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Experimental data from thermo-stimulated creep (TSCr) spectrometry display a retardation mode in
poly(methyl methacrylate) (PMMA) at T > Ty (glass transition temperature). In this work an attempt is
made to relate the restoring force involved during TSCr measurements beyond the glass transition zone to
the viscoelastic behaviour of the polymeric chains flowing in the entangled network. In order to determine
the temperature dependence of the molecular relaxation time, or lifetime for monomer diffusion, 7, three
different sources of viscoelastic measurements are used. The TSCr data are then mapped onto the Arrhenius
diagram of log 7, to deduce the corresponding terminal relaxation time, or flow time, 74,,,. Comparison
between the terminal relaxation time and the characteristic time of TSCr spectrometry shows that, during
the temperature scan, the recovery of the frozen-in strain can be effectively well described by the long-range

diffusion of macromolecular chains within the surrounding entanglement lattice. Copyright ©

Science Ltd.

© 1996 Elsevier
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INTRODUCTION

At T > Tg, i.e. in the rubbery state, the behaviour of
the material is mainly explained in terms of entropic
elasticity. Beyond a critical length, chains are entangled.
The viscoelastic properties of entangled macromolecules
are well described by assuming they relax by diffusion
along their own contours among topological obstacles
coming from neighbouring chains. This process was
introduced in terms of reptatlon by de Gennes' and
developed by Doi and Edwards®*

Three viscoelastic behaviour regions can be distin-
guished at T > T, for high molecular weight polymers
from the real and imaginary parts of the dynamic shear
modulus, G’ and G”, respectively, when measured as a
function of frequency (see Figure 1).

(i) At the lowest frequencies, the plots log G’ (log w)
and log G” (log w) exhibit positive slopes for which
values are +2 and +1, respectively. The viscoelastic
properties in this ‘terminal’ zone are dominated by
parameters such as zero-shear viscosity 7, steady-state

*Present address: Centre de Recherches sur les Macromolécules
Végétales, CERMAV/CNRS, BP 53, 38041 Grenoble cedex 9,
France; and to whom correspondence should be addressed

1 Present address: Laboratoire de Métallurgie Physique et Science
des Matériaux, URA CNRS 155, Ecole des Mines de Nancy, Parc
de Saurupt, 54042 Nancy cedex, France

compliance J and terminal relaxation time 7y, After
an observation time fe, > 7oy, the properties of the
system depend on the fluctuations of the entangle-
ments lattice: hence 7q,, 1S the relaxation time due to
the loss of entanglements of chains (rjqy = 17, JC). For
linear polymers, experimental data on the molecular
weight dependence of 7, or Tew generally support the
power law 7o X M3# for systems of narrow distribution
samples4 but results differ for widely polydisperse
samples Th1s is valid beyond a critical length which
varies accordmg to chain flexibility and dimension (radius
of gyration)’. Below this critical length, the v1scos1ty
appears to be proportlonal to the chain length

This change of regime in the viscosity variations is
explained by an entanglement concept, that is strong
interactions between chalns which originate beyond a
critical molecular length®. The first model taking into
account the existence of entanglements was suggested
in 1952 by Bueche; this model predicts a 7, o M>°
law>10. The non- -Newtonian flow theory proposeo by
Graessley'"!? predicts a similar varlatlon (no x M*).
The Eyring theory suggests a n, & M > Vanatlon from
a three-dimensional diffusion model'}. De Gennes
proposed a chain reptation model 1nvolv1ng a terminal
relaxation time or viscosity (n, o< M39) for which
variation is close to that experimentally observed by
de Gennes (7, oc M33) (ref. 1).
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(ii) At the highest frequencies, all the curves log G’(log
w) (and also log G"(log w)) tend to merge, whatever the
molecular weight may be, for a given polymer (transition
region from the rubbery liquid to the glassy state). This
transition zone constitutes the main or primary « relaxa-
tion associated with the glass transition. The rheological
behaviour in this frequency range is well predicted,
from a physical basis, assuming concepts such as hier-
archical correlation, density fluctuation sites or quasi-
point defects and shear-microdomain nucleation!4!15,

