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Abstract:

Background:

The increasing use of composite structures with a high stiffness-to-weight ratio in commercial vehicles has brought about a reduction
in fuel consumption but, on the other hand, has significantly increased noise transmission particularly in case of thin and lightweight
structures. Noise is a primary issue for commercial vehicles, such as airplanes, helicopters and cars. The present research deals with
the use of smart materials, as Shear-Thickening Fluids (STF, or dilatants) in view of manufacturing elements with increased sound
insulation properties.

Methods:

The response of a sandwich material with the STF core was investigated both experimentally and numerically, by choosing the
Sound Transmission Loss (S7L) of the composite structure as the figure of merit.

The experimental investigation was focused on the manufacturing of a sandwich structure made of metallic skins and a STF core that
was successively characterized by sound insertion loss measurement.

The numerical investigation was carried out by using a Generalized Transfer Matrix Method (GTMM) and a Statistical Energy
Analysis (SEA) in view of selecting the fluid capable of granting the highest acoustic transmission loss.

Results:

Finally, the test results were compared to the numerical results, showing a noticeable agreement. The used STF showed increasing
viscosity at increasing shear rates.

Keywords: Vibroacoustics, SEA, Rheology, Non newtonian fluids, Nanocomposites, Master curve.

1. INTRODUCTION

The use of shear thickening fluids (STFs or dilatants) in Stab-resistant and impact absorbing applications has been
thoroughly studied in recent years [1]. These Non-Newtonian fluids present an abrupt increase in the apparent viscosity
with the imposed shear rate and can therefore be successfully used for the manufacturing of passive smart materials,
advanced composite systems capable of altering their constitutive law basing on the applied stress/strain field.

From a microscopic perspective, this transition is caused by the flocculation of the particles that, when the imposed
shear rate reaches a critical value, flocculate and form complex aggregates known as hydroclusters. By altering the
composition of these fluids in terms of carrier fluid, filler and filler concentration, from a macroscopic point of view,
this structural modification induced as a byproduct of a certain strain field and a certain regular frequency spectrum can
be used to calibrate the vibration dampening properties of these materials and, as consequence, their sound insulation

* Address for correspondence to this auther at the Pegaso University, piazza trento e trieste, Napoli, Italy, Tel: +081191383; E-mail:
FRANCESCO.FABBROCINO@UNIPEGASO.IT

1874-088X/18 2018 Bentham Open


http://benthamopen.com
http://crossmark.crossref.org/dialog/?doi=10.2174/1874088X01812010014&domain=pdf
http://www.benthamopen.com/TOMSJ/
http://dx.doi.org/10.2174/1874088X01812010014
mailto:FRANCESCO.FABBROCINO@UNIPEGASO.IT

Novel Approach to The Design of Sound Insulating The Open Materials Science Journal, 2018, Volume 12 15

properties.

From a Vibroacoustic perspective, particularly for coupons with increased sound insulation capabilities, the peculiar
vibration dampening properties of STFs can be best employed by recurring to sandwich structures in constrained layer
damping configuration (CLD), where the STF is interposed as the core of the sandwich structure and the outer skins are
made of a much stiffer material, such as Aluminum.

In fact, there is a nontrivial difference from the extensional layer damping configuration, in which the polymer is
used as the outer skin and undergoes extensional strains only.

On the other hand, in this structural configuration, the outer skin impacted by sound pressure energy induces really
high shear strains in the core of the sandwich, as the value of its storage modulus is orders of magnitude lower than that
of the top/bottom layers [2].

The shear strains are converted into heat by the core undergoing the aforementioned microstructural
transformations, reducing therefore the sound radiating from the opposite skin.

The feasibility of the use of STFs for low regular frequency vibration damping of sandwich systems was already
proved in previous researches [3, 4]. However, to the best of our knowledge, there is a lack of sound insulation
characterization for STFs and, in general, for sandwich systems comprising Non-Newtonian cores. One of the main
issues related to the choice of these materials derives from the lack of tools capable of measuring the rheological
properties of Non-Newtonian fluids at acoustically relevant frequencies (i.e. 1-20 kHz).

In fact, the most commonly available rheometers and DMTA systems allow users to perform measurements at
frequencies, generally speaking, lower than 400 Hz and, in particular, for rheometers, this value is lower, attesting in
most cases at 20 Hz. On the other hand, commonly used time-temperature superposition techniques, such as the WLF,
were initially brought forward for Creep compliance and Stress relaxation measurements and typically do not provide
satisfactory data for acoustic phenomena [5].

