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ABSTRACT  
Shape memory alloys are promising for vibration protection systems but their long-term performance is 
challenged by functional fatigue due to microplastic deformation. A previously developed microstructural 
model that explicitly accounts for the evolution of microplastic deformation is utilized in the research to 
investigate the influence of this phenomenon. A one-dimensional oscillatory system with a payload isolated 
by two TiNi alloy springs is investigated. Numerical simulations compare the device's response in austenitic 
and martensitic states, with and without microplasticity, under harmonic excitation. The results confirm 
that microplastic deformation significantly alters the dynamic characteristics of the system, highlighting 
the necessity of its inclusion for accurate performance prediction. Furthermore, the analysis demonstrates 
the superior performance of the shape memory alloy system compared to linear elastic counterparts, 
showing its inherent ability to mitigate resonance across a frequency range. 
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Introduction 
Shape memory alloys (SMAs) represent a class of functional materials that hold a key 
position in solving complex engineering problems due to their unique properties. These 
primarily include the shape memory effect (the ability to recover significant strain upon 
heating) and pseudoelasticity (superelasticity) – the recovery of strain upon unloading. 
These macroscopic phenomena are caused by a thermoelastic martensitic transformation 
and accompanying processes: martensite reorientation (manifested as pseudo-plasticity) 
and the movement of phase and twin boundaries. Thanks to this, SMAs enable the 
creation of mechanical devices such as dampers, isolators, and actuators, which often 
surpass traditional counterparts in functionality and reliability [1–5]. 

The relevance of SMA application in the construction industry is particularly high 
for tasks of seismic protection and vibration isolation. Widely used passive damping 
devices – rubber-metal bearings, friction dampers, and viscoelastic dampers – have a 
number of fundamental limitations [6,7]. Rubber isolators are characterized by issues of 
aging, sensitivity to temperature fluctuations, and significant residual deformations after 
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strong disturbances. Friction devices require regular maintenance and can lose reliability 
in the long term, while many types of metallic dampers are susceptible to low-cycle 
fatigue and require replacement after activation. The implementation of SMAs in damping 
and isolating systems allows for overcoming these drawbacks, offering a path towards 
creating resilient and self-centering structures [2–5,8–13]. 

The following SMA properties are key for application in vibration protection: 
1. High damping capacity associated with hysteresis during phase transformations and 
martensite reorientation. Energy dissipation occurs both in the high-temperature austenitic 
state due to direct stress-induced martensitic transformation (requiring energy for crystal 
lattice rearrangement) and in the low-temperature martensitic state due to irreversible 
movement of twin boundaries. For TiNi-based alloys, this effect has been previously studied 
in detail [14] and continues to be investigated in new compositions [15,16]. 
2. Self-centering nature provided by the shape memory effect. This property allows a 
structure to return to its original position after a seismic event, minimizing residual 
deformations, which is critically important for maintaining the building's functionality [17–21]. 
3. High fatigue strength under large strains (up to 6–8 %), which is due to the predominance 
of reversible martensitic transformation over irreversible dislocation slip. This makes SMAs 
ideal candidates for cyclically loaded elements in seismic isolation [22–24]. 

The evolution of SMA-based device designs began with relatively simple forms. 
Early developments widely used wire elements, which demonstrated high fatigue 
strength and effective energy dissipation. Cyclic tensile experiments confirmed that such 
devices dissipate energy stably, and the accumulation of residual deformation slows 
down with an increasing number of cycles [25]. Their potential for use as hysteretic 
dampers in braces and column bases remains high. Subsequently, the range of 
configurations expanded. For example, SMA dampers in the form of rings [26], curved 
plates [27], helical springs [28], washers [20,28], and ring springs [29] were proposed, 
which demonstrated high load-bearing capacity and potential for use as passive vibration 
isolators in various industries. Modern research is focused on creating more complex 
structures, such as SMA-based composites [30–32] and porous SMA structures [33]. 

One of the most promising directions is the development of adaptive and tunable 
vibration protection systems. The ability to control the phase state (and, consequently, 
the stiffness and damping) of an SMA working element through thermal activation paves 
the way for smart systems. A classic problem of passive inertial dampers is their tuning 
to a fixed frequency, whereas the natural frequency of a structure can change  
(for example, due to changes in mass, nonlinear behavior during strong earthquakes, or 
traffic movement on a bridge). Research, such as that in [34,35], has confirmed the 
possibility of retuning the frequency of an inertial damper with SMA elements. Studies 
[36,37] have proposed controlled vibration damping systems based on SMA composites. 

