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ABSTRACT:

The propagation of ultrasonic waves in polymers depends on their viscoelastic behaviour and density, resulting
significantly affected by phase transitions occurring with changing temperature and pressure or during chem-
icalreactions. Therefore, the application of lowintensity ultrasound, acting as a high frequency dynamicmechan-
ical deformation applied to a polymer, can monitor the changes of viscoelastic properties associated with the
glasstransition, the crystallization, the physical or chemical gelation, the crosslinking. Thanks to the non-destruc-
tive character (due to the very small deformation amplitude), low intensity ultrasound can be successfully used
for polymer characterization. Moreover, this technique has a big potential as a sensor for on-line and in-situ
monitoring of production processes for polymers or polymer matrix composites. Recently, in the laboratory of
Polymeric Materials of Lecce University a custom made ultrasonic set-up for the characterization of polymeric
material, even at high temperatures, has been developed. The ultrasonic equipment is coupled with a rotation-
al rheometer. Ultrasonic waves and shear oscillations at low frequency can be applied simultaneously on the
sample, getting information on its viscoelastic behaviour over a wide frequency range. The aim of this paper is
to present the potential and reliability of the ultrasonic equipment for the ultrasonic dynamic mechanical analy-
sis (UDMA) of both thermosetting and thermoplastic polymers. Three applications of UDMA to different poly-
meric systems will be reviewed, concerning the cross-linking of a thermosetting resin, the crystallisation from
melt of a semicrystalline polymer and the water sorption in a dry hydrogel film. From the ultrasonic velocity and
attenuation measurements, the viscoelastic properties of the tested polymers are evaluated in terms of com-
plex longitudinal modulus and compared with the results of conventional dynamic mechanical analysis, carried
out at low frequency.

ZUSAMMENFASSUNG:

Die Ausbreitung von Ultraschallwellen in Polymeren hangt von ihrem viskoelastischen Verhalten und der Dichte
ab, was in eine signifikante Abhangigkeit von Phaseniibergangen, die von Temperatur- und Druckdnderungen
wahrend chemischer Reaktionen beeinflusst werden, resultiert. Daher kann die Anwendung von Ultraschall-
wellen mit niedriger Intensitat, die als eine hochfrequente dynamisch-mechanische Deformation auf das Poly-
mer wirkt, die mit dem Glasiibergang zusammenhéngenden Anderungen der viskoelastischen Eigenschaften,
die Kristallisation, die physikalische oder chemische Gelbildung und die Vernetzung aufzeichnen. Wegen des
nichtdestruktiven Charakters aufgrund der niedrigen Deformationsamplitude konnen die Ultraschallwellen mit
niedriger Intensitdt als Methode zur Polymercharakterisierung erfolgreich genutzt werden. Dariiber hinaus
besitzt diese Methode ein grosses Potential als Sensor fiir die on-line- und in-situ-Beobachtung bei der Verar-
beitung von Polymeren und Polymermatrixkompositen. Vor kurzem wurde in dem Laboratorium fiir polymere
Materialien an der Universitat Lecce eine Ultraschallapparatur fir die Charakterisierung von polymeren Mate-
rialien nach Kundenangaben entwickelt, die auch flir hohe Temperaturen geeignet ist. Die Ultraschallapparatur
ist mit einem Rotationsrheometer gekoppelt. Ultraschallwellen und niedrigfrequente Scheroszillationen kon-
nen gleichzeitig auf die Probe angewandt werden, um Informationen tiber das viskoelastische Verhalten iiber
einen breiten Frequenzbereich zu erhalten. Das Ziel dieses Artikels ist, das Potential und die Zuverlassigkeit der
Ultraschallwellenausbreitung als eine neue Technik fiir die dynamisch-mechanische Analyse mit Ultraschall
(UDMA) von hitzehartbaren und thermoplastischen Polymeren vorzustellen. Drei Anwendungen von UDMA auf
verschiedene polymere Systeme werden gezeigt, wobeidie Vernetzungeines hitzehartbaren Harzes, die Kristalli-
sation aus der Schmelze eines teilkristallinen Polymers und die Wasseraufnahme eines trocknen Hydrogelfilms
betrachtet werden. Aus der Ultraschallgeschwindigkeit und den Dampfungsmessungen werden die viskoe-
lastischen Eigenschaften (d.h. der komplexe Dehnmodul) der Polymere ausgewertet und mit den Resultaten der
konventionellen dynamisch-mechanischen Analyse verglichen, die bei niedrigen Frequenzen durchgefiihrt
wurde.