(iii) Between these two relaxation regions, the curves
reach a plateau zone where G'(w) weakly increases
with frequency and roughly takes a constant value
(G'(w)~G'Y). This plateau zone, for which the length

— - —
terminal plateau transition
z0ne zone zone
(chains flow}  /entropic \ (main relaxation)
(elus'rici’rq)

Figure 1 Schematic variations of log G’ (—) and log G” (- - -) versus
log w in the low-frequency range
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Figure 2 Variation of log G' (®) and log tan ¢ (O) measured for a

fixed frequency of 0.1 Hz and plotted versus temperature: (a) PMMA 1,
(b) PMMA 3. Heating rate = 1 Kmin™!
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Table 1 Codification and characteristics of the samples

Codification T, (K) M, (gmol™") M, (gmol™) M,/M,
1 383.2 63000 120000 1.90
2 3843 357000 1210000 3.39
3 3853 667000 1350000 2.02
4 - 56 000 110000 1.96
5 - 58000 98 600 1.70

increases with the molecular weight, is assigned to some
entanglement persistence, providing a rubber-like res-
ponse in that scale of frequencies or times. An illustra-
tion of the molecular-weight dependence on the plateau
zone length is given in Figure 2. This figure shows
the variation of the real part of the dynamic shear
modulus G’ and of the mechanical loss tangent tan
¢ = G"/G' measured for a fixed frequency of 0.1 Hz and
plotted against the temperature. These measurements
were carried out via a low-frequency inverted forced
oscillation pendulum. The two sets of data exhibit the
behaviour of two different PMMA labelled 1 (Figure 2a)
and 3 (Figure 2b) that will be described in the
‘Experimental’ section. PMMA 1 is characterized by a
low molecular weight, whereas PMMA 3 is distinguished
by a high molecular weight. Beyond the main or «
relaxation the mechanical loss tangent exhibits an
increase, which is connected with macromolecular
chain flow. The higher the molecular weight, the higher
is the temperature of tan ¢ increase.

According to the snake-like or reptation concept
introduced by de Gennes', the topological constraints
due to the fact that the molecules cannot pass through
each other confine each chain inside a tube-like region.
Hence, physically, the terminal relaxation time 7q,,, is
essentially the time required for complete renewal of the
tube. It is the longest time observed in mechanical
measurements. To eliminate its original tube, the chain
must progress by tube diffusion over a length compar-
able with its overall length. The corresponding time Tqoy»
also called reptation time 7,.,,, or flow time, is expected to
follow the experimental scaling form':

Tflow = "_moljva)'3 (1)

where 7, is the molecular mobility relaxation time,
which is characteristic of the lifetime for the movement of
a structural unit, i.. a monomer unit, over a distance
comparable to its size, and N is the number of repeat units
in one chain, also called the degree of polymerization or
polymerization number. It should be noted that 7., is the
key to the time-dependent responses and the kinetic
transition from the rubbery liquid to the glassy state! 413,

In this paper, the viscoelastic properties of poly(methyl
methacrylate) (PMMA) of various molecular weights
above the glass transition temperature are evaluated
using thermo-stimulated creep (TSCr) spectrometry.
The aim of this work is to relate the rules governing the
polymeric chain flow phenomena at the end of the rubbery
plateau to those concerning the TSCr experiments in
the vicinity of the high retardation mode (beyond the o
relaxation region). In this way an attempt will be made
to compare the value of the following ratios:

. Tflow 33 - TTSCr
i) — (=N and i) ———
( ) Tmol ( ) ( ) Tmol(Tal)
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where Trgc, represents the characteristic time of the TSCr
experiment and 7,0 (7, ) the molecular mobility relaxa-
tion time deduced from mechanical spectroscopy and
extrapolated to the temperature T, (temperature posi-
tion of the high-temperature retardation mode, which
in the present study will be labelled o).