Since SMAs are characterized by a nonlinear stress-strain relationship, as well as a 
strong dependence of their properties on temperature and loading history, reliable means 
of modeling their mechanical behavior are required for the successful design of vibration 
protection devices. However, most works on this topic are experimental, and in those 
where modeling was performed, the simplest phenomenological SMA models were used, 
allowing only for some quantitative estimates of the device response [18,35,38,39]. 
Exceptions are the works [40,41], which modeled vibration protection devices with helical 
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and slotted springs made of TiNi alloy. A microstructural model [42] capable of describing 
all the main SMA effects was used to describe the mechanical behavior of the working 
elements. Thanks to the high predictive power of this model, it was possible to obtain a 
good estimate of the performance of the vibration protection devices under different 
phase states of the working elements. 

However, one of the main problems limiting the predictability of the long-term 
behavior of SMAs is the instability of their functional properties under cyclic loading. 
Since martensitic transformations involve a crystal lattice transformation, the growth of 
a new phase crystal within the austenitic matrix is accompanied by significant interfacial 
stresses. This leads to the accumulation of irreversible microplastic deformation (MPD) in 
the boundary regions, caused by the generation and movement of dislocations [43,44]. 
This phenomenon has a dual influence on performance characteristics: 
1. On the one hand, MPD causes irreversible shape changes and the generation of 
structural defects, which in the long term accelerate fatigue failure. Furthermore, these 
accumulated changes distort the kinetics of subsequent martensitic transformations, 
leading to the degradation of functional properties — a shift in characteristic stresses and 
temperatures, and a reduction in the hysteresis loop and the shape memory effect. 
2. On the other hand, since the generation and movement of dislocations require energy, 
MPD is an additional mechanism of energy dissipation, which theoretically can increase 
the damping capacity of the material, especially in the initial stages of cyclic loading. 

Thus, the influence of MPD on the vibration protection properties of SMAs is 
complex and ambiguous. However, even in studies [40,41], when describing vibration 
protection systems, the contribution of microplasticity to the total strain was considered 
insignificant and was neglected. Nevertheless, it remains unclear how justified this 
approach is from the perspective of assessing damping properties. 

In view of the above, it can be assumed that MPD significantly affects the 
performance of SMA-based vibration protection devices. Ignoring it in mechanical models 
may lead to significant errors in predicting damping characteristics and long-term 
stability. In this regard, the aim of this work is a systematic investigation of the influence 
of MPD on the effectiveness of vibration protection devices. To achieve this aim, an 
improved microstructural model that takes this mechanism into account will be used. 
Based on this model, a parametric study of an oscillatory system will be conducted to 
quantitatively assess the contribution of microplasticity to energy dissipation and the 
change in the dynamic response of the structure as a whole. 
 
Materials and Methods 
Methodology for modeling of the SMA mechanical behavior 

To describe the complex mechanical behavior of SMAs in this work a microstructural model 
previously developed by the authors [45–50] is used. This approach allows for the correct 
accounting of the main deformation mechanisms characteristic of SMAs, including MPD. 
This model and some of its variations have proven themselves to be effective in describing 
such phenomena in SMA as: fatigue fracture [45], plastic deformation [46], deformation 
during isothermal holding [47], the effect of martensite stabilization [48], loading under 
conditions of heat exchange with the environment [49], and the operation of an SMA 
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specimen under conditions of a thermomechanical drive [50]. Therefore, it can be said that 
the proposed model has great predictive power and can be applied to solving engineering 
problems, in particular for modeling vibration protection devices based on SMA. 
 
Basic model principles 

The model describes the behavior of a representative volume of material, which is 
considered as a material point. The key principle lies in the multi-level description of the 
microstructure. The representative volume consists of numerous grains with different 
crystallographic orientations. Each grain, in turn, can contain austenite and/or several 
orientational variants of martensite. 

According to the Reuss hypothesis, the macroscopic strain of the representative volume 
𝜀 is calculated as the average over all orientations 𝜔 of the strains of individual grains 𝜀𝑔𝑟(𝜔): 
𝜀 =  ∑ 𝑓(𝜔)𝜀𝑔𝑟(𝜔)𝜔 ,             (1) 
where 𝑓(𝜔) is the volume fraction of grains with orientation 𝜔. 
 