RESUME:

La propagation d’ondes ultrasonores dans les polyméres dépend de leur comportement viscoélastique et de leur
densité. Elle est significativement affectée par les transitions de phases qui prennent place lorsque la tempéra-
ture ou la pression est changée, ou lors de réactions chimiques. Ainsi, 'application d’ultrasons de basse inten-
sité, agissant comme une déformation mécanique dynamique de haute fréquence, peut mesurer les change-
ments de propriétés viscoélastiques associées avec la transition vitreuse, la cristallisation, la gélation chimique
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ou physique, la réticulation. Grace a son caractére non destructif (due a une amplitude de déformation trés peti-
te), la technique d’ultrasons de basse intensité peut étre utilisée avec succés pour la caractérisation de poly-
meéres. De plus, cette technique a un fort potentiel en tant que capteur pour un contréle in-situ des procédés de
mise en ceuvre des polyméres ou des composites de matrices polymeéres. Récemment, dans le laboratoire des
matériaux polymériques de I’'Université de Lecce, un appareillage expérimental ultrasonique a été développé
pour la caractérisation des matériaux polymériques, méme a hautes températures. L'équipement ultrasonique
est couplé a un rhéometre rotationel. Les ondes ultrasonores et les oscillations de cisaillement a basses fré-
quences peuvent étre appliquées simultanément a I’échantillon, obtenant ainsi une information sur son com-
portement viscoélastique sur une large gamme de fréquences. Le but de cet article est de présenter le potentiel
et la fiabilité de la propagation d’ondes ultrasonores en tant que nouvelle technique pour I'analyse mécanique
dynamique ultrasonore (UDMA) de polyméres thermosets et également thermoplastiques. Trois applications
de 'UDMA a des systémes polymériques différents vont étre revues, en ce qui concerne la réticulation de résines
thermosets, la cristallisation a partir de I'état fondu d’un polymére semi-cristallin, et la sorption de I'’eau dans
un film sec d’hydrogel. A partir des mesures de la vélocité et de I'atténuation ultrasonores, les propriétés visco-
élastiques des polyméres testés sont évaluées en termes de module complexe longitudinal et sont comparées
avec les résultats de I'analyse mécanique dynamique conventionnelle réalisée a basses fréquences.

Key woRrbps: ultrasonic wave propagation, dynamic mechanical analysis, viscoelastic properties, curing,

crystallization, water sorption

1 INTRODUCTION

The relatively simple equipment for the genera-
tion and detection of ultrasonic waves and the
non-destructive character of smallamplitudes of
vibrations make ultrasonic wave propagation
very useful for non-destructive inspection, e.g.
for detecting internal flaws, measuring thick-
ness, monitoring the extent of corrosion [1, 2].
Ultrasound is routinely used also in medical
imaging and diagnostics anditisfindingincreas-
ing use in the food industry for both analysis and
processing of foods [3 - 5].

Beside the extensive use for non-destructive
inspection, ultrasonicwave propagation has also
a potential as a characterization technique of
materials, especially polymers. In polymers, the
propagation of ultrasonic waves is determined
by their viscoelastic properties and density and is
affected by phase transitions occurring with
changing temperature and the other external
factors.

Therefore, the application of ultrasound,
acting as a high frequency oscillatory excitation
applied to the material, is able to obtain infor-
mation on the polymer viscoelastic behaviour
and can be considered as a high frequency exten-
sion of dynamicmechanical analysis [6 - 8]. Ultra-
sonic tests can detect both the macroscopic and
microscopicstructural changesoccurringin poly-
mers by monitoring their viscoelastic behaviour
during glass transition, cross-linking, crystalliza-
tion, physical or chemical gelation. Due to the
high frequency and small amplitude of the peri-

odicoscillations applied to the sample, the ultra-
sonic dynamic mechanical analysis is concerned
with the small scale mobility of short chain seg-
ments, which generally does not involve the
entanglements [9].

However, the application of the ultrasonic
technique for polymer investigation has been
limited by the insufficient long term stability of
transducers at high temperature and the neces-
sity of a fluid coupling medium between the
ultrasonic transducer and the sample, since the
propagation of acoustic waves in air is poor. A
homogenous sample-transducer coupling
reduce the transmission losses associated with
the propagation of acoustic waves between
materials with different acousticimpedance. For
these reasons, despite the great potential of low
intensity ultrasound as an analysis technique for
the characterization of polymer properties, ded-
icated ultrasonicsystemsare notyet available on
the market.

