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Abstract. Many potential applications of Shape Memory Alloy (SMA) for vibration control have been proposed in the last years. However, the development of applications exploiting the SMA behavior requires a wide understanding of their thermomechanical behavior. This work presents a numerical simulation of the dynamic behavior of a pseudoelastic vibration absorber. A simple model for SMA is presented and numerically implemented to simulate the dynamic response of a mass-spring system where the spring function is performed by a SMA device. The system is excited by the displacement of the base, and the displacement of the mass is numerically evaluated. The results show that the model is able to represent the main characteristics of the system, and illustrate how SMA can be used for vibration isolation.
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1. INTRODUCTION
The Shape Memory Alloys (SMA) are materials with the ability to change their shape when deformed in the martensitic phase and heated to the austenitic one. In the last years, the use of SMA has intensivelly been proposed and investigated for the development of adaptive structures (Janocha, 1999; Gandhi and Thomson, 1994; Srinivasan and Mc Farland, 2001). Among functional materials, the SMA have a great application potential in situations involving large stresses, large strains and low frequencies. In this research field, two kind of problems have been focused: i) the application of SMA for shape control (Sanders et al., 2004; Chandra, 2001); and ii) the application of SMA for vibration control in machines and structures (Zak, et al., 2003; Oh et al., 2001; Saadat et al., 2001).

One of the pioneer works on the application of SMA in vibration control was presented by Jia and Rogers (1989). They proposed two concepts for structural control: the Active Property Tuning (APT) and the Active Strain Energy Tuning (ASET). In the APT concept, the SMA element is embedded in a composite structure. Since the stiffness of these alloys greatly varies with temperature, it is therefore possible, by controlling the heating, to control the stiffness of the structure as a whole. The ASET concept is based on the same mechanism. Here, however, the shape memory elements are pre-strained. There is, thus, another parameter, the heat induced shape recovery force. Schetky (1992) also considers the Active Shape Control (ASC) concept. In this case, pre-strained shape memory elements are mounted at a certain distance from the neutral axis of the structure. Once heated, the moments generated by the actuators’ shape recovery deform the structure. In this manner, it is possible to control the structure’s shape by controlling the heating of the actuators. Baz et al. (1993) proposed the application of memory wires as reinforcements in a composite beam, in which they would act as sensors whose signals allow a continuous monitoring of the beam’s deflection. Both theoretical and experimental results show the potentialities of SMA for vibration control.
In the last 15 years, several works focusing on the application of SMA in vibration control in machines and structures have been developed (Choi and Hwang, 2000; Willians et al., 2002). Gotthardt and Bidaux (1998) investigated the use of shape memory reinforcements in composites. The purpose was to control vibration through the variation of the system’s mechanical properties, by activating the shape memory reinforcements. Shahin et al. (1997) proposed the application of shape memory tendons for the active control of vibration in structures. Shape memory wires were used by Da Silva and Mesquita (2000) for vibration control of a cantilevered beam, exploring both shape memory and pseudoelastic effects. Yan et al. (2000) and Nagaya et al. (1987) suggest a method for the active control of vibrations of rotating machines by means of the variation in stiffness of the bearings supports. Willians et al. (2002) explore the variable module of SMA in order to develop an adaptive-passive system for vibration control. 

The present work focuses the application of shape memory alloy for vibration isolation exploring the high energy absorption capacity of the SMA in austenitic phase. A simple model for SMA will be presented and applied to simulate the dynamic behavior of a pseudoelastic vibration absorber.

2. MATHEMATICAL MODELLING
In the present work the numerical simulation will be carried out by means of the simple model for SMA (Da Silva, 1995; Da Silva and Mamiya, 1994). The model is a purely phenomenological approach of the SMA thermomechanical behaviour, i.,e., based on its macroscopic behaviour. The formulation of this model is very similar to the one describing classical associative plasticity, as presented, for instance, in Simo and Taylor (1986). As for every model, some simplifications on the thermomechanical behavior of the SMA are considered, although preserving their main feature.

Consider a one dimensional medium under tractive loads. In this context the SMA can assume one (or more) of the three phases: austenite, twinned martensite or detwinned martensite. Stress-free SMA at temperature above Af (Austenite finish temperature) is stable in its austenitic form. Below Ms (Martensite start temperature) the austenitic phase becomes unstable and it undergoes a transformation to twinned martensitic phase.

Müller and colleagues (Xu, 1992; Fu et al, 1992; Muller and Xu, 1991; Fu et al 1993) have experimentally investigated the behavior of monocrystalline CuZnAl alloys and, based on the stress-strain curves obtained, have devised an equilibrium line that limits the elastic behavior in the hysteresis loop as function of the martensitic volumetric fraction ξ. Based on this behaviour, the Da Silva model (Da Silva, 1995) was proposed, considering the existence of an equilibrium line in the phase transformation region inner the hysteresis loop, as shown in Fig. 1. Figure 1(a) presents the pseudoelastic behaviour according to the Da Silva (1995), when the alloy is subjected to complete loading and unloading, i.e., when the history of prescribed deformation allows the material to undergo a complete stress induced martensitic phase transformation at the loading and a complete reverse phase transformation at the unloading. 
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denotes the stress describing the line associated with the beginning of the direct and reverse transformations at loadings and unloading in the loop respectively. In Fig. 1(b), one has the stress-strain curve for partial loadings and unloadings.
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Figure 1.  Schematic stress-strain curve for the Da Silva model. a) Complete loading and unloading and the equilibrium line. b) Partial loading and unloading.

For the elastic phase, one has:
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where 
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 is the stress, 
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 is the strain and E is the elastic module.

