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ABSTRACT: The Tool—Narayanaswamy—Moynihan model (TNM) is widely accepted in order to describe
the enthalpy recovery mechanism of polymers. However, some problems have been found in quantitative
analysis as far as the parameters of the model are concerned. In particular, in several studies, the values
of the Kauzmann temperature have been obtained 150 K or more below the glass transition, whereas
other works have provided values of the activation energy of the relaxation times at the glass transition
that are inconsistent with viscoelastic or dielectric measurements. In this paper, we analyze differential
scanning calorimetry experiments in a low molecular weight PMMA sample in terms of a modified TNM
model, where the adjustable parameters only provide the behavior of the out-of-equilibrium relaxation
times. The temperature dependence of the equilibrium relaxation times is instead set at the values
determined by the shear viscosity data of the sample. A good agreement between theory and experiments
is obtained suggesting that the difficulties quoted above could actually depend on the TNM handling of

the nonlinear effects.

I. Introduction

One of the distinctive features of glass-forming sys-
tems is the dramatic slowing down of molecular mobility
when the glass transition is approached, while, at the
same time, changes in the structural properties are not
observed.! For this reason, the structural relaxation of
these materials is intensively studied by means of many
different experimental techniques.? In particular, dif-
ferential scanning calorimetry (DSC) experiments are
performed in order to investigate the enthalpy relax-
ation (or better enthalpy recovery) mechanism of glasses.
An interesting question concerns the comparison of the
temperature dependence of the relaxation times of the
different observables. In several studies it was found
that the apparent activation energy at the glass transi-
tion coincided for enthalpy relaxation and viscous flow3
or dielectric relaxation. This finding has been recently
validated by works in which the fragility of glass-
forming systems, as evaluated by thermal methods, was
compared with the fragility obtained by viscoelastic or
dielectric measurements.*®

The parameters describing the enthalpy relaxation of
glass-formers can be also obtained by analyzing the DSC
experiments in the framework of phenomenological
approaches such as the Tool—Narayanaswamy—Moyni-
han or the Scherer—Hodge models.

These approaches are able to reproduce the main
features of the structural relaxation process. However,
when the material parameters are obtained by optimiz-
ing the agreement between the experimental DSC
curves and the predictions of the models, some incon-
sistencies are often found. In particular, values of the
Kauzmann temperature lower than the glass transition
temperature T4 by 150 K or more have been obtained
in several studies,®° whereas in other cases the activa-
tion energy at Ty resulted inconsistent with the cooling
rate dependence of Ty or with the viscoelastic or
dielectric fragility.1° Of these flaws, the former has been
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recently addressed by Hutchinson and co-workers® that
modified the Scherer—Hodge handling of nonlinearity,
to provide higher values of the Kauzmann temperature.
However an additional free parameter was introduced
in their model. In our opinion too, the difficulties above
outlined could be related to the way in which these
approaches handle the nonlinearity of the structural
relaxation with the assumption of a specific structure
dependence of the instantaneous relaxation times. In
this paper is proposed a simple modification of the TNM
model where the fitting parameters provide only the
behavior of the out of equilibrium relaxation times,
while the temperature dependence of the equilibrium
relaxation times can be treated independently.

1. Theoretical Background

To start with, we report the basic assumptions and
relations of the TNM model. Its constitutive equation
can be obtained in terms of the evolution of the fictive
temperature Ts first introduced by Tool to describe the
structural state of a glass.!! This parameter represents
the relaxational part of the enthalpy and is implicitly
defined by the following relation:1?

H(T) = Heo(T9) — [ C22%(6) do (1)

Heq(T#) is the equilibrium value of the enthalpy H at

the temperature T;, and Cg'aSS(T) is the unrelaxed
glassy heat capacity. By differentiating eq 1 one obtains

AT (Cy(M — CI™*(M) _ (C(T) — C™*(T) _
dT =~ ACTy  AC(T)
c(M

where ACy(T) = C'p'q(T) - Cg'aSS(T) is the heat capacity
increment between the glassy and liquid state. All the
guantities in the right side of eq 2 can be experimentally
measured by means of a DSC apparatus, so that several
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normalized heat capacity curves Cg‘(T) can be obtained
following different thermal histories. In fact,? the DSC
traces recorded after cooling and annealing in the glass
show an overshooting peak whose shape and position
are strongly dependent on the thermal history. These
scans are then compared with the theoretical predictions
obtained by numerically solving the basic equation of
the TNM model:1?