In the laboratory of Polymeric Materials of
Lecce University a custom made ultrasonic set-
up, for the characterization of polymeric materi-
als up to high temperatures, has been developed
[10]. The system consists of specifically designed
narrow-band piezoelectric transducers, propa-
gating longitudinal waves at ultrasonic frequen-
cy inthe range 1-10 MHz, a pulse generator and
receiver inserted in a PCand a data analysis soft-
ware. The ultrasonic equipment is coupled with
a rotational rheometer. Ultrasonic waves and
shearoscillationsatlowfrequency canbeapplied
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simultaneously on the sample, getting informa-
tion on its viscoelastic behaviour over a wide fre-
quency range.

The aim of this paper is: i) to provide a prac-
tical introduction to the use of ultrasonic wave
propagation in polymers, ii) to describe the cus-
tom made ultrasonic set-up developed in labo-
ratory, iii) to present the results obtained by
applying ultrasonic dynamic mechanical analy-
sis for monitoring the changes in viscoelastic
properties occurring during the cross-linking of a
thermosettingresin, the crystallisation of a semi-
crystalline polymer and the water sorption
process in a dry hydrogel film.

2 BASICS OF ULTRASONIC WAVE
PROPAGATION IN POLYMERS

Ultrasonic waves are mechanical vibrations that
propagate through a material as a series of very
smalldisplacementsofatomsand chainsegments
from their equilibrium positions. Because of the
forces within a chain segment and between adja-
cent chain segments, displacements are continu-
ously induced at neighbouring zones, thus creat-
ing stress waves propagating through the
material [2]. Several kinds of ultrasonic waves may
propagate in polymers, such as longitudinal
waves, shear waves, Rayleigh waves (or surface
acousticwaves), Lamb waves (or plate waves). The
most common methods of ultrasonic examina-
tion use either longitudinal or shear waves.

In an acoustic sense, a material is fully char-
acterized by two parameters: the ultrasonicveloc-
ity c and the ultrasonic attenuation a. The first is
the velocity of propagation of elastic waves and is
calculated on the basis of the measured time of
flight, that is the time taken by the sound to trav-
el through the sample. Sound velocity through a
material depends on its density and viscoelastic
properties. Attenuationisameasure of dissipative
energy loss (converted to heat) as the wave trav-
els through the polymer. These energy losses are
due to the absorption and scattering of ultrason-
ic waves. The scattering contribution is consider-
able when the medium is non-homogeneous and
contains particles comparable in size to the ultra-
sonic wavelength, such as in filled polymers or in
semicrystalline polymers. The absorption is relat-
ed to molecular rearrangements in the polymer
structure, such as glass transition, melting, crys-
tallisation,andtochemical reactionssuchasthose
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occurring during curing. Just as in dielectric tests,
energy absorption is related to damping, loss fac-
tor and loss tangent [9]. Attenuation is deter-
mined by the changes in the amplitude of the
acoustic signals.

The acoustic response of a material can pro-
vide information on its mechanical properties.
During an ultrasonic experiment, the complex
longitudinal or shear moduli can be calculated,
when longitudinal or shear waves propagate
through the sample, respectively. Nevertheless,
the propagation of shear waves is restricted by
the very high damping properties of polymers,
often leading to a complete attenuation of the
wave through the sample [6]. On the other hand,
the propagation of longitudinal elastic waves is
easily observed in polymers as well as in reactive
liquid mixtures of monomers.

Depending on the nature of the ultrasonic
wave, from measurements of velocity ¢ and
attenuation a the components of the complex
shear or longitudinal modulus (here indicated
easily with M’ and M”) can be calculated accord-
ing to the following equations [7, 11]:

where pisthe material density and A is the wave-
length of propagation, given by the ratio
between velocity and frequency f(A = c/f). When
al/2p, << 1, i.e. when the attenuation per wave-
length is small, as in most practical applications,
the following simplified formulas can be used:

M’ =pc* and M”:ﬂ
w (2)
where w is the angular frequency (w = 27f).

In particular, when bulk longitudinal waves
propagate in a sample with the dimension nor-
mal to the acoustic wave large compared to the
wavelength, the measurement of ultrasonic
velocity and attenuation may be used for the cal-
culation of the storage, L’, and loss, L”, longitudi-
nal moduli, which are related to the bulk (K’ and
K”)and shear (G’and G”) moduliaccording tothe
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equations valid in conditions of plane strain (i.e.
the strain in one direction is zero) [11]:

U=k'+%c
3 (3)
L/’=K,I+iGI,
3 (4)

L’ corresponds to the stiffness of a system that is
deformed changing its dimensions in one direc-
tion while in the other two directions the dimen-
sions are constrained to be constant, as it occurs
insamples where two dimensions are much larg-
er than the third [11].