Furthermore, most Non-Newtonian fluids are characterized by a Continuous relaxation spectrum with a wide band
of relaxation times, that complicates the extrapolation of the high regular frequency response even by recurring to more
numerically complex techniques [6]. This problem is even more concerning for STFs, that present an anomalous
behavior, when compared to simpler Non-Newtonian fluids [7], as the effects of shear strains and regular frequency
cannot be superimposed and they require more complex rheological characterization because of secondary rheological
phenomena [8].

In light of the aforementioned critical points, during the first part of this work we choose to adopt a different
approach for the modeling of the acoustic constitutive law of our samples. We used numerical methods derived from
optics [9], in order to extrapolate the high regular frequency response of our samples basing on the available low regular
frequency data only.

We carried out this analysis with an optimized [10 - 12] combination of fillers and carrier, and we varied the filler
concentration.

During the second part of this research work we focused instead on the numerical modeling of the sound insulation
properties of the fully assembled CLD sandwich.

In particular, we modeled the Sound Transmission Loss (S7L) by using a Statistical approach that takes into account
the modal contribution of the various natural modes manifested by the vibrating coupon.

For the constitutive law used in the model, we recurred to the previously extrapolated high regular frequency
rheological data as a tool to obtain the discrete relaxation spectrum of the STF and a Maxwell-Boltzmann constitutive
law, where each relaxation time and peak corresponds to a certain combination of spring-dashpot present in a certain
branch of the model.

Finally, we compared the results obtained by varying the filler concentration with a well-known in acoustics and
less refined model (Generalized Transfer Matrix Method - GTMM) and we validated our model by comparing the
results for both models with sound insertion loss data.
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2. MATERIALS AND METHODS

2.1. Rheological Analysis

During the first part of the experimental campaign, we focused on the manufacturing of the rheological samples and
on the definition of an experimental protocol to produce rheologically coherent data, necessary for the following
calibration of the acoustic constitutive behavior.

The selected STF was a Polyethylene glycol (Sigma Aldrich PEG200) with fumed silica (Sigma Aldrich 12 nm) at
different amounts: 20-25-30-35-40 weight-to-weight ratios (wt) according to [13]. In the following, this value will be
always implicitely expressed as a percentage. Silica nanopowder was initially dispersed in ethanol, then PEG was added
and the resulting dispersion was heated at 80 °C and magnetically stirred up to solvent complete evaporation.

The prepared nanocomposite STF were then characterized by means of a strain rate—controlled rheometer. (Malvern
Kinexus LabPro+ rheometer). The fixture was a conical plate. All the samples (volume=0.25 ml) were tested at 25 °C
with a 0.8 mm gap under the plate.

In previous works [4, 14] it was demonstrated that STFs do not obey to the rule of Delaware-Rutgers and, therefore,
the low strain rheological analysis cannot be carried out by means of a single parameter combining both the oscillation
angular frequency and the oscillation amplitude [15] (i.e. dynamic shear strain y =y, * sin (wf) or a dynamic shear rate

V=V * w)
During the first phase of the rheological experimental campaign, we focused on the strain sweep analysis at a
constant angular frequency (to cite a few, [16, 17]).

This first analysis allowed us to identify the shear rate associated with the linear viscoelastic behavior of the fluid
(identifiable by the approximately linear region of the G’ spectrum).

To this aim, all the samples were pre-conditioned for 1 minute at a constant strain rate of 1s”, in order to remove
pre-existing stress fields. Subsequently a 2-step oscillatory rheological analysis was carried out.

First of all, the angular frequency was fixed at different values and a shear strain sweep was carried out, to evaluate
the storage and loss moduli for all the samples. The testing angular frequency was 100 rad/s for all samples.

Finally, we carried out an angular frequency sweep analysis with a shear strain imposed. This parameter
corresponds to a value slightly inferior to the upper bound of the preliminarily evaluated linear viscoelastic region. This
value is highly dependent on the filler concentration and must be therefore derived from the first analysis.

2.2. Acoustical Analysis

For the evaluation of the sound insulation properties of the STFs, we used a sandwich in constrained layer damping.
The outer skin of these coupons were made of aluminum and the core was made of the Non-Newtonian fluid.

More in detail, each STF sample was inserted between two 470mm x 340mm aluminum Al6060 skins Table 1, to
form a 3 mm thick core (Fig. 1).

