are
controlled by the thermo-mechanically induced austenite to martensite (and
vice versa) phase transformation process. Above the austenite finish
temperature A¢, the SMA remains in the austenite phase and upon loading it
transforms into martensite phase through forward transformation and when
the load is removed (i.e. unloading) martensite gradually back transforms
into austenite. However, below A¢, depending on the temperature, a residual
strain remains upon unloading, which can be recovered by heating the SMA
above Af. These are known as super-elasticity and shape memory effect,
and both are well documented in the literature (Buban and Frantziskonis,
2013; Gur et al., 2015a; Helm and Haupt, 2003; Panico and Brinson, 2007;
Prahlad and Chopra, 2003; Zaki and Moumni, 2007). During the process of
loadingi unloading, the SMA dissipates a substantial amount of energy
through its flag-shaped hysteresis loop which again depends on the
temperature and strain rate. The Helm and Haupt model (Helm and Haupt,
2003) adopted herein effectively captures all aspects of the SMA behavior.
It is based on the free energy formulation and utilizes evolution equations
for internal variables such as the inelastic strain and martensite fraction and
under uniaxial loading it can be express as follows

o= (s¢%0) (1.9)
£ =W,(0,0%¢,0) (1.b)
o' = ll’g(cr,cr*,f,f',@) (1.0
E=W,(c%£%,0) (1.d)
0 =¥ (0,5,6"¢%,E,0) (1e)

where, ¢ is the developed stress, which depend on applied strain £, ambient
temperature 8, developed internal strain is&*. Furthermore, £*is the
developed internal strain rate, ™ and 6" are the developed internal stress
and its rate, & and & are the martensite phase fraction and its rate and finally
6 is the rate of temperature evolution. Thus, the material model of SMA can
be expressed as a set of strongly nonlinear equations that can be solved
iteratively at every time step to obtain the evolution of state parameters. The
detailed description of the SMA material model and the iterative solution
algorithm of those system of nonlinear equations i.e. Egs. (1), the reader is
referred elsewhere (Gur et al., 2015a; Helm and Haupt, 2003).

One of the noticeable characteristics of the stress-strain hysteresis loop
of SMA is that its area and thus the energy dissipation capacity can be
adjusted through the modulation of temperature and strain (Gur et al.,
2015a). Of particular interest here is that the hysteretic energy dissipation
capacity of the SMA can be controlled via temperature modulation.
Temperature modulation is achieved by mainly controlling the martensite
phase fraction. It is well established that temperature increase results in
martensite phase fraction decrease. Whereas, applied stress/ strain increases
the martensite phase fraction. These effects can be employed to adjust the
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hysteresis loop size of the SMA. As temperature increases, certain amount
of martensite converts to austenite and thereby more austenite is available
for conversion to martensite due to application of stress/ strain, thus, more
strain can be accommodated and thus more energy gets dissipated.
However, this beneficial aspect of energy dissipation capacity is only
present up to the austenite finish Ar temperature, where maximum amount
of austenite is available (100 %) for transformation to martensite due to the
application of stress and thereby a maximum level of energy dissipation can
be achieved. Figure 1 (a) shows the hysteresis loop (stress-strain curve) of
SMA at different temperatures, where it is seen that the hysteresis loop size
changes significantly with temperature. Figure 1 (b) quantifies the changes
in the hysteresis loop size. For the Ni-Ti SMA, the following constants are
considered herein (Gur et al., 2015a; Helm and Haupt, 2003): (i) the
martensite start M; and finish M, temperatures are 295 and 275 K,
respectively, whereas (ii) the austenite start A, and finish A, temperatures
are 310 and 335 K, respectively.