3 ULTRASONIC EXPERIMENTAL SET-UP

The ultrasonic apparatus, developed in the labo-
ratory of Polymeric Materials of Lecce University,
consists of two specifically developed piezoelec-
trictransducers, propagating longitudinal waves
at ultrasonic frequency in the range 1- 10 MHz.
The transducers are fitted into the tools of a par-
allel plate rheometer (ARES, Scientific Rheomet-
ric) and connected with a pulse generator and
receiver integrated in a personal computer. The
pulser-receiver generates a pulse train, amplifies
the signal transmitted through the sample and
provides an analogue/digital conversion of the
signal, which is sampled every 10 s and displayed
on the monitor of a computer using a LabView
based analysis software.

The experimental set-up can be used in a
very broad temperature range (from - 5o to
250°C), which covers great part of the investiga-
tion range of many polymers. The withstand to
high temperatures is assured by the active ele-
ment of the ultrasonic probes, which is different
from the materials commonly used for non
destructive inspection. The piezoelectric trans-
ducer, indeed, canwork up to 250°Cwithoutloos-
ing his piezoelectric properties.

The polymer sample, in the form of a disc
(30 mm diameter and 2 mm thickness) is sand-

s

Voltage (mV)

wiched between two ultrasonic probes fitted
intothe oven of the rheometer. The contact pres-
sure between probes and sample and the sam-
ple thickness are controlled by the vertical move-
ment of the upper transducer, driven by the gap
control function oftherheometer, while the tem-
perature is controlled by the forced air environ-
mental controller of the rheometer oven. The
insertion of the ultrasonic probes in the rheome-
ter provides a great accuracy in the control of the
sample thermal behaviour and thickness. In par-
ticular, a great accuracy in the determination of
the actual sample thickness assures a greataccu-
racy in the calculation of the actual values of
velocity and attenuation during the experi-
ments.

Moreover, the coupling between ultrasonic
systemand rotational rheometerleadstoadeep-
er analysis of the sample viscoelastic behaviour
overabroad frequency range, making possible to
perform at the same time a dynamic mechanical
experiment at low (1- 5 Hz ) and ultrasonic (2 - 10
MHz) frequencies. The ultrasonic set-up for poly-
mer characterization can work both in pulse-
echo and in transmission mode. The ultrasonic
probes, fitted into the fixtures of the ARES
rheometer, are displayed in Fig. 1, both in pulse-
echo and transmission configuration.

In pulse-echo mode, a single transducer
propagatesandreceiveslongitudinal waves, nor-
mally incident on the specimen surface. The typ-
ical signal obtained is displayed in Fig. 2. The
ultrasonic wave, created by the transducer,
undergoes a first reflection at the interface
between the transducer delay line and the sam-
ple, generating a first echo of amplitude A,. The
remaining part of the wave, instead, continues
travellingthroughthe sample until it reachesthe
interface between the sample and the rheome-
ter plate, where a considerable fraction of it
returnsbacktothetransducer. Thereceived oscil-
lations are converted by the transducer into an
electrical pulse and displayed as a second echo of
amplitude A, (Fig. 2).
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Figure 1 (left):

Ultrasonic probes fitted into
the fixtures of a parallel
plate rheometer (Rheomet-
ric Scientific): pulse-echo
(left) and transmission
(right) configuration.

Figure 2:

Reflected echoes from the
interface between transduc-
er delay line and polymeric
sample (echo A,) and from
the interface between the
sample and the rheometer
plate (echo A,).



Figure 3 (left):

Longitudinal velocity mea-
sured at 2 MHz during the
isothermal cure of UPE resin
at different temperatures.

Figure 4:

Ultrasonic attenuation
measured at 2 MHz during
the isothermal cure of UPE
resin at different tempera-
tures.

