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Ultrasonic velocity and attenuation were measured as functions of temperature (20 to 320°C) and hydrostatic
pressure up to 900 bar at acoustic {requencies varying from 1 to 6.33 MHz on semicrystalline poly(ethylene
terephthalate). Melting, a-relaxation and glass transition temperatures and their dependence on pressure
were determined from the variations of ultrasonic characteristics. Comparison with very low-frequency
(1-10 ' Hz) dynamic mechanical spectroscopy is done in the case of x-relaxation, which can be described
in terms of a Vogel-Fulcher - Tammann relation. With simultaneous specific volume measurements, glass
transition temperature is determined by different methods to validate ultrasonic results. In particular, data
analysis through a physical model is described to improve the method in the case of semicrystalline polymers.
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INTRODUCTION

Studies on dynamic properties of polymers arc usually
carried out at low frequencies with different approaches
in terms of rheology. These techniques are by no means
unique, nor universal. Ultrasonic techniques have proven
to be usecful to study elastic solids or viscous fluids, but
arc not common practice for the study of polymers.
Recent experiments':* have been done essentially on
amorphous polymers and the technique has been revealed
1o be powerful for characterization and determination of
some thermodynamic parameters. In this paper, we
present results concerning a semicrystalline polymer,
poly(ethylene terephthalate), whose industrial importance
is not to be demonstrated. Discussion will be focused on
the glass transition region and the dependence of different
physical parameters (glass transition temperature, melting
temperature, x-relaxation) on the applied pressure.

EXPERIMENTAL TECHNIQUE

Ultrasonic characterization of materials is based essen-
tially on the propagation of small-amplitude waves and
the determination of the characteristics of propagation
(velocity, attenuation, frequency of the wave). These data
provide access to the storage and loss moduli of the
material.

The complex modulus L* corresponding to longitudinal
waves 1s given by:

L*=L'+iL" L=viiVv
where ¢, ¢, . V and o are respectively the velocity, the
attenuation of the wave, the specific volume and the
angular frequency (w=2nf").

Experiments were carried out using an original device

L =2a,vi/wV
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previously developed in this laboratory, which is described
in detail clsewhere®. Ultrasonic waves issued from
piezoelectric transducers are transmitted through the
specimen using two buffer rods. Axial displacement of
the rods in a jig placed under a hydraulic press allowed
the application of a monitored pressure up to 2 kbar.
The thickness of the sample is measured by an LVDT
transducer, giving access to specific volume. A heating/
cooling system allows measurements from — 150 to 350°C
with heating cooling rates from 50 t0 0.015 C min "' and
isothermal conditions of +0.1 C in stability. The whole
device is under computer control and all data concerning
length of specimen, temperature, pressure and acoustic
signal are collected every 10s.

Poly(ethylene terephthalate) (PET) pellets, supplied by
Rhone-Poulenc Films Industries (M, =20000). were
conditioned for 2 h at 50°C under vacuum before testing.

Experiments were done from the melt (15 min between
295and 315 C depending on applied pressure as standard
trcatment) with heating cooling rates of 2Cmin~! or
under isothermal conditions. The pressure was applied
in the melt state and maintained constant all through
the experiment. The data presented here were obtained
with longitudinal waves at a frequency f=2.5 MHz and
in a pressure range from 150 to 900 bar. Some other
cxperiments were also done at different frequencies.

The crystallinities of samples were determined after
cooling by d.s.c. and a density-gradient column and show
no significant difference according to pressure for the
same cooling rate.

RESULTS

When a specimen is cooled from the melt to 20°C at a
rate of 2 C min~ ', maintained for 10 min at this tempera-
ture and then heated at the same rate up to the molten
state. propagation characteristics and specific volume
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Figure 1 Simultaneous measurements of attenuation, velocity (longi-

tudinal wave, f=2.5 MHz) and specific volume. Cooling (from the
melt) and heating rate=2"C min"'. Applied pressure =900 bar

'8 , 20 108
1
1
[
16f
~ Ho7s
—Im TE Flcn
£ 1°a t
> ® z
407
12
~
r--__.__.<_____a__-3\1-n
|
10 ) . ! | L o 40.65
740 260 Tc 280 300 Tm
T(°C)

Figure 2 The crystallization/melting region. Pressure =900 bar. Heat-
ing/cooling rate =2°C min ™!

present variations as described in Figure 1. From these
curves three typical regions can be distinguished. Starting
at the higher temperatures they are as follows:

(1) The crystalhization/melting region. This domain
located in the high-temperature range is characterized by
discontinuities in both ultrasonic parameters, i.e. velocity
and attenuation. The specific volume presents abrupt
changes in this zone. Characteristic temperatures of
crystallization or melting (T,, T, respectively) can be
determined (Figure 2).