Figure 1. (a) Stress Strain Hysteredimop of Shape Memory Alloy (SMA)
and (b) Mrmalized (with respect tthe Yield 8ess)Dissipated Energy by
the Hysteresis Loop at Different Ambient Temperature
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Force-deformation Hysteresis of Shape MemoitgyA

According to Helm and Haupt SMA material model [], the force
deformation hysteresis relation for the SMA spring can be written as

Fana G x00) = (222) [ G = ) + (22222) (0 - 0 )

y.sma

where F, onq IS the transformation strength, g, on. the transformation

displacement, L,,, the length of the SMA spring, 8 the temperature of the
SMA spring, 8, the ambient temperature, u and x the shear and
compression moduli of the SMA spring, respectively, and « the linear
coefficient of thermal expansion. Now, x = (s * L,,,) is the displacement
of the SMA spring and x;, = (g;, * Long) iS the inelastic part of the
displacement due to the internal straine;,. The transformation strength
E, sma Of the SMA spring can be expressed in terms of the normalized
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transformation strength (normalized with respect to the yield stress) Fg sma
of the SMA spring and the total mass m of the system with which the SMA
spring is connected, i.e. F, ;g = Fo sma(mg). When the developed stress in
the SMA spring crosses its phase transformation stress, the nonlinear part of
the internal strain starts to develop due to phase transformation. To
maximize the energy dissipation capacity the transformation displacement
Qy,sma Of the SMA should be set to a low level. For more detailed

information about the formulation of Eq. (2) the reader is referred to the
recent study by Gur et al (Gur et al., 2015a). It can be observed from Eq. (2)
and from Figure 1 that the hysteretic energy dissipation capacity of SMA
depends strongly on temperature. Therefore, during a loading and unloading
cycle if the temperature of the SMA spring changes (considering constant
ambient temperature) the hysteresis loop shape and size will change, while
it will remain constant for the constant temperature case. Thereby, it can be
expected that temperature modulation of the SMA spring will also change
its hysteretic energy dissipation capacity. An example is shown in Figure 2
(@) where in one case the temperature of the SMA spring is kept constant at
ambient temperature (here 300 K), and in another case the temperature
changes from ambient temperature (300 K), with a rate of 0.1 K/s. The
temperature of the SMA spring increases or decreases with the above
temperature rate, when the displacement of SMA spring crosses the
threshold displacement (x,) and for this demonstration, this limiting value
is adopted as x, = 0.10 m.

Figure 2. (a) Normalized Force Displacement Hysteresis Loop of the SMA
Spring at Varying and Constant Temperature and (elafve Change in
the Hysteresis DissipatechBrgy with repect to the Ambientéemperature
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Figure 2 demonstrates clearly that temperature modulation yields a
change in the hysteresis loop size and this happens within a wide range of
ambient temperatures. The relative increase in energy dissipation capacity
of the SMA spring under temperature modulation decreases with the
increase in ambient temperature and this is predominantly present within the
range of ambient temperatures where the two phases (martensite +
austenite) coexist. This is because in the low and two phase mix ambient
temperature regime, the SMA spring is the martensite or in two phase zone,
thus temperature modulation alters the martensite phase fraction, which
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ultimately changes the hysteretic loop area or the energy dissipation
capacity. However this increase in the energy dissipation capacity decreases
with the increase in ambient temperature and becomes almost negligible at
temperatures near the phase transformation zone boundary i.e. near and
above the austenite finish A, temperature. This is because with the increase
in ambient temperature more austenite is available to convert into martensite
due to the application of load. Thus, the hysteresis loop size at constant
temperature increases whereas for varying temperature it remains almost
constant, which finally causes the decrease in the relative difference in the
energy dissipation capacity. At high temperature, the SMA spring stays 100
% in austenite phase, thereby application of load or stress will convert all
the austenite into martensite. Therefore, for both cases (i.e. constant and
varying temperature) the hysteresis loop size is almost the same, which
finally leads to a similar level of energy dissipation capacity. Maximum
increase in energy dissipation can be achieved within the temperature range
of 270 K to 330 K. Thus, it is very interesting to employ temperature
modulation to enhance the efficiency of any SMA damper system.