2000 -

1800 -

Longitudinal velocity (m/s)

1600 —

1400 T T T U T T T T T
0 20 40 80 8 100 120 140 160 180 200

Time (min})

The two echoes are relatively spaced by a
time t, called “time of flight”, which is the time
necessary for the ultrasonic wave to travel across
the sample. The wave time of flight relates to the
elastic properties of the sample, i.e. to its ability
to transmit longitudinal waves. Moreover, the
two echoes displayed in Fig. 2 have different
amplitudes because the ultrasonic wave, during
its travel through the sample, undergoes an
attenuation depending on the material damping
capacity. The temporal distance between two
successive echoes and their amplitude ratio are
important parameters for assessing the sample
acoustic behaviour through the calculation of
the velocity and attenuation of the ultrasonic

waves.
In transmission mode, two probes are used,

one as a transmitter and the other as a receiver.
The ultrasonic waves, generated by the emitter
transducer, travel through the sample and reach
the second piezoelectric transducer (receiver).
The received signal is displayed as an echo. If a
good coupling between sample and transducer
is assured by means of a fluid coupling agent, the
transmission losses associated with the propa-
gation of acoustic waves between materials with
differentacousticimpedance are very low; in this
way, only a small part of the ultrasonic wave is
reflected back to the transducer, the major part
is transmitted.

The time of flight of the echo signal and the
attenuation are determined by comparison of
the peak time and peak amplitude of the trans-
mitted wave with those of a reference signal,
recorded with the two transducers in contact
without sample.

4 EXPERIMENTAL RESULTS

4.1 CURE MONITORING OF THERMOSETTING
RESINS

The non-destructive character of ultrasonic
waves and the possibility to use these as on-line
sensors, make this technique suitable for the
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monitoring of the curing of thermosetting resins
in the processing of composite materials and for
predicting their final properties [9, 12 - 19].

The ultrasonic technique can identify the
two critical stages of the cross-linking process,
respectively called gelation and vitrification. The
first stage represents the formation of an elastic
gel, whilethe second one corresponds to the con-
version of the gel toarigid glass. Since these irre-
versible changes occur at different rates and
clearly affect the evolution of the resin mechan-
ical properties, they can be easily detected by
ultrasonic techniques [16 - 17].

Theresults, reported here, are based on stud-
ies of the cure of an unsaturated polyester resin,
used as a matrix for glass-reinforced composites.
This resin, supplied by SIR Industriale S.p.A. (Italy)
under the commercial name of SIRESTER IS 4240,
has astyrene content of 38 wt%. The catalyticsys-
tem adopted for the cure is based on a 50% solu-
tion of methyl ethyl ketone peroxide as an initia-
tor and a 6% solution of cobalt octoate as a
promoter, used, respectively, at 1.5 and o.5 parts
per hundred parts of resin (phr).

The ultrasonic velocity curve (Fig. 3) shows
three zones that can be associated with three
different stages of the reaction. In the first part
of the curve, the ultrasonic velocity is constant
during the induction period and the initial part
of the reaction, when a high number of reactive
groups are present, but the reactive mixture is
still liquid and has not yet developed mechani-
cal properties. After the gel point, the longitu-
dinal velocity increases rapidly due to the
crosslinking and the evolution of the resin
mechanical properties. The velocity increase
continues until a plateau value is reached, cor-
responding to the slowdown of the reaction as
a result of the vitrification. The overall velocity
increment is very high, indicating that the tran-
sition from viscous liquid state to glassy solid
state is accomplished by large changes in
acoustic properties. The slope of longitudinal
velocity curves increases with curing tempera-
ture in accordance with the cure kinetics.
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The curve of the ultrasonic attenuation ver-
sus cure time (Fig. 4) is bell-shaped. The attenua-
tion increases during the first steps of the sol-gel
transition, showing a distinct peak that arises
from vitrification of the resin, when the glass
transition temperature, continuously increasing
during the cure, becomes equal to the cure tem-
perature. In correspondence of the glass transi-
tion, itis possible to detect a peakintheloss mod-
ulus, in the loss factor, in the dielectric loss and
also in the acoustic attenuation. Increasing the
curetemperature of the samples, the attenuation
curves become narrower and the time corre-
sponding to the attenuation peak is anticipated.

In order to analyse the progress in the cure
reaction of unsaturated polyester resin, a DSC
analysis, both in isothermal and non-isothermal
conditions, was carried out. It is postulated that
the amount of heat generated through curing
can be directly related to the conversion of the
reactive groups. In isothermal DSC experiments,
the degree of reaction apgc is calculated as:

N _AH(E) jd_Hdt
. AHror AHTOTodt (5)

where AH(t) represents the partial heat of reac-
tion developed during an isothermal DSC exper-
iment and AHypr is the maximum heat of reac-
tion measured in non-isothermal experiments,
taken as a reference value. The results of the
calorimetric and ultrasonic measurements can
be compared on the basis of a normalized degree
of reaction obtained from curing experiments at
the same temperature. The ultrasonic degree of
reaction a s, assessed by ultrasonic measure-
ments, can be calculated according to the fol-
lowing equation:

max o (6)

where L', and L'y, are respectively the mini-

mum and the maximum value of the longitudi-
nal modulus L’ and apscmay is the ratio between
the isothermal heat (AH/5p) and the maximum
heat of reaction (AH7o7), measured by DSC by
dynamic ramps at 10°C/min.