EXPERIMENTAL
Materials

Different samples of atactic poly(methyl methacryl-
ate) (PMMA) for which codifications are presented in
Table 1 were chosen for this study. The corresponding
mean features, i.e. glass transition temperature, number-
average molecular weight M, and weight-average mol-
ecular weight M,,, together with polymolecularity index
(M, /M), are also listed in Table I. PMMA 1
and PMMA 4 were provided by Norsolor, France.
PMMA 1 was copolymerized with 4% ethylene acryl-
ate as comonomer to ensure good thermal stability,
while PMMA 4 was copolymerized with 1.5% ethylene
acrylate. PMMA 2 was obtained from Réhm and Haas
Co., Germany, and PMMA 3 was purchased from
Goodfellow Co., Great Britain. PMMA 5 was prepared
by the Thermodynamic and Physical Chemistry Labora-
tory, Valencia Polytechnic University, Spain.

Gel permeation chromatography (g.p.c.) was used
to yield M, and M,. The calorimetric glass transi-
tion temperatures T; were found using a Perkin-Elmer
DSC-7"®. The T; was assigned to the temperature
position of the inflection point. In all d.s.c. experiments,
the heating rate was 20 K min !

Viscoelastic measurements

Three different sources of viscoelastic measurements
have been used'” ' in order to determine the tempera-
ture dependence of the molecular mobility relaxation
time Thol-

(i) Dynamic modulus measurements'”'* were carried

out with a low-frequency inverted forced oscillation
pendulum described elsewhere?®. The real and
imaginary parts of the shear modulus, G’ and G”
respectively, and tan ¢ = G”/G’ can be measured as
a function of frequency between 107> and 1 Hz for
different temperatures or versus temperature at a
given frequency. This study was performed using
PMMA 4 and 5.

(ii) From ref. 19 two instruments were used to determine
properly the viscoelastic properties over an
extended temperature range covering the glass
transition region, the rubbery plateau and the
terminal zone. The glass transition region was
explored using a hydraulic testing machine (MTS
831-10) operated in the tensile mode. Twelve driving
frequencies per decade were chosen in the range
0.01-40 Hz. Both the rubbery plateau and termi-
nal zones were investigated by oscillatory shear
measurements performed on a Weissenberg-type
rheometer (Rheometrics RMS 605) operated with a
parallel-disc geometry. The range of driving fre-
quencies was 0.0016-0.016 Hz. This study was
performed using PMMA 4.

(i11) Additional data in the rubbery state were obtained
from thermo-stimulated creep (TSCr) spectrometry.
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Figure 3 Thermo-stimulated creep spectrometry principle

This study was performed using different molecular
weight materials, i.e. PMMA 1, 2 and 3!, During
the past 16 years, TSCr spectrometry has been used
successfully to study molecular mobility in poly-
mers by Lacabanne et al.>'~*’. The principle of the
TSCr technique and the torsion pendulum used for
this work have been described elsewhere?' . A more
complete description of the experimental set-up will
be found in ref. 22. In brief (see also Figure 3):
(a) The sample is subjected to a static mechani-
cal stress o at a given temperature T, for a time
(~2min) allowing complete orientation of the
mobile units that one wishes to consider. (b) This
out- of-equlllbnum configuration (viscoelastic strain
<107%) is then frozen by a rapid quench to a
temperature T, much lower than 7, where any
molecular motion is hindered. The stress is then
removed. (c¢) The release of the frozen-in strain is
induced by a controlled increase of the temperature
(7K -min-1). The response v, its time derivative 7
and the temperature are simultaneously recorded
versus time 1.

