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Besides their structural complexity, the acoustic behavior of polymer-based poro-elastic layers is compli-
cated also due to their frequency dependent elasticity. In this work, we address the frequency and tem-
perature dependence of the elastic behavior in general, and the shear modulus in particular, of poro-
visco-elastic materials. The analysis is based on the monitoring of mechanically excited guided acoustic
wave propagation by means of a laser Doppler vibrometer scanning technique. The concept and practical
implementation of the experimental method are presented, as well as the signal processing procedure
and data analysis. Experimental data are presented for a polyurethane foam. The observed visco-elastic
behavior, complemented with dielectric spectroscopy data, is interpreted in the framework of two under-
lying relaxation processes.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The elasticity of porous materials plays a key role in their acous-
tic and mechanical behavior, which are crucial for many applica-
tions, such as acoustic absorption and vibration damping. Even in
the linear regime of elasticity, the relation between the bulk elas-
ticity of the polymer of which the frame of cellular materials con-
sists, and the effective, macroscopic frame elasticity is quite
complicated. With respect to the macroscopic shear modulus, for
not too high frequencies, the situation gets simplified, since the
(non-viscous) fluid filling the pores does not have to be taken into
account in the analysis. Quite some work has been performed on
the development of theoretical models connecting the elastic mod-
uli of the frame material in bulk form, the microscopic cell wall
dimensions and the microscopic morphology on one hand, to the
macroscopic elasticity on the other hand [1]. In a model proposed
by Gibson and Ashby [2], the relation between the macroscopic
frame’s Young’s (E) and shear (G) modulus on one hand, and the
Young’s modulus of the bulk material (Es) on the other hand, is
given by:
E;G � Es
q
qs

� �2

; ð1Þ

where the ratio between the volume density of the bulk material,
qs, and the frame density, q, make an important part of the propor-
tionality, expressing that the material softens with increasing
porosity.

An additional challenge that is encountered in this matter is
how to predict the macroscopic frame damping. Indeed, besides
the contribution to the acoustic wave attenuation for the airborne
wave of the porous morphology (imaginary parts of Biot parame-
ters [3] and attenuation due to scattering), which is mainly impor-
tant towards higher frequencies, also the contribution due to non-
zero imaginary parts of the elastic moduli of the frame is of high
importance for the global attenuation behavior. The latter contri-
bution relates to the visco-elastic nature of many frame materials,
in particular for polymer foams. Besides the technological interest
to understand and predict the effective acoustic attenuation and
effective elastic damping by the frame, starting from the visco-
elastic behavior of the bulk frame material and from the geometri-
cal frame parameters, the relation between the bulk behavior and
porous behavior is also quite intriguing from the physics point of
view. The phenomenology of the glass transition in bulk visco-elas-
tic materials is better and better understood, but much less
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Table 1
Material properties of the investigated Urecom� material.
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research has been done on the link between the bulk level and the
porous level. One could expect that the imaginary parts of the elas-
tic moduli follow the same trend as Eq. (1), but with some mixing
between the different moduli, due to the mixed motion on the
microscopic level.

In the following, we contribute to clarifying the behavior by
reporting on results for the temperature (245–301 K) and fre-
quency (1200–4400 Hz) dependence of the shear modulus of a
Urecom� (trademark of Recticel) poro-elastic layer of 5 cm
thickness.
Porosity / P0.95
Density q (96 ± 4) kg m�3

Tortuosity 1.5 ± 0.1
Flow resistivity r (400 ± 3) kN s m�4

Viscous characteristic length K (60 ± 7) lm
Thermal characteristic length K0 (119 ± 12) lm

0

50

100

150

200

c 
(m

.s
-1

)

1000 1500 2000 2500 3000 3500 4000
0

100

200

300

frequency (Hz)

α
=i

m
ag

(k
) (

m
-1

)

245 K
249 K
253 K
257 K
263 K
269 K
273 K
281 K
287 K
293 K
301 K

Fig. 1. Frequency dependence of the real part of the propagation velocity (top) and
the imaginary part of the wavenumber (bottom) of Rayleigh waves in Urecom�

polyurethane as function of frequency, for different temperatures.
2. Determination of the shear modulus of a poro-elastic frame
by guided wave propagation analysis