T(T) =
To+ [1dT {1 - exp(—[fTT, #}ﬁ)} 3

To is a reference temperature well above the glass
transition temperature, Q = Q. represents the cooling/
heating rate, while g is the nonexponentiality parameter
determining the broadness of the relaxation spectrum.
If an annealing procedure is performed at a temperature
T for a time t,, the term

ta dt’
LIU#HQ

has to be added to the reduced time calculus in the
second integration of eq 3. The model is completed by
assuming a specific expression for the temperature and
structure dependence of the relaxation time 7(T,Ts). The
most widely used are the Narayanaswamy—Moynihan
(NM)1314 and the Scherer—Hodge (SH)8° ones:

1 — x)Ah
(T, T)=A exp{ xah + ( X)

RT RT, } NM - (4)

(T, T)=A exp{ B } SH (5

RT(1 — T,/Ty)

When the NM expression is employed, this formalism
is usually referred to as TNM model, whereas, when
the SH expression is assumed, the approach is usually
called AGV (Adam—Gibbs—Vogel) model. The SH ex-
pression appears to be more reliable than the NM one
because it can be developed in the framework of the
Adam—Gibbs theory'® and because at equilibrium (Tt
= T) the Vogel—Fulcher—Tamman law'’1° is recovered.
However, it has been shown that these expressions are
quite similar regarding the predictive power of the
model.®12 A key feature of the TNM or AGV approach
is that the same parameters provide both the equilib-
rium temperature dependence and the out-of-equilibri-
um structure dependence of the relaxation time. So, if
the parameters are obtained by fitting experimental
DSC traces, whose shape is mainly related to the
behavior of the system in the out-of-equilibrium state,
it is possible that some inconsistencies are found
concerning the equilibrium behavior if the relation
assumed for 7(T,Ty) is not suitably correct.

To gain further insight, it would be useful to separate
the equilibrium temperature dependence of the relax-
ation time from its out-of-equilibrium behavior. To this
aim, we followed the general procedure employed by
Avramov and Gutzov in developing their relaxation
model?° by setting

E(T,2)
RT (6)

T= A-exp[

In eq 6 the activation energy E depends on the temper-
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ature because of the non-Arrhenius character of the
structural relaxation of glass-formers. The parameter
z = (T¢+ — T)/T represents a measure of the departure
from equilibrium so that the dependence of E on z
describes the nonlinear features of the structural re-
laxation. As soon as z is a small quantity, the activation
energy can be expanded in a Taylor series (around z =
0) truncated to the linear term:

E(T.,z) ~ E(T,0) + (@ Z_())-z 7)
From eq 6, one finally obtains
T = 1°(T)-exp[—bz] (8)
where b stands for
oE(T
o= (5 0

In this way one can assume for 7°9(T) the same tem-
perature dependence of the viscosity or the dielectric
relaxation times and try to adjust the other parameters
to fit the experimental DSC data. An apparently similar
approach was recently proposed by Tverjanovich,2!
which modified the TNM expression by assuming tem-
perature dependence for the parameter Ah of eq 4. In
his work, the viscosity data of Selenium (Se) were fitted
by using the equation n = 50 exp[E,(T)] and then it was
assumed Ah = E,(T). With this position, the tempera-
ture dependence of thermal expansion coefficient of Se
at the glass transition was well reproduced by the TNM
model, and it provided a value for the prefactor A in eq
4 of the order of the time of the atomic vibrations. Even
if also the assumption Ah = E,(T) leads to relaxation
times at equilibrium with the same temperature de-
pendence of viscosity, our modification of TNM model
seems to be more general because any empirical specific
expression is not assumed. On the other hand, eq 8 is
based on a first-order approximation so that this ap-
proach is expected to work only if the system is not too
far from thermodynamic equilibrium.