The plot of the normalized magnitude, |¥/o|, against
temperature represents the complex TSCr spectrum.
Phenomenologically, the recovery behaviour can be
described by a Kelvin—Voigt model. The mechanical
retardation time 7 can be deduced from measurements
of ¥ (T')and v (T):

) =[23 o)

Not only does this technique permit the measurement
and the characterization of the anelastic effect asso-
ciated with the glass transmon but its low equivalent
frequency (about 10> Hz) allows the resolution of
overlapping energy-loss peaks, frequently met in broad
retardation modes. In polymers, and more generally in
disordered systems, the model of a single retardation
time must be generalized in order to obtain a good fit
between theory and experiment; this is generally done by
using a distribution of retardation times. The great
advantage of the TSCr technique is that it allows a
detailed study of this distribution.
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Figure 4 Isothermal curves of (a) storage modulus G’(w) and (b) loss
modulus G”(w) versus log[frequency (Hz)] for PMMA 4 measured
at different temperatures: (+) 380K; (<) 382K; (A) 386 K; (W) 389K;
(®) 392K; (O) 395K; (O) 398K; (A) 401 K; (@) 403K

RESULTS

Dynamic mechanical analysis

It is obvious that the Williams—Landel-Ferry (WLF)
equation, based on the free-volume concept, provides a
reasonably good description of the viscoelastic behaviour
in the high-temperature region, but is not quite valid as
temperature decreases near 7,. In this last temperature
range a molecular kinetic theory has been proposed on a
physical basis!'*!>. Nevertheless, we will first present
viscoelastic measurements performed on PMMA and
analysed using the classical WLF shift factor?®. From
these experimental data we will then interpolate the
various results to build up the temperature dependence of
the lifetime 7,4 for monomer diffusion.

In Figures 4a and 4b, the values of G’ and G” are
plotted against frequencies for PMMA 4 between 107*
and 1 Hz at different temperatures from ref. 17. Then, as
is usually done in such studies® and according to the
time—temperature superposition principle, an attempt
was made to superimpose the curves by simply shifting
them along the frequency scale to produce a master curve
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over an enlarged range of frequencies at the reference
temperature T,. In principle, a vertical shift pT/p, T,
should also be applied to account for the change in
polymer density p — py between T and T,. Actually, this
correction is very small on the restricted temperature
range under consideration and vertical shifts are
neglected. The reliability of shifting G’ and G” curves
was established by the use of the same shift factor for
both data.

In the o relaxation region (but above T,), the
temperature dependence of the horizontal Shlft factor
ar is expected to obey the well known WLF equat10n29

Torp
logar = log<§9) = log(:m‘;:)) =— C, (T - Tp)

C"+(T - Ty)
(3)
where f, and f are the frequencies of the motions at
temperatures T, and T, respectively, 7o and 7, the
corresponding molecular mobility relaxation times
defined as the inverse of the frequency of the maximum
in G” (2nf )1 and (27fy)~! respectively, and CToand
C% are the values of the viscoelastic coeﬂic1ents at
the reference temperature Tj. It is usual to consider as
the reference temperature the quantity 7, (1 Hz), defined
as the temperature at which G” goes through a maximum
when the frequency is 1 Hz. The corresponding tempera-
ture is 7,,(1 Hz) = Ty = 395K in our case. According to
equation (3), C1T° and C 2T ® can be conveniently derived
from plots of (T — Ty)/logar versus (T — Ty). The
values of the viscoelastic coefficients can be derived from
the slope and intercept with the y axis of this straight line.
Thus the coefficients so deduced are reported in Table 2.
Data with |T — T,| < 5°C were neglected because of
large uncertainties in the quantity (T — 7,)/logay.
PMMA 5 has been studied using the same inverted
forced oscillation pendulum'®. Taking as reference
temperature T, = 385K, the followmg coeflicients
were obtained: C3*° =11.3, C3% =28.3°C. With a
view to obtaining a single relaxatlon time scale, values
of the coefficients should be determined systematically
at the temperature 7,(1Hz)=395K, taken as the
reference temperature. This is achieved using:

ciey =iy 4)
95-CP=Ty-Cl =T, (5)

where C3%° and €3 denote the values of the visco-
elastic coefficients at T, (1 Hz). Assuming WLF equation
validity at low temperature, T, as defined in equation (5)
is the temperature at which the cooperative motions
involved in the glass transition would appear at infinitely
low driving frequency. It corresponds to an infinite value
of the horizontal shift factor a;. Using equations (4)
and (5) for PMMA 5 the coefficients reported in Table 2
and corresponding to ref. 18 are obtained.