Numerical Model
Nonlinear Dynamic Aalysis

Figure 3 shows a schematic of a beam with unmodulated SMA and
tmSMA damper, respectively, where k, denotes the stiffness of the spring
in the damper. The beam is modeled with conventional beam finite
elements, as an Euler-Bernoulli beam with n degrees-of-freedom (n-dof)
and its constitutive behavior is considered linear. Since the dampers
substantial y r educe the beambds respo
considered linear. However, the behavior of the SMA spring is strongly
nonlinear, as the energy is dissipated through reversible phase
transformation, triggered by cyclic loading and unloading. The beam is
excited by vertical sinusoidal force excitation at mid-span. The equation of
motion for the beam with dampers reads

[M1{x} + [C1{x} + [K1{x} + Fa{ry} = P{r,} 3)

where [M], [C] and [K] denote the mass, damping and stiffness matrices for
the beam of n degrees of freedom respectively and an over-dot denotes time
rate. Excitation and damper force are denoted by P and F,, respectively.
Vector {r} denotes the influence vector where all its elements are zero
except at the node where loading is applied or the damper is connected and
where its value is unity. Rayleigh damping is considered, thus
[C] = a[M] + BIK], where a=2{/(w;+ w,;) and B =2{w,w,/(w; +w,).
Here, ¢ denotes the damping ratio of the beam material considered the same
for all vibration modes, w; = 27 /T; and w, = 2n/T, denote the first and
second mode frequencies, respectively, and T; and T, the first and second
mode time periods, respectively.

10
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The stiffness k; of the linear spring can be expressed in terms of the
stiffness ratio S, (defined as the ratio of stiffness of the linear spring to the
stiffness of the beam corresponding to the first mode of vibration), first
mode time period of the beam T; and modal mass corresponding to the first
mode of vibration ism; = {¢,}  [M1{¢,}, i.e. kg = 4m?*m,S,/T?. Here,
{¢, } denotes the first mode of the beam, p is the beam material density and
L,b,d the length, depth and width of beam, respectively. The effect of
lumped mass m; = pbdL/2 that is present at the center of the beam is
already incorporated in the mass matrix. For the SMA spring, the force
displacement relation is strongly non-linear and can be expressed through
Eq. (2). For the case of conventional unmodulated SMA damper system, the
temperature of the beam damper system is kept constant and at the ambient
temperature (here 300 K). Whereas, for the thermally modulated SMA
(tmSMA\) damper case, the temperature of the SMA spring in the damper is
changed during the loading and unloading cycles. For the case of tmSMA
damper, the temperature of the SMA spring changes with a rate of 0.1 K/s
and threshold displacement limit (x;) is considered as 0.1 m.

Figure 3. Idealized Model of Bam $pplementedvith (a) Conventional
Unmodulded SMA Damper and (b) Thermally Modulated SMA (tmSMA)
Damper
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To obtain the response of the beam under the assumed dynamic loading
the step-by-step Newmark-beta (average acceleration technique) numerical
integration method is used with the time step At of 0.005 seconds. Since the
beam material is linear-elastic, the response of the beam with the
conventional linear dampers can be obtained directly, without any iteration.
The force-deformation hysteresis loops in the SMA imply strongly non-
linear response, thus the response of the beam with SMA dampers is
obtained by performing iterations until convergence to a specified tolerance
of 0.0001 is attained.

11
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Force Excitation Mvdel

Sinusoidal acceleration with no phase lag is applied on the lumped mass
at the mid-point of the beam. Input excitation is characterized by its peak
acceleration intensity (in terms of g) and normalizing excitation frequency,
which is the ratio of excitation frequency to the first mode frequency of the
beam with the damper system. The excitation amplitude is modulated with a
time dependent modulation function, which initially increases exponentially
and after attending a peak vale of unity decreases exponentially. Thus, the
time dependent sinusoidal loading is expressed as

P() = ma(t) = ana (20) [REBL 22000 gin 272 (2]

2 max|A(t)]
(4)

where a,,,, denotes the peak amplitude of the acceleration, A(t) the time
dependent modulating function, A the normalizing excitation frequency,
T =T, the time period of the beam or beam with damper system, a; and
a, are constants and equal to 0.35 and 0.65, respectively. More details
about this force excitation can be found in a recent study by Gur et al (Gur
etal., 2015a).

Table 1.Parameters Adopted for the Beam, Dampers and Foxcédfion

Properties of Properties of SMA or tmSMA damper Excitation
the beam parameters
Time Period Stiffness ratio = 0.15; Normalized Peak acceleration =
1 transformation strength = 0.15; yield 0.5¢;
=1s; . . i
Dampin displacement = 0.35 mm; Temperature = Acceleration
. _p g 300 K; Rate of temperature change = 0.1 K/s; normalized
ratio=2 % . R N
Displacement ration limit = 0.1 frequency = 1.0

The entire beam is discretized into 100 two-node finite elements, each
node having two degrees-of-freedom, vertical displacement and rotation.
The length L and cross section (depth d and width b) of the beam are
adjusted so that the desired time period of the beam T; is obtained. Another
parameter that controls the dynamic response of the beam is its material
damping ratio {. All the parameters and their default values are provided in
Table 1, which have been adopted from Gur et al (Gur et al., 2015a).