If a stress level above σH0 is achieved, then austenitic or twinned martensitic phase becomes unstable, and the material experiences a transformation into a detwinned martensitic phase. This transformation is characterized by the appearance of an inelastic strain ε0 such that, for the detwinned martensitic phase, the stress-strain relation can be expressed as: 
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Similarly, when the stress reaches a certain level σL, then detwinned martensite transforms into austenite or twinned martensite, depending on the temperature.
Let ξ denote the volume fraction of detwinned martensite in the material. For incomplete phase transformation, the stress-strain relation for the mixture of phases can be expressed as:
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One considers here that the stress σH associated to the transformation of the austenite/twinned martensite into detwinned martensite is a linear function of both temperature and strain ε. The same assumption is made for the stress σL corresponding to the reverse transformation. Therefore, one can write:
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where:
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Here θ is the temperature, θ0 is the reference temperature, α is the temperature coefficient and K is the hardening module.

For the equilibrium line, given by a straight line passing through the points 
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3. PRINCIPLE OF A PSEUDOELASTIC VIBRATION ABSORBER
The system analyzed in the present paper is presented in Fig. 2. It is composed by a vibrating base excited by a prescribed displacement y(t), a SMA pseudoelastic absorber with one degree of freedom of length L, elastic module E and cross-section area A. The absorber supports mass M, which displacement x(t) must be evaluate as function of the base displacement y(t).
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Figure 2. Pseudoelastic vibration absorber with one degree of freedom – Schematic.
According to the free body diagram of the system shown Fig. 2 one has:
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where σ is the stress acting on the SMA element. Since the Eq. (11) depends on the stress σ, and the stress in its turn depends on the phase one has different equations of motion as follows.

· Elastic region in austenitic phase:


[image: image20.wmf])

(

)

(

)

(

t

Ey

t

Ex

t

x

A

ML

=

+

&

&
























    (12)
· Transformation region from austenite to martensite:
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· Elastic unloading in the phase transformation region:
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· Transformation region from martensite to austenite:
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· Elastic reloading in the phase transformation region:
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· Elastic loading/unloading in the martensitic phase:
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The dynamic behaviour of the absorber is obtained solving the differential Equations 12 to 17. For the numeric implementation, the Newmark method (1959) was used, which is an appropriate method for the solution of non-linear equations.

4. NUMERICAL RESULTS
The pseudoelastic absorber hereby considered supports a mass of 500 kg and has a length of 1 m, while the shape memory element has a cross-section with an 0.01 m radius. The temperature considered is of 315K and the frequency is of 50Hz. The material properties of the shape memory element used in the simulations are presented in Tab. 1 and Tab. 2. The system parameters taken into account in the present are the same used by Lagoudas et al. (2001) in order to enable a comparison.
Table 1. SMA Parameters for the Da Silva Model (1995).
	σH0
	σL0
	E
	TR
	ε0
	α

	150MPa
	15MPa
	70GPa
	315K
	0,06
	2,5MPa/ oC


Table 2. SMA Parameters for the Lagoudas Model (2001).
	EA
	EM
	C
	[Mf0,Ms0,As0,Af0]
	Λ

	70GPa
	30GPa
	7MPa/ºC
	[274,292,296,315]K
	0,05


EA is the elastic module on austenitic phase, EB is the elastic module on martensitic phase, C is the temperature coefficient, [Mf0,Ms0,As0,Af0] are the critical temperatures in stress free state and Λ is the maximum transformation strain.
Figure 3 shows the displacement of the mass as function of the time according to the Da Silva model, and Fig. 4 shows the resulting stress-strain curve. The same case is presented in Fig. 4 for the Lagoudas model. For both models one can see that SMA element was efficiente in reducing amplitude of mass displacement in comparison to the base displacement. Excepting the behavior inner the hystereses loop both model shown to be able to reproduce the main features of the SMA stress-strain behaviour.
[image: image26.png]Dynamic Behaviour of the System

0.01 : : 1 1 1 1 1

I

— Mass
— Base

0.008 7

0.006-

0.004 {11

o
o
=]
R

-0.002f1

Displacement(m)
o

-0.004

-0.006

-0.008

oor L LRV R LR ELE VTR LR CTLERL L

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Time(s)



[image: image27.png]Stress(Pa)

-1.5

Stress-Strain Response Using Da Silva Model

0.5

[=]
T

o
o
T

—_&02

i
-0.015

i i
-0.01  -0.005 0 0.005 0.01
Strain

i
0.015

0.02




Figure 3. Da Silva model - T = 315K. a) Base and mass displacements. b) Resulting stress-strain curve.

Increasing the temperature to 330K and keeping the others paramenters the same, one obtains the results shown in Figures 5 and 6. It is observed in Figures 5b and 6b that the increase in temperature caused a linear raise in the stress-strain curves, according to what had been predicted by the equations for both the models. This raise caused a reduction in the vibration absorption. However, the SMA was still efficient in the vibration control, reducing the amplitude of the movement imposed to the absorber, as shown in Fig. 5a and 6a.
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Figure 4. Lagoudas model for T = 315K. a) Base and mass displacements as function of time. b) Resulting stress-strain curve.
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Figure 5. Da Silva model - T = 330K. a) Base and mass displacements. b) Resulting stress-strain curve.
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Figure 6 – Lagoudas model - T = 330K. a) Base and mass displacements. b) Resulting stress-strain curve.

5. CONCLUDING REMARKS

A simple model proposed by Da Silva (1995) for shape memory alloys was presented and implemented to simulate the dynamic behaviour of a mass-spring system, in which the spring function is done by a pseudoelastic bar. It is mounted on a vibrating base that is excited with a sinusoidal function. The results shown that the model is able to reproduce the main features of the thermomechanical behaviour of the system and illustrate the application of SMA for vibration isolation exploring the pseudoelastic behaviour. Future works will focuse the experimental validation of the numerical results presented here.
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