PMMA 4 was also studied over an extended tempera-
ture range . Viscoelastic properties were determined

Table 2 Experimental and interpolated viscoelastic coefficients

Source 17 18 19 Interpolation
ci® 7.1 8.3 9.8 11
Cc¥ O 327 38.3 32.5 40
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Figure 5 Temperature dependence of the molecular mobility relaxa-
tion time T, in an Arrhenius plot: (A) experimental data from ref. 17;
(®) experimental data from ref. 18; (O) experimental data from ref. 19;
(—) interpolated curve. The hatched zone indicates the temperature
position range of the «; TSCr peak for PMMA 1

1%/01(GPa.s)”
30r
o
20+
10

TIK)

O—

380 400 420 440
Figure 6 Thermo-stimulated creep (TSCr) spectra in PMMA 1. The

stress is applied for 2min at various temperatures 7, indicated by
a small arrow
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Figure 7 Thermo-stimulated creep (TSCr) spectra in PMMA 2. The
stress is applied for 2min at various temperatures 7, indicated by
a small arrow

using two instruments in the temperature range 380-
398K and 405-470K as previously quoted. Taking as
reference temperature T, = 398 K, the following values
of C3»® and C¥® were reported: C3®=090,
C3%® =35.5°C. With T,(1Hz) = 395K as the reference
temperature, the values reported in Table 2 from ref. 19
are obtained.

From the frequency position of isothermal G” curves
(Figure 4b) the following relation can be deduced between
Tmols C1° and C3%:

C¥3(T - 395)
C3% + (T — 395)

log[Tmol (S)] =-12 (6)

This relation allows us to build up the tempera-
ture dependence of log 7, in an Arrhenius diagram
(Figure 5). This plot exhibits a strong variation with
temperature typical of the primary glass—rubber relaxa-
tion. Experimental data from different sources align
more or less properly on a single curve. Accordingly,
we have fitted the log 7, values via a WLF-like
equation to obtain the best interpolated curve on the
whole temperature range (full line on Figure 5). From
trial and error upon the various data the best fit is
obtained with the following general coefficients (also
listed in Table 2): C3° = 11, C3% = 40°C.

It is noteworthy that the WLF equation is unable to
describe accurately the viscoelastic behaviour of the
polymer over the whole temperature range. Similarly,
Murthy®®*! and Perez er al’®> have shown that
equation (3) or its equivalent, the Vogel-Fulcher—
Tamman (VFT) equation, failed to describe the experi-
mental data over a wide temperature range. But it must
be emphasized that only the most valuable figure for
Tmot €Xtrapolated towards the temperature range around
T, is required in the present study.

This interpolated curve will be used subsequently to
infer lifetimes for monomer movements 7,,(7,;) from
thermo-stimulated creep measurements. Indeed, the
experimental determination of the temperature position
of the high-temperature TSCr retardation mode (7T,;)
allows one to deduce the 7,,,(T,;) value directly from
Figure 5.

Thermo-stimulated creep ( TSCr) analysis

TSCr analysis has been performed to characterize
the anelastic properties above the glass transition for
the three PMMA samples: 1, 2 and 3'7. Before any
temperature scan, the sample was first heated at
T, + 20°C free from any applied stress for 30 min. This
thermal processing removes the thermal history and the
effects of physical ageing and residual internal stresses.

Figures 6 to 8 show the complex TSCr spectra
obtained for PMMA 1, 2 and 3 respectively. A static
shear stress o (= 0.27 MPa for PMMA 1, 0.47 MPa for
PMMA 2 and 0.75 MPa for PMMA 3) was applied at
a temperature T, as indicated by arrows for 2 min. The
resulting viscoelastic strain was then frozen by quenching
the sample to 7, — 100K. The variation of < was
normalized to the applied stress. So, even though
different stresses were applied to the three polymers,
a comparative study is possible. Examination was
also made for non-linear effects, which were negligible.
The term ‘complex’ is used as opposed to elementary
TSCr spectrum involving the ‘fractional stresses’
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Figure 8 Thermo-stimulated creep (TSCr) spectra in PMMA 3. The
stress is applied for 2min at various temperatures T,, indicated by
a small arrow
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Figure 9 Evolution of the temperature position of the o; retarda-

tion mode versus stress application temperature: (O) PMMA [; (A)
PMMA 2; (@) PMMA 3

technique21_25’27. The same stress o was applied to the
sample at different temperatures (7, as indicated by
small arrows on spectra).