Kinematics of deformation at the grain level 

The strain of an individual grain is represented as the sum of contributions from various 
physical mechanisms: 
𝜀𝑔𝑟 =  𝜀𝐸 +  𝜀𝑇 +  𝜀𝑃ℎ +  𝜀𝑀𝑃,            (2) 
where 𝜀𝐸 is elastic strain (according to Hooke's law), 𝜀𝑇 is thermal strain (due to thermal 
expansion), 𝜀𝑃ℎ is phase strain (associated with the martensitic transformation), 𝜀𝑀𝑃 is 
microplastic strain (associated with plastic accommodation of martensite). 
 
Description of phase transformation 

To describe the phase strain, internal variables 𝛷𝑛 are introduced, where 𝛷𝑛

𝑁
 represents the 

volume fraction of the n-th orientational variant of martensite (N is the total number of variants). 
The phase strain of a grain is calculated as the averaged contribution of all martensite variants: 
𝜀𝑃ℎ =  

1

𝑁
∑ 𝛷𝑛

𝑁
𝑛=1 𝐷𝑛,              (3) 

where 𝐷𝑛 is the Bain strain tensor for the n-th martensite variant. 
The condition determining the onset and course of martensitic transformation is 

formulated through the balance of thermodynamic forces: 
𝐹𝑛 = ±𝐹𝑓𝑟,               (4) 
where 𝐹𝑛 is the generalized thermodynamic force causing the growth of the n-th variant 
of martensite, 𝐹𝑓𝑟 is the dissipative force that prevents the movement of interphase 
boundaries and causes the presence of temperature-phase hysteresis, the "+" sign 
corresponds to the forward transformation (austenite → martensite), and the "–" sign to 
the reverse transformation (martensite → austenite). 

The thermodynamic forces 𝐹𝑛 and 𝐹𝑓𝑟 are calculated as follows: 
𝐹𝑛 =

𝑞0

𝑇0
(𝑇 − 𝑇0) + 𝜎𝑖𝑗: 𝐷𝑖𝑗

𝑛 − 𝜇 ∑ 𝐴𝑚𝑛
𝑁
𝑚=1 (𝛷𝑚 − 𝑏𝑚),         (5) 

𝐹𝑓𝑟 = 𝑞0
𝑀𝑠−𝑇0

𝑇0
,              (6) 

where 𝑞0 is the latent heat of transformation, 𝑇0 is the temperature of thermodynamic 
phase equilibrium (austenite and martensite), T is the temperature of representative 
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volume, 𝜎 is applied stress, 𝑏 is the density of oriented defects, A is the matrix that 
determines the interaction of martensite variants described in detail in [51,52], 𝑀𝑠 is the 
start temperature of the forward martensitic transformation. 

The coefficient μ and the equilibrium temperature 𝑇0 depend on the material 
constants and can be calculated as follows: 

𝜇 =  −
𝑞0(𝑀𝑠−𝑀𝑓)

𝑇0(1−2𝛼)
,              (7) 

𝑇0 =  
𝑀𝑠+𝐴𝑓

2
,               (8) 

where 𝑀𝑓 and 𝐴𝑓 are the finish temperatures of the forward and reverse martensitic 
transformations respectively, α is a material constant characterizing the coherency of 
martensitic phases. 
 
Accounting for microplastic deformation 

The accumulation of MPD is a direct consequence of martensitic transformation. 
Transformation incompatibility between the growing martensite crystals and the 
surrounding austenite matrix, arising from differences in crystal lattices, generates 
significant localized internal stresses. To relax these stresses, accommodative microplastic 
flow occurs in the boundary regions. Although this flow is initially localized, its contribution 
can manifest itself at the macroscopic level during the formation of oriented martensite. In 
this case, the most favorably oriented martensite variants predominate, their volume 
fraction increasing. Since the MPD associated with the growth of a particular variant is 
consistent with its Bain strain, this leads to the summation of unidirectional microshears. 
As a result, the irreversible strain, initially dispersed in microvolumes, accumulates, 
contributing to the overall macroscopic deformation of the material. A key assumption in 
describing this deformation mechanism is that the MPD associated with the growth of a 
particular martensite variant is proportional to its Bain strain deviator: 
𝜀𝑀𝑃 =  