(1) The a-relaxation region. As temperature decreases,
sound velocity increases, following an inverted S-shaped
variation. At the same time, attenuation exhibits a strong
maximum. Variations of both ultrasonic characteristics
indicate a mechanical relaxation phenomenon, which can
be identified with the x-relaxation observed at lower
temperature in low-frequency experiments*. A character-
istic temperature T, of this relaxation can be determined
as the peak temperature.

(i11) The glass transition region. At temperatures below
the a-relaxation zone, velocity and specific volume
present a break in their variations with temperature
(Figure 3). The change in slope for the velocity is
accompanied by a rapid variation in attenuation. The
temperature corresponding to the break in specific
volume variation can be defined as the glass transition
temperature, T,, according to the usual definition.
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Results concerning these three regions will be discussed
separately and in particular the dependence on pressure
of the characteristic temperatures defined above.

The crystallization/melting region

The variations of ultrasonic characteristics in this
region allow determination of melting temperatures
under pressure. Usually determinations of melting under
elevated pressures are made by detecting the change in
volume at constant pressure and constant heating rate
and require a specific device®.

In our experiments, the volumetric change method can
be compared with the ultrasonic characteristics variation
method. In Figure 4, both determinations are shown.
The ultrasonic method is in very good agreement with
the classical determination. As in most semicrystalline
polymers the melt transition is not very sharp; the error
in both methods can be estimated to +1°C.

The melting behaviour of PET under pressure is similar
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Figure 3 The glass transition region. Pressure=900 bar. Heating

rate=2"C min~!
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Figure 4 Variations of T,, and T, with pressure. 7, and T, are defined
as in Figure 2. T,,: (@) specific volume method, (A) ultrasonic method.
T.: (@) specific volume method, (O) velocity changes, () attenuation
changes
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Figure 6 Low-frequency experiments {(mechanical spectrometry). The
specimen is the sume as those giving results shown in Figure §

to that of other crystalline polymers, i.e. the melting point
rises with increasing pressure and the rate of change with
pressure d7,,/dP decreases when pressurc increases.
In our experiments d7,,/dP varies from 0.060 to
0.056 C bar™! when pressure incrcases from 150 to
900 bar. This result is in agreecment with classical
volumetric studies®®.

It is also interesting to note that the beginning of
velocity change coincides with the beginning of volume
change, that is in fact the start of melting. On the other
hand. the change in attenuation does not correspond to
that and occurs at higher temperature. This seems to
indicate that the parameter sound velocity is sensitive to
melting of small crystallites whereas attenuation decreases
only when larger crystalline entities begin to melt. The
change in attenuation could be attributed to the collapse
of the spherulitic structure.

When material is cooled from the melt, changes in
ultrasonic characteristics also give access to dynamic
crystallization temperature T, Figure 4 shows the
dependence of T, on applied pressure.

The a-relaxation region

In this region, changes in attenuation and velocity or
in storage and loss moduli present the characteristics of
a classical mechanical relaxation. This relaxation is
identified as the x or main mechanical relaxation related
to the non-crystalline phase of the polymer. There have
been numerous investigations of this type of relaxation
in amorphous polymers’. On the contrary, in semi-
crystalline polymers the situation is not so simple and
the crystalline phase introduces difficulties in the under-
standing of physical mechanisms™®. In the case of
crystalline PET, the main relaxation has been attributed
to the amorphous phasc* and its strength is sensitive to
crystallinity. The whole material is then to be considered
as a composite.

When mecasurements are made at low frequencies
(~1 Hz), the mechanical a-relaxation nearly coincides
with the glass transition, and the temperature of the
maximum of loss modulus T, is often taken in an incorrect
manner as the glass transition temperature”. On the
contrary, when measurements are performed at higher
frequencies, such as in ultrasonic investigations, the
relaxation phenomena can be clearly distinguished from
the glass transition since T, is observed at higher
temperature.