From Figures 6 to 8 two retardation modes labelled
o and a, as temperature decreases are resolved. The a,
mode appears near the glass transition zone, which
was determined by d.s.c.!6. Consequently, it has been
assigned to the anelastic manifestation of the main o
relaxation of PMMA. This mechanism involves coop-
erative motions of long chain sequences. It will not be
discussed hereafter.

Contrary to the o, mode, the temperature position of
the o; peak (when detectable on the TSCr spectra)
depends on the conditions of stress application. As the
temperature 7, of stress application increases, the o,
mode appears progressively, at first as a shoulder,
and then as a resolved peak, which shifts towards
higher temperatures with increasing T, values. Figure 9
displays the evolution of the temperature position of
the TSCr a; peak, Ty, versus the temperature of stress
application, T,, for the three materials. This temperature
T, was increased until the experimental limiting value!®.
At higher temperature, irrecoverable creep or viscous
polymer flow involving sudden fall of the stiffness of the
specimen and the end of the rubbery plateau occur.
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Indeed, in this temperature range, we are approaching
the experimental limit of TSCr spectrometry. Although
not shown by experimental data, the evolution of Ty,
towards high temperatures indicates that the ‘true’
position, labelled T,;, of the a; mode is higher. It is
impossible to reach it experimentally, but it can be
obtained by extrapolation (Figure 9). Such limiting
temperature depends on the molecular weight of the
polymer. It is difficult to assign a definite value of T, for
each material tested in the TSCr experiment, particularly
in the case of PMMA 2 and 3, for which 7, seems to be
much higher than the last experimental point.

For PMMA 1 we prefer to associate a T,y temperature
range, rather than a definite value. We cannot hope
for more than a tendency, despite the fact that the
determination of the ‘true’ temperature T, at which
the unattributed «; retardation mode occurs is the key
point. Such an extrapolation shows that Ty, stabilizes
around 437-445K for PMMA 1. As expected in view
of relaxation, the high-temperature retardation mode
seems to shift to higher temperature as the molecular
weight increases.

DISCUSSION

This limiting temperature range for PMMA 1 can then
be used to calculate the molecular mobility relaxation
time 7y, at 7, from the extrapolated WLF type of
equation fitted to the experimental damping data. The
Tmol Fange in question is indicated by the hatched zone
on the interpolate curve of Figure 5. The corresponding
relaxation times are estimated between 7.,,(7T,) =
1.5x 107" s and 4.9 x 107%s. These values can also be
deduced from equation (6). The flow time, or terminal
relaxation time, 7., can then be calculated based on
equation (1). The number N of repeat units in one chain
was evaluated from g.p.c. measurements of M, divi-
ded by the molar mass of PMMA equal to 100 gmol ™.
The corresponding results are Ty, = 2.6 x 102s and
8.5 x 10's. These flow times will then be compared with
the TSCr characteristic time.

It is worthwhile to note that in thermo-stimulated
experiments, i.e. thermo-stimulated creep (TSCr) or
currents (TSC) techniques, the complex spectrum gen-
erally exhibits a more or less broad peak at 7 > T,
depending upon the complexity of molecular relaxation
processes occurring in the studied temperature—time
range. But TSC exhibits a different behaviour for
PMMA since its super-T, relaxation mode is found at
significantly lower temperature than in TSCr. Indeed the
TSC spectrum is constituted by a broad peak around
423K. This result can be explained by a molecular
mobility between entanglements and has been attribu-
ted to the dielectric manifestation of the ‘liquid—liquid
transition’>>. The existence of a so-called ‘liquid—
liquid transition’ labelled Ty in polystyrene above the
glass transition 7, was first proposed by Boyer in 1963,
Since that time many other reports of observation of a
transition above 7, have been carried out in numerous
polymers. Nevertheless, the phenomenon described here
(i.e. in TSCr experiments) exhibits different features
(mainly the molecular-weight dependence).