1

𝑁
∑ 𝜅𝜀𝑛

𝑚𝑝𝑑𝑒𝑣(𝐷𝑛)𝑁
𝑛=1 ,            (9) 

where 𝜀𝑛
𝑚𝑝 is the measure of MPD associated with the growth of the n-th martensite 

variant, 𝜅 is the scaling coefficient. 
The conditions for the onset of microplastic flow are similar to the condition of 

plastic flow in the one-dimensional case, taking into account kinematic (translational) 
and isotropic hardening, where the role of stress is played by the generalized 
thermodynamic force 𝐹𝑛

𝑝, and the kinematic and isotropic hardening correspond to the 
thermodynamic forces 𝐹𝑦 and 𝐹𝑛

𝜌: 
|𝐹𝑛

𝑝
− 𝐹𝑛

𝜌
| =  𝐹𝑦,     (𝐹𝑛

𝑝
− 𝐹𝑛

𝜌
)𝑑𝐹𝑛

𝑝
> 0.         (10) 

The generalized thermodynamic force causing MPD is calculated as follows: 
𝐹𝑛

𝑝 = 𝜇 ∑ 𝐴𝑚𝑛(Φ𝑚 − 𝑏𝑚)𝑁
𝑚=1 .          (11) 

 
Evolution of defects and hardening 

Microplastic flow is accompanied by the accumulation of two types of defects: oriented 
defects 𝑏, that create oriented long-range stress fields, and scattered defects 𝑓 distributed 
in the volume. The evolution of defect densities is described by the equations: 
𝑏𝑛̇ =  𝜀𝑛̇

𝑚𝑝 −
1

𝛽∗
|𝑏𝑛|𝜀𝑛̇

𝑚𝑝𝐻(𝑏𝑛𝜀𝑛̇
𝑚𝑝),          (12) 
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𝑓̇ =  ∑ |𝜀𝑚̇
𝑚𝑝|𝑁

𝑚=1 +  𝑟1(𝑓 −  𝑓0)Φ𝑔𝑟𝐻(−Φ𝑔𝑟),        (13) 
where H is the Heaviside function, 𝛽∗ is the maximum density of oriented defects, 𝑟1 is 
the recovery coefficient, 𝑓0 is the equilibrium density of scattered defects, Φ𝑔𝑟 is volume 
fraction of all martensite variants in grain. 

To obtain a closed system of equations, it is necessary to introduce hardening laws. 
The model assumes that scattered defects impede dislocation movement, thereby 
increasing the yield stress. Consequently, their density is related to isotropic hardening. 
Clusters of oriented defects create internal stress fields, the effect of which is combined 
with external stress, shifting the center of the yield surface. Consequently, their density 
is related to kinematic hardening. Linear dependencies are proposed to relate hardening 
to defect densities: 
𝐹𝑛

𝜌
= 𝑎𝜌𝑏𝑛,             (14) 

𝐹𝑦 = 𝑎𝑦𝑓,             (15) 
where 𝑎𝜌 and 𝑎𝑦 are material constants determining the intensity of the corresponding 
type of hardening. 

Equations (4), (10), (12)–(15) form a closed system that allows for calculating the 
evolution of all internal variables. Formulas (1)–(3) and (9) are used to calculate material 
deformations under thermomechanical loading, which is necessary for the subsequent 
analysis of vibration protection devices. 
 
Model of vibration protection device 
This paper presents a numerical study of the effectiveness of a vibration isolation device, 
the schematic of which is shown in Fig. 1. The device consists of a rigid housing within 
which a payload is suspended by two helical springs made of TiNi alloy. The springs, 
which serve as the working elements, are designed to isolate the payload from external 
vibration. 

 

 
 

Fig. 1. Schematic diagram of the vibration protection device 
 

The mechanical response of the springs is described by the microstructural model 
presented in the previous section with a set of material constants listed in Table 1. To 
analyze the device's behavior under various conditions, the initial phase state of the 
spring material (austenite or martensite) was determined by selecting a temperature. The 
modeling assumed that heat exchange between the springs and the surrounding medium 
occurs sufficiently rapidly, and that temperature changes due to heat generation and 
absorption during martensitic transformations can be neglected.  
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Table 1. Material constants for TiNi alloy 
Material constant Symbol Value 

Number of martensite variants N 12 
Latent heat (enthalpy) of the direct martensitic 

transformation, MJ/m3 
q0 -180 

Characteristic temperatures of martensite transformation, K 

Mf 
Ms 
As 
Af 

303 
323 
340 
360 

Temperature of the thermodynamic equilibrium, K T0 341.5 
Interaction coefficient of martensite variants α 0.2 