Results and Dscussion
Numerical llustration

The control efficiency of each type of damper, i.e. unmodulated SMA
and tmSMA, is demonstrated by comparing the beam acceleration and
displacement for each damper type. The default value of the time period of

the beam is adopted as 1.0 s and the ambient temperature is considered as
300 K. For the tmSMA damper, depending on the displacement of the beam,

12
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the temperature of the SMA spring changes with a rate of 0.1 K/s. The
temperature of the tmSMA spring starts changing once the displacement of
beam crosses the specified threshold displacement limit, i.e. x, = 0.10 m.
Numerical values of all other parameters are provided in Table 1. It can be
observed from Figure 4 that the beam acceleration is slightly higher for the
tmSMA damper than for the unmodulated SMA damper, yet, the beam
displacement is significantly lower. This is a direct consequence of the
enhanced energy dissipation capacity offered by the tmSMA spring through
temperature modulation, as can be observed from Figure 4 (c). However,
due to temperature change, the stiffness of the tmSMA spring increases and
thereby the effective stiffness of the damper increases. Finally, the
combined effect of higher energy dissipation with the increase in the damper
effective stiffness slightly increases the beam acceleration for the case of
tmSMA damper when compared to the unmodulated SMA damper.

Figure 4. Timehistory of the Beam (a) Acceleration and (b) Displacement,
Contrdled with Gonventional SMA andmSMA Dampers(c) Force
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A comprehensive parametric study is performed by considering various
scenarios for the damper parameters, beam properties and input excitation.
This also identifies the governing design variables for the unmodulated
SMA or tmSMA damper. Responses are normalized by the respective
response of the beam without any damper.

One of the very important design parameter of SMA damper is the
normalized transformation strength for the SMA spring. Figure 5 shows the
vertical acceleration and displacement ratios of the beam controlled with
unmodulated SMA and tmSMA dampers. It can be observed that there
exists an optimal value for the normalized transformation strength of the
SMA spring for which the control efficiency of both unmodulated SMA and
tmSMA dampers becomes maximum. This is because at low values of
transformation strength, due to the applied load the SMA material
experiences stress induced phase transformation and thus dissipates a
considerable part of the input energy. This trend persists with increasing

13
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transformation strength (for a given level of excitation) until the
transformation strength reaches a critical value where input excitation
becomes insufficient to move the SMA material to the stress induced phase
transformation zone. Thus, at high level of transformation strength the SMA
damper does not depict any hysteretic energy dissipation through phase
transformation, and thus behaves as a linear spring. Further, compared to the
unmodulated SMA damper-beam system, the effective stiffness of the
tmSMA damper-beam system increases, as well as its energy dissipation
capacity. Thus the vertical acceleration for the tmSMA damper-beam
system is higher and the vertical displacement lower as compared to the
unmodulated SMA damper-beam system. Compared to the unmodulated
SMA damper, the tmSMA damper results in up to 18 % increase in beam
acceleration while the beam displacement decreases up to 50 %. Most
interestingly, as compared to the unmodulated SMA damper, the tmSMA
damper provides a very high beam displacement control efficiency even at a
very low level of SMA spring transformation strength, while the
acceleration control efficiency remains almost the same for both damper-
beam systems. Such improvement is only possible because of the enhanced
hysteresis energy dissipation capacity of SMA spring through temperature
modulation.