The comparison between the normalised
degrees of reaction from ultrasonic and calorimet-
ric experiments in isothermal conditions is shown
in Fig. 5. At the beginning of the cure, the degree of
reaction measured by DSC increases more rapidly
than the ultrasonically measured value, since the
mechanical properties of the resin before the gel
point are scarcely affected by any increase in mol-
ecular weight. At gelation, the growing network
gives rise to a significant increase of velocity. Dur-
ing the later stages of the cure, significant changes
in the longitudinal velocity and modulus L occur,
while the degree of cure is fully developed and
remains nearly constant. There is a non-linear cor-
relation, therefore, between longitudinal modulus
and degree of cure.

The longitudinal modulus L’ shows a strong
sensitivity tothelast part ofthe cure, where asig-
nificant increase of the crosslinking density
occurs.Inacrosslinked structure, the cure, involv-
ing the reaction of a limited number of reacting
groupsinaglassy polymer, is diffusion controlled
and cannot be observed by DSC but may be stud-
ied by means of propagation of ultrasonic waves
[9, 16 - 17]. Ultrasonic wave propagation can be
used alsotomonitorisothermaland non-isother-
mal post-cure cycles during manufacturing of
composite materials [20]. In particular, by com-
biningultrasonicand lowfrequency DMAresults,
it is possible to get a better insight of the relax-
ation phenomena over a wide frequency range.

4.2 NON ISOTHERMAL CRYSTALLIZATION OF
SEMICRYSTALLINE POLYMERS

The ultrasonic technique can be also used to
monitor the crystallization process of semicrys-
talline polymers, both in isothermal and non
isothermal conditions since this techniqueissen-
sitive to detect the changes in acoustic proper-
ties associated with the growth and nucleation
of crystals. The developed ultrasonic set-up has
been successfully used to study the crystalliza-
tion of a biopolymer (wheat starch) inisothermal
conditions [21], but, for sake of brevity, in this
paper we report only the ultrasonic monitoring
of the crystallization of linear low density poly-
ethylene during cooling from melt.
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Figure 5:

Normalised degree of reac-
tion calculated from DSC
and longitudinal modulus
(measured at 2 MHz) for an
UPE resin during the isother-
mal cure at 50°C.



Figure 6 (left):

Longitudinal velocity mea-
sured at 2 MHz during non-
isothermal crystallization of
LLDPE at different heating
rates.

Figure 7:

Ultrasonic attenuation
measured at 2 MHz during
non-isothermal crystalliza-
tion of LLDPE at different
heating rates.
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With respecttothe previous ultrasonicstud-
ies on crystallization carried out by other work-
ers [22 - 25], the novelty of the presented results
consists in the possibility to measure L*and G*in
the same experiment using the same rheometer
with a little modified parallel plates. Using the
ultrasonic probes (having a cylindrical shape) as
parallel plates of a rotational rheometer, itis pos-
sible to superimpose low intensity longitudinal
waves at 2MHz and shear oscillations at 1 Hz, car-
rying out simultaneously a dynamic mechanical
experiment at ultrasonic and low frequencies.

Samples of linear low density polyethylene
(LLDPE), supplied by Polimeri Europa (Italy) under
the commercial name of Clearflex RMs5o, were
heated to 150°C between the ultrasonic probes
within the rheometer oven and kept for ten min-
utes at this temperature for complete melting.
Then, the polymer was cooled at different rates
between 1and 4°C/min.

The high shrinkage of the LLDPE sample,
resulting from the high rate of crystallization,
was counterbalanced by the auto-tension func-
tion of the rheometer, which assured a constant
value of contact pressure between ultrasonic
probesandsamplevaryingthe distance between
the two ultrasonic probesin accordance with the
material contraction.

During cooling, the longitudinal velocity
(Fig. 6) remains constant for temperatures high-
erthanthecrystallization temperature,and then
follows a sigmoid behaviour, as reported also by
other authors [22 - 25]. In correspondence of the
onset of crystallization, an abruptincrease in the
velocity can be observed. As confirmed by other
experimental techniques, the onset of crystal-
lization strongly depends on the cooling rate and
shifts towards lower temperatures with increas-
ing cooling rates [26]. At lower temperatures, a
slow growth regime can be distinguished in the
longitudinal velocity curve.

