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ABSTRACT

Thermomechanical couplings are responsible for the smart behavior of Shape Memory Polymers (SMPs). Ad-
ditionally to the shape memory effect, the strong and fast glass transition in this kind of material is directly
related to radical changes in the storage modulus and loss factor of the material. When integrated into composite
structures, these materials can be used to change in real time the global stiffness and structural damping. This
type of strategy opens new ways for vibration control which are currently investigated at FEMTO-ST institute.
Several applications of this concept are described, corresponding to various scales and frequency ranges. For each
of them, the design strategy based on finite element analysis is shown, taking advantage of thermomechanical
couplings to describe the various behaviors of the composite. Then, the prototypes are manufactured and tested.
Various complexity levels in the thermal fields are obtained through regulation, from homogeneous to gradient
or even heterogeneous so that many structural behaviors can be obtained and changed in real time. Illustrations
are shown on sandwich panels, phononic crystals and acoustic black holes. Open challenges are finally discussed.
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1. INTRODUCTION

Shape Memory Polymers (SMPs) have been widely investigated in the past years as they possess interesting
properties for smart applications. Due to their fast glass transition between the glassy and the rubbery state,
they exhibit a radical change in the storage modulus when the temperature is crossing this transition. This
provides the so-called memory effect which makes possible for the material to recover its initial shape when
the material is heated above the glass transition. This transition is well known in the context of viscoelastic
materials.»? Another effect which is much less investigated for SMPs is the very large loss factor which is
resulting from this fast glass transition.®* In the works presented here, it is proposed to take advantage of these
strong temperature dependency so that these materials can be used as part of composite structures for vibration
control. However, since the viscoelastic properties are dependent on both frequency and temperature,™> 6 it is
of first importance to take into account the temperature effects for the design of composite structures whose
damping properties are provided by polymer materials,” '' and the materials have to be chosen in adequacy
with the operating temperature ranges in order to guarantee the robustness of the design.!?

The composite structures proposed in this article fall in the adaptive structures family, that comes from active
control strategies.'® 4 Here the concepts may rather be qualified as semi-active'® 16 or simply adaptive, since
the characteristic time required to pass from one configuration to another (a few seconds) is much larger than
the periods associated to the dynamical effects to be controlled. Damping control is an important question which
can be addressed by smart structures'”'® with several strategies, among which magneto-elastic couplings,'” 19
or smart honeycomb composite cores based on shape memory polymers.2’ Thermal tuning is also a promising
way to control the mechanical properties,?' in particular with shape memory polymers or alloys?? 23 .

2. MATERIAL

All structures presented in this paper are based on tBA-PEGDMA?4 a shape memory polymer whose storage
modulus is around 2 GPa in the glassy state and below 1 MPa in the rubbery state, with a loss factor around
2.5 at the glass transition (close to 70°C at 1 Hz). An analytical thermomechanical viscoelastic model has been



identified, which provides all required relationships between the temperature and the mechanical properties of
the material.?* The complex temperature- and frequency-dependent modulus writes
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Here k = 0.17, h = 0.79, v = 1.43, 3 = 3.1 x 10*, i = \/—1, w is the angular frequency, Ey is the rubber modulus
when w — 0 and E is the glassy modulus when w — +0c0. 7 is the characteristic time, computed according to

the Time-Temperature Superposition principle by 7(T") = ar(T)7 with 79 = 2.13 x 107 s. The shift factor ar
is expressed by a Williams-Landel-Ferry (WLF) law:
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with C7 = 28.28, Cy = 12.5°C and Ty = 20°C.

This model has been implemented in a finite element code for the simulations.

3. SANDWICH PANEL WITH TUNABLE CORE

The first illustration is a sandwich panel made from aluminium skins and SMP core?®. This panel exhibits a
highly resonant behavior at ambient temperature, while homogeneous heating around 80°C leads to very flat
frequency responses in a wide frequency range (10 Hz to 10 kHz covering 10 modes). The measurements correlate
very well with the 3D finite element model, for the various temperature states investigated (see Fig. 1).