Figure 5. Maximum Vertical (a) Acceleration Ratio and (b) Displacement
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The stiffness ratio is another important parameter for the design of the
SMA damper. Variation of the normalized vertical acceleration and
displacement of the beam with respect to stiffness ratio is shown in Figure
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Figure 6. Maximum Vertical (a)Acceleration Ratio and (b) Displacement
Ratio with respect to theinessRatio of the SMA Damper
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In particular, Figure 6 (a) shows that for the same value of stiffness
ratio, the vertical acceleration control efficiency of the unmodulated SMA
damper is up to 30% higher than that of the tmSMA damper. Whereas, the
tmSMA damper shows much higher displacement control efficiency, up to
70 %, over the unmodulated SMA damper. Interestingly, for a very low
value of the stiffness ratio, the tmSMA damper shows very high
displacement control efficiency. For higher values of stiffness ratio, the
control efficiency in terms of acceleration and displacement for both
dampers become identical. However, application of such high stiffness ratio
is not a viable option due to large space requirement and increased cost for
such dampers.

The performance of the SMA and tmSMA dampers in reducing the
beam vertical acceleration and displacement is shown in Figure 7, for
various beam flexibilities or time periods.

Figure 7. Maximum Vertical (a) Acceleration Ratio and (b) Displacement
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It can be observed from Figure 7 (a) that the unmodulated SMA damper

reduces the beam acceleration by up 15 % more than the tmSMA damper.
However, Figure 7 (b) shows that the beam displacement control efficiency
of the tmSMA damper is to 50 % more than that of the unmodulated SMA
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damper, and most importantly, for both the dampers the beam displacement
control efficiency increases with increasing beam flexibility. This
improvement in control efficiency for both dampers is due to the increase in
applied strain rate with the increase in beam flexibility. As the beam
flexibility increases, deformation in the beam increases (at a constant
excitation intensity and frequency), which results in increased strain rate in
the damper. Since, for the SMA, the hysteresis loop size depends strongly
on the applied strain rate and increases with increasing strain rate, the
energy dissipation capacity of dampers increases with increasing beam
flexibility which finally results in higher control efficiency. Temperature
modulation leads to more input excitation energy dissipation since the
hysteresis loop size increases, whereas the effective stiffness of the beam
increases as the stiffness of the SMA spring increases. Thus, taken together,
the combined effect of higher energy dissipation and increase in effective
stiffness, the tmSMA damper provides a very high displacement control
efficiency and less level of acceleration control efficiency as compared to
the unmodulated SMA damper.

The effect of beam damping ratio on the control efficiency of the two
types of dampers is shown in Table 2. As the structural damping increases,
the control efficiency of both the unmodulated SMA damper and tmSMA
damper decreases. This is because the hysteretic SMA damping depends
strongly on the level of applied strain or displacement. With increasing
beam damping ratio, the displacement of the beam decreases reducing the
size of the hysteresis loop of the SMA damper and thus the control
efficiency. With temperature modulation, the hysteresis loop size of the
tmSMA damper increases and thus the energy dissipation capacity,
however, the effective stiffness of the tmSMA damper increases. Therefore,
the tmSMA damper provides less acceleration control efficiency and high
displacement control efficiency as compared to the unmodulated SMA
damper.

Table 2. Effect of Bam Damping Ratio on Different Responseameters

Acceleration ratio Displacement ratio
Structure % chande % chan
damping | SMA | tmsMA | 2MNGE gma | tmsma | P Chande
ratio (%) | damper | damper | " control damper | damper | ' control
efficiency efficiency

1.00 0.2634 0.3270 24.137 0.2104 0.1191 43.415
2.00 0.3204 0.3786 18.157 0.2529 0.1496 40.836
3.00 0.3686 0.4229 14.741 0.2879 0.1759 38.908
4.00 0.4105 0.4613 12.362 0.3178 0.1986 37.510
5.00 0.4490 0.4957 10.396 0.3448 0.2181 36.753