The growth of ordered crystalline fractions
produces stronger intermolecular interactions,
leading to increased mechanical properties and,
consequently, to an increase of sound velocity
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during non isothermal crystallization. The
growth of LLDPE elastic properties is reliably
monitored by the increase of longitudinal veloc-
ity even at low temperatures, when only crystal
perfection phenomena occur. Therefore, the
ultrasonic wave propagation can be successfully
applied to study also the end of the crystalliza-
tion process.

The attenuation, as reported in Fig. 7, re-
mains constant before the onset of crystalliza-
tion and then exhibits a very rapid increase fol-
lowed by a peak and a slow decrease. It should be
noted that semicrystalline polymers can be con-
sidered to be heterogeneous due to the presence
of crystallites, causing sound wave scattering
depending on wave frequency and crystallite
averagesize D, Ifthewavelength Ais much high-
erthan D, (A >> D,), the scattering contribution
to attenuation can be neglected and the crystal-
lites are too small to affect the sound waves. In
this case, the attenuation results from the
absorption associated with the viscoelasticity of
the amorphous phase. When A ~ D, or A < D,
attenuation is primary due to scattering phe-
nomena [6, 27 - 28]. Therefore, the attenuation
increase, due to scattering phenomena, occurs
when the developing crystallites reach a critical
size comparable with the wavelength.

As the temperature decreases further and
the crystalline fraction increases accordingly, the
attenuation decrease is mostly due to the reduc-
ing absorption of the amorphous phase. At the
sametime,the scatteringlossesarealsoverylow,
due tothe formation of a single stiffer crystalline
phase, with dimensions much larger than the
wavelength. The peak in the attenuation is
observed at lower temperatures with increasing
cooling rate.

The comparison of L’ and G’ obtained from a
simultaneous low frequency (1Hz) DMA and high
frequency (2 MHz) ultrasonic experiment, carried
out during a cooling at 2°C/min, is reported in
Fig. 8. In this experiment, the ultrasonic probes
work both as transducers, for transmission and
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detection of ultrasonic waves, and as parallel
plates of a conventional rotational dynamic
mechanical analyzer, i.e. one of the probes rotate
alternatively applying small shear oscillations to
the sample. It should be kept in mind that the
oscillations applied by the two techniques are
different both for frequency and strain direction.
Inthis work, the ultrasonictechnique applies lon-
gitudinal waves, i.e. a series of compression
waves with a 2 MHz frequency, whereas the low
frequency DMA applies shear oscillatory defor-
mations at1Hz. The intensities of both the defor-
mations are very low and within the limit of lin-
ear viscoelasticity of the sample.

A great difference between the magnitude
orders of L’ and G’, calculated independently as if
therewas nocoupling, is expected if oneaccounts
that for melt polymers G’ << K’ and, consequent-
ly, I’ ~ K’. As shown in Fig. 8, low frequency DMA
cannot monitor the last part of the crystallization
process. At low temperatures, indeed, because of
the high sample rigidity caused by the growth of
crystallites, the measurement of shear modulus
is critical. To avoid transducer over-loading, the
DMA experiments cannot be continued at tem-
peratures below 100°C. This limit is overcome by
ultrasonic technique, which demonstrates to be
able to monitor crystallization process from
beginning to the end.

4.3 WATER SORPTION IN DRY HYDROGELS

The third case study, presented in this review
paper, concerns the application of ultrasonic
waves to monitor the water sorption process in
dry hydrogels. This application representsanovel
approach to study the kinetics of water sorption
in polymers, till now carried out by means of
weight, dimensional change or dielectric mea-
surements.

Water sorption in dry hydrogels, being asso-
ciated with significant changes of density and
elastic constants of materials, can be monitored
by ultrasonic wave propagation [29 - 31]. Water
sorption in a glassy polymer immersed in water

lry hydrogel

dth echo

31d echo

2ud echo

Lst echo

alass bansition region

can be approximately divided into two main
steps: the advancement of a swollen front, from
the sample boundaries towards the centre, and
thediffusion of the solventin the swollen matrix.
Water acts as a plasticizer, reducing the glass
transition temperature of the polymer below the
sorption temperature and determining a glass
rubber transition in the hydrogel at the sorption
front. The propagation of ultrasonic waves
through the hydrogel during water sorption is
characterized by reflections at the glassy-rub-
bery fronts as well as absorption in correspon-
dence of the swollen-unswollen fronts undergo-
ing a glass transition.