For the elastic characterization of the materials under study,
we have made use of guided acoustic waves, whose propagation
characteristics are closely connected with the material parameters
via known theoretical models [4]. In principle the acoustic waves
guided in our slabs of finite thickness are of the Lamb type. How-
ever, in the accessible frequency range between 1.2 and 4.4 kHz,
the longitudinal and shear acoustic wavelengths, and thus the
penetration depth of the guided waves, are significantly shorter
(less than 3 cm) than the layer thickness of 5 cm, so that the
waves are of the Rayleigh type, confined at the excitation side.
Since Rayleigh waves are not subject to geometry-related disper-
sion, any measured dispersion or damping can be considered to
be resulting from the intrinsic dispersion of the material. This fea-
ture makes Rayleigh waves more suitable than Lamb waves to
study viscoelastic material dispersion and damping, in spite of
the disadvantage that, contrary to Lamb wave dispersion analysis,
they do not allow to simultaneously determine the two moduli
(longitudinal/shear).

In earlier work we have shown that in the frequency range 1.2–
4.4 kHz) the propagation of guided acoustic waves, excited and
detected via the frame, is dominated by the frame properties, with
negligible influence of the Biot parameters or of the fluid [5]. It
turns out that for surface waves of the Rayleigh type, the wave
propagation velocity is mainly determined by the shear modulus,
and to a good approximation it can be considered independent of
the longitudinal modulus. The shear modulus is proportional with
the square of the shear wave velocity, with whom the Rayleigh
velocity is roughly proportional.

In our experimental setup quasi-monochromatic Rayleigh wave
burst packets were generated by means of a shaker. Their velocity
and damping were determined by analyzing the time of arrival Dt
and (average burst) amplitude A of free-running wave signals,
measured by means of laser-Doppler vibrometry, at different dis-
tances Dx from the source, over a range between 5 and 30 cm,
depending on the damping distance. The quality of the signal
was enhanced by placing (acoustically thin) retro-reflective stick-
ers along the path of interest. The time of arrival of a wave signal
was determined by cross-correlating it with the burst of 5–20
cycles. The burst signal was generated by an Agilent 33120A func-
tion generator which was amplified by a Bruel and Kjaer type 2706
amplifier and send to an LMS Qsources shaker. The velocity of the
waves was then determined from the slope of the linear curve of
Dx versus Dt. The damping was determined by fitting an exponen-
tial decay function to A(x). The analysis was done in the tempera-
ture range between 245 and 301 K and for frequency between
1200 Hz and 4400 Hz. As a result of the increasing wavelength
with decreasing frequency, the burst length below 1 kHz became
too long with respect to the maximum distance range between
the generation and detection site. Above 4.4 kHz, due to increased
damping, the signal-to-noise ratio was too weak for adequate
analysis.
The temperature of the sample was controlled by placing it in a
temperature controlled atmosphere, in which the sample surface
was optically accessible for the vibrometer via a window.

The material properties of the investigated Urecom� (trade-
mark from Recticel) material are listed in Table 1.
3. Temperature and frequency dependence of the phase velocity
of the real and imaginary part of the Rayleigh wave propagation
velocity

Fig. 1 shows the experimental results for the frequency depen-
dence of the phase velocity (a) and the attenuation coefficient (b)
of the Rayleigh wave along the 5 cm acoustically thick Urecom�

sample under investigation at different temperatures. The phase
velocity c (m/s) and the attenuation coefficient a (Np/m) are calcu-
lated from the measured (complex) wavenumber k as follows (e.g.
see [6]):

c ¼ Refx
k
g a ¼ Imfkg ð2Þ

where c is the phase constant in radians per metre (rad/m) and a is
the attenuation constant in Nepers per metre (Np/m).

Fig. 2 depicts the same data, but in the form of the temperature
dependence at different frequencies. Given that Poisson’s ratio for
this kind of material typically only varies between 0.20 and 0.25,
the Rayleigh velocity is roughly proportional with the shear
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Fig. 2. Frequency dependence of the real part of the propagation velocity (top) and
the imaginary part of the wavenumber (bottom) of Rayleigh waves in Urecom�

polyurethane as function of temperature, for different frequencies.

Fig. 3. Arrhenius plot of the relaxation frequencies of two rotational processes
(circles in SW and NE part of the figure) as determined by dielectric spectroscopy,
together with the frequency (squares) of the inflection point of the c(f) Rayleigh
velocity curve for Urecom� polyurethane.
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velocity, which in turn is proportional with the square root of the
shear modulus, so that the experimental data are also qualitatively
representative for the behavior of the shear modulus with temper-
ature and frequency.