The effect of ambient temperature on acceleration and displacement
control efficiency is shown in Figure 8. At constant temperature, the SMA
phase transformation is governed by the applied stress. At low ambient
temperature (below the austenite start temperature) the martensite phase is
stable. Thus, at low temperature, due to the application of loading, self-
accommodating martensite transforms into orientated martensite and a
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relatively small amount of energy is dissipated resulting into a small
hysteresis loop as well as into a large residual deformation. With increasing
ambient temperature (yet within the austenite start and finish temperature
range) the austenite phase becomes more stable. Application of sufficient
loading imposes full transformation from austenite to oriented martensite
phase, which results into a large size flag-shaped hysteresis loop, thus, a
high level of input excitation energy is dissipated. However, after a critical
value of temperature (higher that the austenite finish temperature) the
austenite phase becomes very stable and thus a high level of energy is
required to transform austenite to martensite. Due to the absence of such
high input energy, full phase transformation does not occur at high
temperature. Thus, again, the efficiency of both the unmodulated SMA and
the tmSMA damper degreases. As discussed in the previous section,
temperature modulation increases both the hysteretic energy dissipation and
the effective stiffness of the damper. Thus, the combined effect of these
reduces the acceleration control efficiency up to 23 % and increases the
displacement control efficiency up to 47 % for the tmSMA damper over the
unmodulated SMA damper.

Figure 8. Maximum Vertical (a) éceleraton Ratio and (b) Displacement

Ratio with respect to
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The performance of the dampers is also examined under different input
acceleration conditions, i.e. peak intensity of acceleration and dominant
frequency. Excitation intensity is characterized by the peak acceleration
applied to the beam. Values of various response parameters with respect to
load intensity are provided in Table 3. For both dampers, all response
parameters show slight variation with changing peak excitation intensity.
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Table 3. Effect of Peak Acceleration of Excitation on Differ&egsponse
Parameters

Acceleration ratio Displacement ratio
Peak % oh % ch
(9) damper | damper efficiency damper | damper efficiency
0.25 0.3101 | 0.3954 27.513 0.2678 | 0.1553 42.016
0.50 0.3204 | 0.3786 18.157 0.2529 | 0.1496 40.836
0.75 0.3276 | 0.3686 12.501 0.2410 | 0.1467 39.130
1.00 0.3316 | 0.3632 9.532 0.2319 | 0.1449 37.526
1.25 0.3341 | 0.3597 7.646 0.2255 | 0.1437 36.261

The performance of the dampers is now examined for beam excitations
of various frequencies. In all previous results the excitation frequency was
kept the same as the fundamental frequency of the beam-damper system.
Figure 9 shows beam response as a function of normalized load frequency.
It shows that the tmSMA damper slightly increases the acceleration of the
beam, up to 18 %, while it reduces the beam displacement, up to 43 %, over
the unmodulated SMA damper. These effects of the dampers on beam
response is present throughout the examined frequency range, and, notably,
for both dampers the response reduction capability becomes practically
constant after a certain excitation frequency. Near a normalized excitation
frequency of 1.0, both dampers show maximum control efficiency of beam
acceleration and minimum control efficiency of beam displacement.

Figure 9. Maximum Vertical (a) Acceleration Ratio and (b) Displacement
Ratio with respect to Normalized Excitation Frequency
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Conclusions

The effects of temperature modulation during loading and unloading
cycles on the performance of SMA dampers is examined. A beam-damper
system is examined, and, in general, the conclusions should be extendable to
general structural response. Modulation of temperature during mechanical
loading increases the hysteresis loop size and thus the energy dissipation
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capacity of the temperature modulated SMA (tmSMA), and this results in
substantial reduction in structural displacement as compared to the
unmodulated SMA damper. However, temperature modulation increases the
effective stiffness of the tmSMA damper and thus the structural acceleration
increases slightly as compared to that of the unmodulated SMA damper.
The tmSMA damper approximately reduces structural displacement by 50
% and increases acceleration 20 % with respect to the unmodulated SMA
damper.

For very low level of SMA transformation strength and stiffness ratio,
the tmSMA damper provides much higher structural displacement control
efficiency (for almost similar level of acceleration control efficiency) than
the unmodulated SMA damper. This is significant because it eliminates the
requirement for large size dampers, which limits their applicability. This
study also reinforces the fact that phase transformation is an important
attribute of the SMA in obtaining optimal performance for structures with
SMA dampers. For the SMA spring there exists an optimal value of
transformation strength, where the control efficiency of the damper becomes
maximum. Also, the beneficial damping effect is only available within a
certain temperature range, and for the particular material examined here in
the 270 K to 330 K range. Another important conclusion from this study is
that at the resonant frequency of the structure damper system, the tmSMA
damper shows much higher displacement control efficiency (under similar
level of acceleration control efficiency) than the unmodulated SMA damper.
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