The loss modulus goes through a maximum for the
condition wt =1, so it is possible to obtain an apparent
activation energy defined as E=dInt/d(1;T) when
experiments are done at different frequencies. On Figure 5
we have plotted logt vs. 1'T and in this domain of
temperature (or frequency) the phenomenon shows an
apparent activation energy =1.7¢V. This value has to
be comparcd with that obtained at lower frequencies
(1-0.1 Hz) on the same specimen (Figure 6), at atmos-
pheric pressure. which is as high as 6.2 ¢V. Through a
large interval of temperature (Figure 7) it can be seen
that the mechanical relaxation does not follow an
Arrhenius law but rather a Vogel Fulcher -Tammann
relation. This behaviour above T, is characteristic of the
amorphous phasc. The secondary relaxation® time plotted
on the same figure from results at low frequency (1 Hz)
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Figure 7 Log v versus | T over a large range of temperature: circles.
mechanical spectrometry: triangles. ultrasonic measurements
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Figure 8 Variations of T, with pressure. Heating rate=2"C min~'.
Circles, 2.5 MHz; triangles, 6.33 MHz

is not observed in ultrasonic experiments according to
the shift of the f-peak towards high temperature with
frequency and the decrease of its amplitude with both
crystallinity and temperature.

Another point of interest concerns the shift to higher
temperature of T, with increasing pressure. Values of T,
at different pressures are shown in Figure 8 and exhibit
a linear dependence on pressure, as d7T,/dP=0.036"C
bar ~'. This dependence is of the same order as that of
the glass transition temperature, as will be seen in the
next subsection.

The glass transition region

In the liquid glass transition region, materials show a
discontinuity in the change in specific volume, enthalpy
and entropy with temperature. This is a manifestation of
the slowing of molecular kinctics when the contribution
from configurational changes in the structure of the
supercooled liquid become vanishingly small.

When a polymer is partially crystalline, the increase
in the expansivity is small and difficulties can arise in
determining the glass transition temperature.

In our experiments, where we measure simultaneously
the specific volume and the ultrasonic characteristics, a
comparison is possible between the classical method
(volumetric) and ultrasonic method, since the propa-
gation characteristics present changes when approaching
the glass transition temperature. So, two determinations
of the glass transition temperature were used, as follows:

(1) Volumetric change. The break in the slope of specific
volume gives access to the classical thermodynamic T
value.

(ii) Sound velocity change. When temperature is
approaching T, a break in the slope of v T curves can
be seen, coinciding with the characteristic temperaturc
T,. For the same heating rate this value is independent
of measurement frequency.

On Figure 9 values of T, obtained by thesc different
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methods are plotted versus pressure, and good agreement
is obtained between volumetric and ultrasonic determi-
nations. Of course in semicrystalline polymers the
determination of break point in the curves is not so
accurate as in the case of amorphous polymers? and some
dispersion can occur in the results. To avoid this problem,
another determination of T, has been tested based on
a physical description of glass transition previously
developed by Perez et al.!®!* and using the parameter*?:

u=dIntan ¢/dT
where:
tangp=L"/L

According to this model, the loss tangent can be
calculated as:

(wt) ¥ + ' sin(KO)C ¥

1+n cos(K@)C X
where 0, K, K’ are numerical parameters (between O and 1
for K and K’, and about some units for n’), C=
(1 +w?r?)¥2, @=arctan(wr) and t is the mechanical

relaxation time. When 1 is large, i.e. at low temperature
and/or at high frequencies:

tan ¢ =

tan ¢ =1’ sin(Kn/2)(wt) K ~(wr) ¥
On the other hand, the model gives a value for t:
t=(Kt,/th k)X

14 is then the mechanical relaxation time for the f-process
and ¢, the average time for the elemental correlated
molecular movement. So:

dintan¢ Uy dK( 1)
= ———=—% —_ _{In(wty)+—
HETAT RT @ M@ty

assuming U, is the activation energy of the p-process.
At temperatures below T,, dK/dT is zero since the
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Figure 9 Variations of T, with pressure: (O) volumetric method (T7);
(M, *. x) velocity changes respectively at 2.5, 1, 6.33 MHz; (‘)
variation of u=d In tan ¢/dT
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Figure 10 (a) Lntan¢ versus T (f=2.5MHz, P=450bar). (b)
u=dIntan ¢/dT versus T for the same specimen

polymer is in an isoconfigurational state. But at T>T,,
K is temperature-dependent through the “defect’ concen-
tration. Therefore a plot of i against temperature for a
fixed frequency would show an abrupt increasc in the
magnitude of u at T necar T,.