The ultrasonic results, reviewed here, were
obtained by Maffezzoli et al. [29] monitoring by
pulse-echo technique the position of the
swollen-unswollen fronts and measuring ultra-
sonic velocity and attenuation in dry Poly-vinyl-
alcohol (PVA) hydrogels during water sorption.
PVA films (1-1.5 mm thickness) were prepared by
drying a diluted solution (9% by weight) under
vacuum at 50°C for 36 hours. The monitoring of
the water sorption process was obtained at 25°C
by immersion of the sample and ultrasonic
transducer in distilled water.

At the beginning, only two liquid-dry hydro-
gel interfaces are present. Then, during water
sorption, two new interfaces are created causing
a growth of attenuation because these portions
of material undergo a glass transition (Fig 9). The
presence of four interfaces in the sample causes
multiple reflections, as also revealed by the
detected four echoes, reported in Fig.10. The first
one occurs at the sample boundary when the
ultrasonic pulse goes from the water into the
sample. The two fronts between the rubbery and
the glassy regions are responsible for the second
and the third reflection of the ultrasonic waves.
Finally, the fourth echo is observed at the sam-
ple boundary on the opposite side of the trans-
ducer.

As the two swollen-unswollen fronts moves
towards the centre of the sample, the second and
third reflection become closer. When these
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Figure 8 (left):

Comparison between the
storage longitudinal L’

(at 2 MHz) and shear G’
(at 1 Hz) moduli obtained
during non-isothermal crys-
tallization of LLDPE at
2°C/min.

Figure 9:

Schema of the water sorp-
tion process in dry hydro-
gels.



Figure 10 (left):

Acoustic signal visualized on
the oscilloscope during the
water sorption in a PVA
sample.

Figure 11:

Ultrasonic attenuation for
a PVA sample vs. time of
water sorption. Comparison
of reflections and ad-
sorption contributions to
thetotal attenuation.
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reflections overlap, the glassy core disappears,
indicatingthatthetransitionintherubberystate
of the sample is completed and accompanied by
arapid decrease of the attenuation. By monitor-
ing the change of position and amplitude of the
detected echoes, it is possible to observe a
decrease in the ultrasonic attenuation and lon-
gitudinal velocity during water sorption, related
to the change of hydrogel density and mechani-
cal properties. In Fig. 11, the different contribu-
tions to the total attenuation measured by the
pulse-echo technique are reported: the attenua-
tion caused by the absorption, deriving by the
molecular relaxation related with the glass tran-
sition, and the attenuation caused by reflections
at swollen-unswollen fronts.

The ultrasonic technique described above
show a strong potential to be applied for study-
ing solvent activated-controlled devices for drug
release. In these systems, indeed, the rate of
release depends on the swelling kinetics and
therefore on the rate of advancement of the
glass-rubber front through the hydrogel, which
can be reliably monitored by the ultrasonic tech-
nique.

5 CONCLUSIONS

In this work, a novel technique for high frequen-
cy dynamic mechanical analysis of polymeric
materials has been presented. It is based on low
intensity ultrasonic waves, propagating through
thesampleinthe MHzrange, which assure afast,
non-destructive and non-invasive measure-
ment. Due to the absence on the market of spe-
cific instruments, an experimental set-up for
generation and detection of ultrasound and for
data analysis has been developed. The perfor-
mance of the new ultrasonic apparatus has been
evaluated by monitoring the cross-linking of a
thermosettingresin, the crystallization of a semi-
crystalline polymer and the water sorption
process in a dry hydrogel.

The developed instrumentation is able to
estimate the viscoelastic properties of polymers
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and to determine their transition temperatures
in a broad temperature range (from -50 to
250 °C), covering the interval of operating tem-
peratures of most common used polymers. The
ultrasonic equipment has been fitted into a rota-
tional rheometer in order to superimpose ultra-
sonic waves with low frequency shear oscilla-
tions, leading to a simultaneous dynamic
mechanical and ultrasonicexperimentand a bet-
ter insight into the viscoelastic behavior of the
tested polymers.

The ultrasonic results presented in this
paper are only a few examples of the various
applications of this novel experimental set-up,
successfully carried out in our laboratory. They
demonstrate the reliability of ultrasonic dynam-
ic mechanical analysis in characterizing polymer
properties.
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