To some extent, the phase velocity c behaves as expected. The
shear velocity, which is representative for the material’s shear stiff-
ness, increases with increasing frequency, while the material soft-
ens with increasing temperature. For a simple visco-elastic
material, one would expect S-curve like behavior with temperature
and with frequency, with a shifting declination point with chang-
ing frequency respectively temperature. For typical visco-elastic
materials, the asymptotic limits of all shifted S-curves are coinci-
dent, and the shift of the relaxation frequency (corresponding with
the declination point of c(f)) with temperature is very rapid.

The c(f) curves in Fig. 2 appear to have S-type behavior, how-
ever, the increase of the relaxation frequency with increasing tem-
perature is very small compared to classical Arrhenius or VFT
behavior [7]. Moreover, unlike classical visco-elastic materials,
the low- and high-temperature limit of the curves are not coinci-
dent. The latter observation could be ascribed to the small width
of the experimentally accessible frequency range, but the first
one requires a closer look. Due to the Kramers–Kronig relation,
the declination points of c(f) curves should go along with a maxi-
mum in the damping curves, here represented by the imaginary
part of the wave number. Fig. 1 does not show clear maxima,
though the experimental uncertainty prevents to exclude the pos-
sibility that weak damping peaks would be superposed on a rising
background.

In order to get a grasp on the observed behavior, we have also
performed dielectric spectroscopy measurements, which allow to
map the orientational relaxation behavior in a very wide tempera-
ture and frequency range. Two orientational processes were found.
The temperature dependence of the respective relaxation frequen-
cies are shown, together with the frequencies extracted from the
declination points of the acoustic data, in the Arrhenius plot in
Fig. 3. From this comparison, it is obvious that the characteristic
acoustic frequencies cannot be interpreted as relaxation frequen-
cies: their temperature dependence is totally different from the
relaxation frequencies of the 2 rotational processes. On the other
hand, the occurrence of two rotational relaxation processes with
very different temperature behavior, together with the typical
hard/soft copolymer–segment–structure of polyurethane elasto-
mers, infers that the mechanical/acoustical behavior is the result
of two very different types of microscopic elastic responses so that
single Debye behavior should not be expected, neither should it be
possible to perform temperature-frequency superposition and
rescale all data to one master curve .

One can expect that it would be possible to fit the temperature
and frequency dependence of the complex shear modulus, G(x,T),
extracted from the data by a combination of two Debye processes,
or, more probable, Havriliak–Negami, functions with VFT depen-
dence of the respective relaxation frequencies, as follows:

Gðx; TÞ ¼ G0 þ
DG1

1þ i x
x1ðTÞ

� �a1
� �b1

þ DG1

1þ i x
x2ðTÞ

� �a2
� �b2

; ð3Þ

with aj and bj the Havriliak–Negami parameters of the processes
(j = 1,2), xj(T) the angular relaxation frequencies, G0 the steady
state shear modulus, and DGj the relaxation strengths. xj,1 are
the high temperature limits of the angular relaxation frequencies,
Bj and T0,j are the parameters in the VFT relations:

xjðTÞ ¼ xj;1 exp � Bj

T � T0;j

� �
: ð4Þ

The knowledge of x1,rotation(T) and x2,rotation(T) from the dielec-
tric experiment could help to estimate their mechanical equiva-
lents x1(T) and x2(T), which are expected to be different from
the rotational angular frequencies only by a temperature indepen-
dent factor. However, given the large remaining number of
unknown parameters, and the narrow accessible frequency range,
it is in practice not straightforward to perform a reliable fit. Due
to very high damping, it is unlikely that alternative techniques
would allow to get reliable data above 4000 Hz. One possible
scheme could be to excite the sample with a comb-like transducer
with spatially periodic grating structure, and optically detect the
periodical wave package within the excitation region, as it is suc-
cessfully done in the impulsive stimulated scattering technique
that makes use of a laser-induced transient thermal grating [8].

Efforts are ongoing to extend the data to lower frequencies, by
making use of Dynamical Mechanical Thermal Analysis (DMTA) for
frequencies below 100 Hz down to 10 mHz, and resonant methods
spanning the range between 100 and 1200 Hz. Together with those
methods, the here proposed guided wave technique thus has the
potential to access almost 6 orders of magnitude in frequency,
which should be sufficient to reliably resolve the two distributions
of relaxation distributions underlying the global visco-elastic
behavior, and to unravel the two underlying types of microscopic
elastic responses.
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