Applying this method to our results gives another
determination of T, (Figure 10). Values of T, obtained
by this method are also plotted in Figure 10, showing
good agreement with the two other determinations.

The dependence of T, on pressure according to the
whole data (by the three methods) is found to be
dT,;/dP=0.039 C bar '. within the limits of experi-
mental error the same as the variation of T,. A theoretical
calculation of the dependence of T, on pressure can be
made using one of the Ehrenfest relations:

dT*/dP=VT, A%/AC,

The value of AC, has been determined at atmospheric
pressure on the densified material obtained at 900 bar
by d.s.c. measurements and found to be equal to
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131 mol™ " K "'. With values of ¥ (molar volume), T,
and Ax determined at this pressure we obtain dT,=dP =
0.042 K bar !, which shows a good correlation with our
experimental determination.

From the physical model developed by Perez’ another

cstimation of dT,/dP is possible according to relations:
Ax=[N,/(VKT?)] 3 AH(i) Ary()C(i)
AC,=(NA/kT?) Y AH(i)*C(i)

where N, i1s Avogadro’s number, AH (i) and C(i)
respectively are the cnthalpy of formation and the
concentration of quasi-defects of type (i) and Aryli) is
the volume change associated with thesc defects.

Replacing these relations in the first Ehrenfest relation,
as Avg(i)=2,V AH(i);:2R. we obtain:

dT,dP=Tx,V 2R

with our values a mean value of 0.041 C bar~
obtained.

s

CONCLUSIONS

Ultrasonic techniques giving access to wave propagation
characteristics (velocity and attenuation) are found to be
powerful in the characterization of polymers. in particular
in the determination of important parameters such as
glass transition temperature, xz-rclaxation temperature
and, in the case of semicrystalline polymers. melting and
crystallization temperatures. Comparisons with the class-
ical volumetric method give very good agreement. In the
glass transition determinations. the use of a simple
parameter deduced from a physical model improves the
ultrasonic method especially in the case of polymers with
high rate of crystallinity. Morcover the combination of
the acoustic parameters, volume and pressure and a well
defined thermal history give access to all of the pertinent
thermodynamic propertics. Further work on analysing
our data with respect to the thermodynamic state both
in cquilibrium and out of equilibrium is in progress.

REFERENCES

1 Piché. L. and Massines, F. to be published
2 Piché, L., Massines, F., Lessard, G. and Hamel. A. Proc. Ist Int.
Conf. Electrical, Optical and Acoustic Properties of Polymers,
PRI, Canterbury, 1988
3 Piché, L., Massines, F., Hamel, A. and Neron, C. Pat. Pend.
CDN 531553-1, USA 07/049579
4 Benatmane, A., Tatibouet, J.. Vigier, G. and Bourgin, P. Actes
Colloque 1.D. Matériaux. Paris, 1989, pp. 402-5
5 Zoller, P.and Bolli, P. J. Macromol. Sci.---Phys. (B) 1980, 18(3).
555
6 Siegmann, A. and Harget, P. J. J. Polym. Sci., Polym. Phys.
Edn. 1980, 18, 2181
7 McCrum, N. G., Read, B. E. and Williams. G. "Anclastic and
Diclectric Effects in Polymeric Solids’, Wiley, London, 1967
8 Boyd, R. H. Polymer 1985, 26, 323
9 Perez, J. ‘Advances in Solid State Chemistry’, (Ed. M. F.
Qumar), Elsevier, Amsterdam, pp. 289-98
10 Perez, J., Cavaille, J.-Y ., Etienne, S. and Jourdan, C. Rev. Phys.
Appl. 1988, 23, 125
11 Cavaille, J.-Y., Perez, J. and Johari, G. P. Phys. Rev. (B) 1989,
39, 2411
12 Perez, J., Etienne, S. and Tatibouet, J. Phys. Status Solidi
1990, 121, 129

POLYMER, 1991, Volume 32, Number 17 3151