Microplastic strain scaling factor κ 2.3 
Coefficient of isotropic hardening, MPa ay 0.2  

Coefficients of kinematic hardening, MPa aρ 5 
Maximum value of the oriented defects density β* 2.8 

Initial value of scattered defects f0 20 
Scattered defects recovery coefficient r1 0 

Young's modulus of austenite, GPa EA 83 
Young's modulus of martensite, GPa EM 41 

 
The system is subjected to a harmonic vibration with a specified amplitude and 

frequency. The payload is assumed to move along one direction only, allowing this 
oscillatory system to be considered one-dimensional. The main geometric parameters of 
the springs and the characteristics of the system are given in Table 2. 
 
Table 2. Characteristics of a vibration isolation device 

Model Parameter Symbol Value 
Wire diameter, mm 𝑑1, 𝑑2 0.5  
Coil diameter, mm 𝐷1, 𝐷2 8.0 

Number of coils - 5 
Mass of payload, kg 𝑚 0.22 

Drag coefficient 𝜇 0.5 

 
The movement of the payload is described by the equation: 

𝑚𝑥̈ = −𝐹1 + 𝐹2 − 𝜇𝑥̇,           (16) 
where 𝐹1 and 𝐹2 are the elastic forces arising in the springs; 𝜇 is the drag coefficient 
(viscous friction). 

Assuming that the wire experiences only torsion and the stress distribution is linear, 
we obtain: 
𝐹1 = 𝑘1𝜏1, 𝐹2 = 𝑘2𝜏2,           (17) 

𝑘1 =
𝜋𝑑1

3

8𝐷1
, 𝑘2 =

𝜋𝑑2
3

8𝐷2
,            (18) 

where 𝜏1, 𝜏2 are the shear stresses of the material, 𝑘1 and 𝑘2 are the spring stiffnesses, 
𝐷1 and 𝐷2 are the diameters of coils, 𝑑1 and 𝑑2 are the wire diameters. Within the 
framework of the microstructural model, this differential equation is solved numerically 
using the improved Euler method. 
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Influence of microplastic deformation 
Comparative analysis strategy 

A key advantage of the microstructural model used is the ability to selectively account 
for individual deformation mechanisms. In this work, this allowed us to conduct a series 
of comparative calculations for two scenarios: one with and one without MPD. This 
approach allows us to quantitatively estimate the influence of this irreversible process 
on the damping characteristics and overall performance of the vibration isolation device. 
The calculations were performed for two initial phase states of the springs material: 
martensitic (at temperature of 300 K) and austenitic (at temperature of 380 K). 

The choice of a temperature of 380 K for the austenitic state (which is 20 degrees 
higher than the end temperature of the reverse transformation Af for the selected alloy) 
guarantees the full realization of the superelastic effect, as well as a temperature reserve 
necessary to compensate for the possible shift in characteristic temperatures 
(in particular, Af) due to the accumulation of MPD. Without this reserve, MPD could lead to 
incomplete reverse transformation upon unloading and, consequently, to the degradation 
of the pseudoelastic hysteresis. A further increase in temperature is impractical, as it would 
shift the hysteresis toward higher stresses. In this case, over a wider stress range, the 
springs would have a linear-elastic behavior, rather than a pseudo-elastic one, which would 
lead to a decrease in the damping capacity, since the main contribution to this 
characteristic is made by the dissipation of energy during the phase transformation. 

 
Determining resonance frequencies 

Of greatest practical interest is the system's behavior in the resonant mode, which is the 
most challenging for any vibration isolation device. However, due to the significant 
nonlinearity of the SMA deformation properties caused by phase transformations, 
analytical determination of the resonant frequency is impossible. Therefore, for each of 
the studied cases (with and without MPD, for each phase state), the resonant frequency 
was determined numerically. The method involved performing a series of calculations 
varying the frequency of the external excitation and then identifying the frequency 
corresponding to the maximum amplitude of the payload mass oscillations. 

The results of the numerical resonance identification procedure confirm the 
significant influence of microplasticity on the system's dynamic response. This is evident 
from the results presented in Fig. 2, which shows the dependence of the payload oscillation 
amplitude on the frequency of external excitation with an amplitude of 70 mm for springs 
in the martensitic state. The resonant frequencies, corresponding to the peak oscillation 
amplitudes marked by arrows, are distinctly different for the cases with and without 
accounting for microplasticity. This shift occurs because the accumulation of MPD alters 
the effective stiffness of the material. Consequently, to ensure a correct comparison of the 
damping capacity, the subsequent analysis of the system's performance is conducted at 
their respective resonant frequencies for each excitation amplitude. 