Fig. (1). Acoustical sample preparation: The stf core (white paste) is interposed between two aluminum skins.
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3.2. Extrapolation of the Rheological Properties at Higher Frequencies

Commonly available laboratory rheometers, such as ours, allow users to evaluate the rheological properties of fluids
at angular frequencies lower than 100 rad/s.

Consequently, the dependence of the shear moduli of our fluids with angular frequency can be measured directly
only up to this upper bound. On the other hand, acoustically relevant regular frequencies in most noise control
applications span between 20 Hz and 20000 Hz. Therefore, it was necessary to extrapolate the shear moduli by means
of a Rheogram (i.e. a Master curve) at higher frequencies. Previous works show that the calculation of the discrete
relaxation spectrum can be used to evaluate the shear moduli outside of the regular frequency range actually taken into
account in the rheological tests.

In particular, we wanted the acoustic constitutive behavior of the STF by means of a complete yet computationally
inexpensive law. We choose a Maxwell- Boltzmann generalized approach [18], where each branch of the model can be
traced back to a certain main relaxation time of the discrete relaxation spectrum of the STF.

In order to extrapolate these values, it was necessary first of all to solve the nonlinear regression of the spectrum
from the shear moduli. This is a hill-posed problem, known in mathematics as Tikhonoff inverse regression.

This problem revolves around the resolution of an integral equation, known as Fredholm’ s integral equation, where
the terms indicated by the subscript o, are experimental values obtained by rheological measurements, therefore
affected by an unknown error.

3.3. Equation 1 — General Form of the Target Function
Where:

A denotes the regularization parameter of the target function;.
G, G are respectively the theoretical storage and loss moduli;
G, G, are respectively the experimental storage and loss moduli;

ai>

o, o, denote respectively the errors on the storage and loss moduli;
e H denotes the continuous relaxation spectrum with relaxation times .

The constraints linking the shear modulus to the loss modulus derive from Kramer’s-Kronig integral equations:

3.4. Equation 2- Kramer’s-Kronig Integral Equations

In approximate terms, more useful for the following numerical modeling:

3.5. Equation 3- Kramer’s-Kronig Integral Equations (Finite Summation)

Where:

¢ o denotes the angular frequency;
e G, G’ denote the relaxed storage and loss moduli;
® /i, w, denote the associated terms of the discrete relaxation spectrum.

Both the spectral and differential terms under the integral were changed to 10"“d(In(w)), in order to ease
convergence [19].

The regularization problem was solved by using Weese’ s algorithm [20, 21]. In order to obtain highly resolved
spectra, the experimental data was preliminarily discretized by recurring to Kontogiorgos’ method [22, 23], therefore by
preliminarily creating a meshgrid of the kernel data in MATLAB.

3.6. Validation of the Proposed Approach

The numerical approach proposed in the previous paragraph was applied to the data extrapolated by the angular
frequency sweep analysis Figs. (5 and 6).
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Fig. (15). Results comparison for the various samples (A-E)

The IL experimental results are in a good agreement with the new SEA model, even though there is a discrepancy at
higher frequencies. The discrepancy is lower before f. for the GTMM model and above the f, for the SEA model. The
difference at higher frequencies for both the models can be ascribed, first of all, to the numerical extrapolation of the
shear moduli, that becomes more and more unreliable at higher frequencies, especially with fluids with a higher wt (i.e.
wider relaxation band and higher non-linearities). Secondarily, SEA models, and statistical approaches as a whole, need
a sufficiently large population to provide accurate results and, therefore, need a higher number of modal contributions
(i.e. higher frequencies).

However, the discrepancy between SEA and IL data is always lower than 6%.

CONCLUSION

The objective of this work was the study of the sound insulation properties of shear-thickening fluids, fluids
characterized by a viscosity that increases with the instantaneous shear rate.
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These Non-Newtonian fluids were used for the manufacturing of sandwich panels in constrained layer damping
configuration.

The first part of this work was focused on the analysis of the linear viscoelastic region for these materials, by means
of a 2-step rheological analysis. Successively, the data obtained was used for the extrapolation of the continuous
relaxation spectrum and to calculate the discrete relaxation spectrum (i.e. relaxation times and their associated peak
values) and, therefore, to model the acoustic constitutive behavior of these materials.

Secondarily, the sound insulation properties of the sandwich panels were measured by means of sound insertion loss
measurements.

Finally, modeled the sound insulation properties of our materials by means of a SEA numerical approach and we
compared the obtained results with both the experimental results and with the GTMM, a well-established numerical
approach for Vibroacoustic phenomena in the current literature.
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