This was possible thanks to deep investigations on the thermomechanical properties of the material and
the identification of the associate model. 3D modelling of the multilayer composite was required as existing
zig-zag?% 27 models fail for very high damping levels as this is the case for the material used here.
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Figure 1. Temperature tuning of the core of a sandwich panel: frequency response functions (test/model correlation, left)

and 3D finite element model (right)



4. TWO-STATES ADAPTIVE PHONONIC CRYSTAL

As the storage modulus of the SMP is radically changed between the glassy and the rubbery states, it becomes
possible to design two-states systems. This has been recently applied for the tuning of the stiffness of a phononic
crystal built with composite slots, made from aluminium cylinders with SMP interface to the host plate®® (see
Fig.2). This structure hence possesses two radically different states: at ambient temperature, a classical stop-
band behavior is obtained, while when heated above the glass transition, a bare plate behaviour is measured,
allowing all waves to travel freely in the host plate.

Figure 2. View of the phononic crystal with the adaptive SMP interface
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Figure 3. Ilustration of the principle of the two-states phononic crystal (dispersion diagrams and vibration response of
the finite structure). At 25°C, the structures is a phononic crystal with a classical stop-band band, while the phononic
aspect is removed at 90°C with a behavior very close to a bare plate.

The model-based design of such a metamaterial requires the ability to compute dispersion diagrams for struc-
tures with dissipative and frequency-dependent properties, which is only possible with very specific techniques.?’
As for the previous case, the experimental validation was performed with uniform heating of the material. To
this end, a thermal chamber is used and the measured behaviours are in accordance with the simulation results
shown in Figure 3.

5. ACOUSTIC BLACK HOLES WITH TUNABLE PROPERTIES

The last example associated to homogeneous temperature field is a beam with an Acoustic Black Hole (ABH)
termination. This termination has a varying thickness so that the bending waves velocity decreases when
approaching the end of the beam. Their energy can hence be dissipated with a damping layer. The corresponding
damping level plays a major role in the efficiency of the ABH. The heating of the SMP layer provides an easy
way to reach the optimal configuration®’, so that incoming waves can be efficiently absorbed by the ABH (see
Figure 4). In this case, analytical models were used both for the beam and the material using RKU3! model

combined with the material model described above in the paper.
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Figure 4. Reflection coefficient of an acoustic black hole termination on a beam (left) and input mobility of the beam.
The model correlates well with the experiments, and the frequencies of the minimum of the reflection coefficient (ie. the
location of the maximum absorption) can be tuned with the temperature.

6. LOCAL CONTROL OF DAMPING AND STIFFNESS IN MULTILAYERED
COMPOSITES

Much more complex configurations can be obtained by performing local heating of the SMP: very heterogeneous
temperature fields can easily be used to provide very heterogeneous mechanical properties, in terms of stiffness
and damping. This has been used to obtain unusual compromises between stiffness and damping in composite

panels with SMP cores®?
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Figure 5. View of the thermal fields obtained on a multilayered composite structure, providing heterogeneous mechanical
properties, and associated measurements of the averaged FRF over the structure. The colors on the mapping correspond
to the temperature fields measured by infrared thermography, for temperature sets 1, 2 and 3 from top to bottom,
respectively.



This kind of structure includes heating devices in the composite structure. They are made of copper tracks
printed on one of the layer. Joule effect is used to heat the core, and PID-based temperature regulation provides
the heterogeneous mechanical properties field with the embedded temperature sensors. The design of such
structures requires the precise knowledge of the temperature field in the core: copper tracks size is defined
according to thermal simulation, from which the mechanical properties of the SMP are defined and used in
a 3D finite element of the composite structure. Then, optimization procedures are required to find optimal
configurations corresponding either to best static (set 1) or dynamic properties (set 2), or a compromise between
the two (set 3).

7. LOCAL CONTROL OF DAMPING AND STIFFNESS IN MULTILAYERED
COMPOSITES

The concept has been recently extended to the ABH?? (see Fig.6), providing a clear illustration of the concept
of critical coupling thanks to the gradient of the mechanical properties, obtained with the ABH termination
equipped with a thermal controler layer and a SMP patch.

Figure 6. View of an ABH termination equipped with a thermal controler layer and an SMP patch (left) and example of
gradient that can be obtained (right)

8. CONCLUSION

This paper reviews several recent applications of model-based concepts involving thermal control for structural
dynamics applications. The key element is the SMP wich renders possible to obtain highly rigid or soft, highly
damped or not configurations. Frequency and temperature-dependent material models are required, before being
used in 3D models combining thermal and mechanical simulations. Experimental validation requires local heating
strategies, that can be obtained with printed copper tracks and Joule effect. When fast changes are required,
this technique is however limited to heating and has a poor efficiency for cooling, which currently constitutes a
limitation in terms of time response for real-time applications.
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