It is quite different in TSCr analysis during the
recovery of the strain. This paper is an attempt to
interpret the result obtained by TSCr spectrometry. If
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we assume that at T > T, the restoring force involved
in the TSCr experiment could be related to the
viscoelastic behaviour of the polymeric chains flowing
in the network of entanglements, so the relaxation time
at T, should be equal to mpow(T,1). According to
the equivalent frequency of the TSCr technique
(1073 Hzy"'"#% the characteristic time 7rge, in TSCr
measurements is about 1.6 x 10°s. The value of the
equivalent frequency was established by comparing
the mechanical loss compliance J” worked out from
elementary processes as a function of temperature and
frequency to the TSCr spectrum for the used heating rate.

A perfect agreement is observed between flow time
and TSCr characteristic time for PMMA 1 (260-85s
and 160s respectively). For this material, the restoring
force involved during the «; TSCr retardation mode
recording can be undoubtedly related to the long-range
diffusion of polymeric chains. So, it should conceivably
also be the case for PMMA 2 and 3, for which
the T, values were dubious. We can try to invert the
problem and to consider that the 7, value is equivalent
to Trgcp. and then to proceed towards the T,,; limiting
temperature. This process can then be validated if this
temperature agrees with the experimental points. Start-
ing from 7o = Thow = 1608, 1t gives, using equation
(1), Tmot =3.0x 107105 and 7y, =3.8x 10-1ts for
PMMA 2 and 3 respectively. The corresponding T,
temperatures obtained via equation (6) or Figure 5 are
519K and 602K respectively. For PMMA 2, this value
seems to be reasonable as displayed by the dotted line on
Figure 9, or at least we can conclude that Tpgc, and 7q0y
are of the same order of magnitude. On the other hand,
it is quite different for PMMA 3, and we observe a
discrepancy between the 7T, value (602 K) and experi-
mental values on Figure 9. This situation becomes
clear on thinking it over in the light of the g.p.c. results.
Indeed, the g.p.c. curve for PMMA 3 exhibits
a significant tail on the low-molecular-weight side. So
we can conclude that these low-molecular-weight chains
are responsible for the «; retardation mode. It must
also be pointed out that these last two materials (PMMA
2 and 3) exhibit a broader molecular-weight distribu-
tion as displayed in Table 1 and from the aspect of the
o retardation mode on Figures 7 and 8. Indeed, it is
shown that the experimental power law (equation (1))
is roughly valid for very close polydispersities, except
for high molecular weights, and a decrease of viscosity
with polydispersity is also predicted®*. This can be a
possible explanation of the discrepancy observed for
PMMA 3 and possibly to a certain extent for PMMA 2.
Moreover, numerous parameters are involved to deduce
the flow time from TSCr measurements. In particular,
the ‘true’ temperature of the maximum of the high-
temperature peak, 7,,, is found by means of an
extrapolation. It is obvious that this process is more or
less accurate. Despite this fact, very satisfactory agree-
ment in the order of magnitude is displayed between 74,
and the TSCr characteristic time. A perfect agreement
is observed for polymers with low molecular weight
and close polydispersity and this agreement shades off
progressively for higher polydispersities and higher
molecular weights.

CONCLUSION

This study shows that the restoring force involved in
thermo-stimulated creep (TSCr) measurements beyond
the glass transition region can be clearly related to the
viscoelastic behaviour of polymeric chains flowing by
diffusion within the surrounding entangled network.
During the temperature scan, the recovery of the
previously frozen-in strain can be well described by
the chain diffusion concept. It explains the difference
in thermo-stimulated current and creep behaviours in
this temperature range. since the former technique
does not involve flow. It was carried out on poly(methyl
methacrylate) but could be extended to any amorphous
entangled polymer.
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