The simulation results presented on Fig. 3 confirmed a characteristic feature of materials 
with nonlinear deformation dependencies: the resonant frequency of a vibration isolation 
system with SMA springs depends significantly on the amplitude of the external excitation.  
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Fig. 2. Dependence of the amplitude of payload oscillation on the frequency of external excitation 
at a temperature of 300 K (martensite). The amplitude of external influence is 70 mm 
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Fig. 3. Dependences of the resonance frequency on the amplitude of the external excitation in the 
martensitic state, at a temperature of 300 K (a) and in the austenitic state, at a temperature of 380 K (b) 

 
It was found that for both initial phase states (austenitic and martensitic), taking 

MPD into account leads to a systematic decrease in the resonant frequency compared to 
the case where microplastic flow is not accounted (Fig. 3). This decrease is explained by 
the fact that microplasticity is an additional irreversible deformation mechanism that 
contributes to an increase in the overall deformation of the system and, consequently, a 
decrease in its effective stiffness. 

Importantly, the difference between the resonant frequencies in simulations with 
and without accounting of microplastic flow increases with increasing excitation 
amplitude. This fact is consistent with the physics of the process: at high amplitudes and, 
correspondingly, high stresses, the intensity of microplastic flow increases, enhancing its 
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contribution to the overall mechanical response. In contrast, in the martensitic state, at 
excitation amplitudes of 40 mm or less, the dependences for both cases are almost 
identical (Fig. 3(a)). This is explained by the fact that the developed stresses are 
insufficient to activate MPD, and its influence can be neglected. 

 
The influence of microplasticity on the deformation and force response of SMA springs 

Analysis of the data presented in Figs. 4 and 5 reveals a significant influence of microplasticity 
on the response of the vibration isolation device. Accounting for MPD leads to a reduction in 
both the spring deformation amplitude and the maximum stresses in the material. This effect 
demonstrates a clear dependence on the loading level: the difference in deformations and 
stresses between the two cases increases significantly with increasing external excitation 
amplitude. For example, with an excitation amplitude of 90 mm, the calculated 
deformation values in the model accounting for MPD are more than two times lower. 
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Fig. 4. Dependences of the strain amplitude on the amplitude of external excitation in the martensitic 
state (temperature of 300 K) (a) and in the austenitic state (temperature of 380 K) (b) 
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Fig. 5. Dependences of the stress amplitude on the amplitude of external excitation in the martensitic 
state (temperature of 300 K) (a) and in the austenitic state (temperature of 380 K) (b)  
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These results are explained by the fact that the energy expended on irreversible 
microplastic flow is diverted from the processes that determine elastic and phase 
deformation. As a result, the payload develops a smaller vibration amplitude, and lower 
stresses occur in the SMA springs. It's also worth noting that at small excitation 
amplitudes (up to 40 mm) in the martensitic state, the difference in strain and stress 
between the models becomes negligible (Figs. 4(a), 5(a)). This is consistent with 
previously obtained results — these amplitudes correspond to strains lying in the region 
of pure elasticity or elasticity with minor phase reorientation, which do not cause intense 
microplastic shear. 

The obtained results demonstrate that when designing vibration protection devices 
operating in modes that lead to the occurrence of MPD, taking this mechanism into 
account is necessary for accurately predicting the dynamic characteristics of the system, 
in particular, its resonant frequency. 

 
Evaluation of the effectiveness of SMA vibration protection devices 

A key advantage of SMA-based vibration isolation devices over systems with conventional 
elastic elements is their ability to adapt to changing loading conditions, specifically, to 
avoid resonant modes due to the nonlinearity of their deformation characteristics. 

