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Abstract: We present linear viscoelastic measurement on a large frequency range (10?%to 10® Hz) for
cross-linked polymer open cell foams of same density and different pore size. This extend of frequency
range is obtained by the validation of Time-Temperature Superposition (TTS) principle, commonly
used with polymers. At higher frequencies, the shear moduli are independent on the pore size. In
acoustical insulation range (1Hz-16kHz), the shear moduli decrease with the foams pore size.

PACS numbers: 43.35. Mr, 43.50. Gf, 43.20. Ye

1. Introduction

The use of cellular materials based on polymers foam shows an increase interest these last decades, particularly
in automotive industry for acoustic absorption'. Several methods for mechanical characterisation in the linear
domain were developed. Three principal measurement techniques can be currently distinguished:

e quasi-static methods, limited to low frequencies; they offer an excellent frequency resolution?,

e dynamic methods, based on sample resonance; they make it possible to cover an important frequency
range but with a poor frequency resolution, moreover fluid-structure coupling effects cannot be
neglected when measurements are not carried out in vacuum’,

e acoustic methods, based on acoustical excitation and Rayleigh wave velocity measurements®.

An alternative to extend a frequency range measurement with an enhanced resolution is the use of Time-
Temperature Superposition (TTS) principle, largely validated on polymers™®. Indeed, H. LEADERMAN’ noted
that the behaviour of a viscoelastic material at high temperature and short time is equivalent to its behaviour at
lower temperature and longer time. Thus, increasing temperature and reducing frequency (or inversely) is a
similar operation for these materials. In another word, this principle is based on the equivalence of temperature
and frequency variations of some physical variables, such as shear moduli or viscosity. The application of TTS
leads to a master curve, considered at a reference temperature T,.;, where the frequency is considerably extended

by multiplying the frequency with a shift factor @, depending on the temperature. However the TTS principle

cannot be applied to all materials. It is not possible to determine a priori if a material satisfy this principle before
carrying out the test. Usually, TTS principle is not satisfied when two relaxation of different nature occur on the
studied frequency range’. More details on this approach and on the master curve building can be found in
previous papers.”’*

Recently, the TTS method is partially validated, on a reduced frequency range, by SFAOUI’, then ETCHESSAHAR®
on polymer foams. In the present work, we extend this method for open-cells foams to a wider frequency range
(from 107 to 10® Hz). Actually, we analyse the effect of pore size on the linear viscoelastic properties of open-
cells foams with same density and based on the same cross-linked polymer.

2. Material and method

A full open cell foams are provided by Recticel® company. We selected 4 references from Bulpren® S family
based on cross-linked polyurethane and used as heat or acoustic insulators. The samples have the same chemical
composition, the same porosity (0.98) and the same mass density (29 to 31 kg/m’). They only differ by their pore
size: S20 (1.01-1.69 mm), S30 (0.72-1.01 mm), S60 (0.39-0.5 mm), S90 (0.27-0.32 mm). For rheological
measurements, cylindrical samples (diameter 45 mm, height 10 mm) were carefully cut.

Dynamic measurements of complex shear modulus G * were carried out with a commercial apparatus from
Rheometrics Scientific (RDA2) equipped with a heating and cooling oven. The choice of a non-resonant torsion
technique ensures an excellent frequency resolution and allows simplified assumptions: non coupling fluid-
structure effects, Poisson’s ratio V' is real and independent of the frequency'’. To avoid any slip phenomenon,
polyurethane foam samples are stocked by a two-sided adhesive tape between the two parallel aluminium plates.



The upper side of samples remains fixed and is connected to a torque sensor. The lower side of samples is
harmonically excited in torsion mode with a constant and controlled angular frequency o: 7/(t ) =% sin(at) .

}/(t ) is the imposed strain and ¥, the fixed imposed strain amplitude. From the torque we deduce a tress
o (l‘ ) = 0, sin(wt + 0) where O is the stress amplitude and O the phase angle. The stress equation can be
written as o(f)= G’ (a))7/0 sin(at) + G"(w)y, cos(awt) where G'(w) and G"(@) represent respectively
the elastic and loss shear modulus. It reads than, at a given temperature, these moduli depend only on frequency
and are directly connected to the amplitudes O jand ¥;as well as to the phase angle O by the following

equation:
G*(w) =G (@) +iG" (@) with G'(@)=2Ccos(6) and G"(w)="Csin(5) (1)
0 0
where i is the complex number (i> = —1).

Measurements were repeated at various temperatures T ranging from 20°C to -25 °C. A latency of 10 minutes is
necessary before each temperature measurement in order to guarantee temperature homogeneity in sample. At
each temperature, the frequency sweep was fixed between 0.016 and 16 Hz in the linear regime’ where material

response remains independent of applied shear strain ,,. Master curves of shear moduli were obtained using

time-temperature equivalence principle at T,.;= 20°C.

3. Results and discussion

The shear moduli are plotted versus frequency on figure 1 for the sample S20 at different temperatures above the
glass transition of the polyurethane (T, = -25 °C). Either the elastic (G”) and the viscous (G") modulus show a
smezlll dependency on the explored frequency range. In maximum, the moduli are increased by a factor 5 between
10™ and 20Hz.

Figure 2 presents master curves at a reference temperature T,=20 °C for all Bulpren S foams of this study. The
construction of master curves is obtained by multiplying the frequency by a factor ar and the moduli by a factor
br. The factors ar (not chosen) are close the one obtained in previous study® and are independent of pore size. by
are close to unity and reflect the mass density change with temperature.

All foams show a similar dependence in the range of explored frequency. In particular, at high frequencies, the
moduli are identical and independent on the pore size. Since the density of all foams tested here are equal, the
moduli at high frequency depend on the volume fraction of the polymer. There is no effect of the macroscopic
structure (various pore sizes for various foams) but only response of polymer which composes skeleton and is
identical for the foams

At low frequencies (1 Hz — 16 kHz), the shear moduli decreases slightly with the increase of the pore size of
foams. The dependence of the elastic modulus G’ versus the pore size of the foams, at lower frequency, is
reported in the insert of figure 2. Similar observations were reported in the literature but the opinions steel
diverges on how the elastic modulus of foams should depend on the pore size'"'>. We may mention that in the
range of the explored pore size of foams in this study, there is no significant difference between previous models
in adjusting our experimental values. In our case, we found that G~ at lower frequency may be related to the
foams pore size by a simple empirical power law:

G'ec l/ \/ poresize )

4. Conclusion

In this work, complex shear modulus G * was determined on a large frequency range (from 10 to 10° HZ) by
using a quasi-static method coupled with time-temperature superposition principal. The TTS principle was
generalized here to cross-linked polymer open-cell foams and on a large frequency range. We show that TTS is
useful with the studied polymer foams since the accurate of measurement is increased. The construction of shear
moduli master curves reveals that a) at high frequency, G’ and G” are independent on the pore size of foams with
identical mass density since the moduli depend on the skeleton of foams at high frequency, b) at low frequencies
(1 Hz — 16 kHz), G’ and G” decrease with decreasing frequency and more rapidly when the pore size of foams
increases.
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Captions of figures

Figure 1.

Figure 2.

(a) Real part G” and (b) imaginary part G" of shear modulus of Bulpren S20 foam, subjected to
a strain of 0.05%, at various temperatures as indicated in the figure.

Master curves for whole Bulpren S foams: Real G’ (closed symbols) and imaginary G" parts

(open symbols) of shear moduli, at reference temperature 7, . = 20°C . The insert represents

the elastic shear modulus G’ (at 10 Hz) versus mean of pore size in a semi log scale. The
solid line represents Eq. (2).
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