In the austenitic state, nonlinearity is caused by direct martensitic transformation 
under load (pseudoelasticity). As Fig. 6 shows, with increasing deformation amplitude, 
the effective stiffness of the device, determined by the slope of the k₁ – k₃ lines for 
amplitudes of 2.5, 5, and 7.5 %, respectively, decreases significantly compared to the 
stiffness of a linear elastic element k₀ (with Young's modulus of austenite). 
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Fig. 6. Two-sided deformation of the TiNi alloy in 
the austenitic state (temperature of 380 K) 

Fig. 7. Two-sided deformation of the TiNi alloy in 
the martensitic state (temperature of 300 K) 

 
In the martensitic state, the nonlinear response arises from the reorientation of 

martensite variants. The two-way strain diagrams with amplitudes of 2.5, 5, and 7.5 %, 
shown in Fig. 7, are qualitatively similar to the strain curves of plastic materials. However, 
the fundamental difference is that deformation in the SMA is largely reversible. Analysis 
of the slopes of the secants k₁ – k₃ in the Fig. 7 also confirms a decrease in effective 
stiffness with increasing amplitude of deformation. 
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The identified nonlinearity forms a positive feedback loop that ensures system 
adaptation. If the frequency of the external excitation coincides with the natural 
frequency of the system, determined by the current effective stiffness, this leads to an 
increase in the oscillation amplitude. In a system with an elastic element, this would 
cause classical resonance. However, in a system with an SMA, increasing strain leads to 
a decrease in the effective stiffness, which, in turn, causes a change (decrease) in the 
system's natural frequency. As a result, the system "moves" away from the resonant 
frequency of the excitation, limiting the increase in oscillation amplitude. 

To quantitatively evaluate the advantages of the SMA for the vibration isolation 
system under consideration, a comparative simulation of forced vibrations was 
conducted. Three configurations were studied: with SMA springs in the austenitic and 
martensitic states, and, for comparison, with conventional linear elastic springs.  
The stiffness of these reference elastic springs was set equal to the initial stiffness of the 
austenitic SMA spring (prior to any stress-induced phase transformation), thereby 
providing a direct baseline for comparison. The excitation was applied with an amplitude 
of 50 mm in a frequency range of 1 to 6 Hz. 

The results, presented in Fig. 8, clearly demonstrate the superiority of SMA-based 
systems. The configuration with elastic elements exhibits a pronounced resonant peak 
with a sharp increase in the payload oscillation amplitude. Meanwhile, systems with SMA 
springs effectively suppress resonant phenomena, preventing a catastrophic increase in 
amplitude. Moreover, SMA springs in both austenitic and martensitic states, in almost the 
entire studied frequency range, show a higher efficiency of isolating the payload 
compared to a linear-elastic analogue. 
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Fig. 8. Dependences of the amplitude of oscillations of the payload on the frequency of the excitation with an 
amplitude of 50 mm for springs in the martensitic (blue), austenitic (red) states and for the elastic element (black) 

 
The conducted modeling allows for a comparative analysis of the effectiveness of 

SMA springs in various phase states. As Fig. 8 shows, in the frequency range above 2 Hz, 
the effective mass oscillation amplitude for springs in the martensitic state is 
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approximately half that of austenitic springs. This effect is explained by the lower 
effective stiffness and high damping in martensite, caused by the reorientation process. 

Therefore, when designing vibration isolation devices, it should be taken into 
account that the martensitic state is preferable for active vibration damping applications, 
where the key goal is to minimize vibration amplitude. However, if the priority is 
maintaining the geometry and self-centering of the structure after strong disturbances, 
operation in the austenitic state is essential. 

 
Conclusions 
This study developed a model of a vibration isolation device based on a TiNi shape 
memory alloy springs. Using numerical simulation, a comparative analysis of the system's 
performance was performed with and without MPD. The following key results were 
obtained: 
1. Accounting for microplasticity is critical for accurately predicting the resonant 
frequencies and damping characteristics of the device at significant loading amplitudes. 
It was shown that MPD leads to a systematic decrease in the resonant frequency and 
maximum spring deformations. The magnitude of this effect increases with increasing 
excitation amplitude. 
2. A threshold effect of MPD was established. At low amplitudes (up to ~ 40 mm in the 
martensitic state), its contribution to the overall system response is negligible, and the 
device's behavior can be adequately described without taking this mechanism into 
account. 
3. Comparative modeling demonstrated the significant advantage of SMA springs over 
linear elastic elements. SMA-based devices not only effectively suppress resonance but 
also reduce vibration amplitudes over a wide frequency range. It was found that the 
martensitic state provides maximum damping (the amplitudes are reduced by half 
compared to the austenitic state at frequencies above 2 Hz), while the austenitic state 
ensures self-centering of device. 

Thus, the presented model, which takes MPD into account, enables highly accurate 
prediction of the behavior of SMA-based vibration protection devices over a wide range 
of operating conditions and serves as an effective tool for their design. 
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