Unfortunately, b in eq 9 could be a function of
temperature and some additional hypotheses should be
introduced. However in this work we want to adopt the
same number of free parameters as in the standard
TNM or AGV model. One of them is the prefactor in
the relation chosen for the equilibrium relaxation time
that is 789(T) = A-z, a second one is the stretching factor
B in eq 3 so that two parameters are left to provide the
function b(T). For some different choices of b(T), we
performed fitting procedures of DSC experiments car-
ried out on a low molecular weight PMMA sample where
we also performed viscoelastic mesurements. In par-
ticular, b trial functions were adopted with linear (b(T)
=a + gT) and different inverse (b(T) =a + /T, b(T) =
a + g/T? b(T) = al(q — T)) T-dependencies. Results
almost independent of the specific function assumed for
b(T) were obtained. This could be understood on the
following basis: the values of temperature relevant to
the structural relaxation at the glass transition can be
taken into account in a restricted interval around it. In
such a T range and with a and q values suited to a good
C,’;'-curves fitting, the above b trial functions provided
for 0E(T)/0z (see eq 9) increasing T-dependencies, dif-
fering from each other by few percent only. An example
is given in Figure 1 where oE(T)/dz|,— is plotted ina T
range of 50 K around Tg for linear direct and inverse T
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Figure 1. Temperature dependence around T4 of the PMMA
sample of this work of dE(T)/0z (eq 9) as obtained from the
fitting of DSC experiments (see the Results and Discussion)
for b(T) with linear direct (continuous line) and inverse (dotted
line) T dependence. The 7°9—T dependence is assumed to follow
the VFT parametrization of experimental sample viscosity.

dependence of b(T) and assuming for 784(T) a T depen-
dence according to the Vogel—Fulcher—Tamman law
followed by PMMA viscosity (see results and discussion
section). Being our results a very weak function of the
b(T) setting, in this work we report and discuss only
the analysis carried out for the linear direct b(T) setting
which provided the least deviations from DSC experi-
ments.

I11. Experimental Procedure

The PMMA sample was purchased from Labservice Ana-
lytica and used as received without any further purification.
The sample was almost monodisperse with M, = 1460 g/mol
and My/M, = 1.07. The glass transition temperature, mea-
sured according to the enthalpyc definition?? for a cooling rate
of 40 K/min, was Ty = 317.3 K.

A Perkin-Elmer DSC 7 apparatus, frequently calibrated
with indium and zinc standards, was used for the calorimetric
experiments. Highly pure nitrogen was used as a purge gas.
For the annealing experiments the sample was first main-
tained at high temperature (T4 + 50 K) for some minutes, then
it was cooled (at a rate Q. = 40 K/min) to the selected aging
temperature T, where it was annealed for a time t, and finally
it was cooled again to the starting scan temperature Ts and
reheated at 10 K/min, recording the signal. A reference scan
(cooling at 40 K/min and heating at 10 K/min) was immediately
recorded after the annealing measurements in order to evalu-
ate the enthalpy lost on aging the sample (see the procedure
described in the following section). Some simple cooling/heating
experiments were also performed with different fixed values
of the cooling rate.

The viscoelastic properties were measured with a stress
controlled Haake RheoStress RS150H rheometer. The mea-
surements were carried out in the linear response regime by
undergoing the sample to a torque with parallel-plate (20 mm
diameter) sensor system. The loading gap between the sensor
plates was 0.750 mm at 373 K. The gap was chosen signifi-
cantly larger than the sample chain length to ensure gap
independent measurements. Thermal dilatation effects were
taken into account by the rheometer varying automatically the
parallel-plate gap.

The temperature control system consists of the HaakeTC501
accessory, equipped with two platinum thermoresistances
(PT100) and with a thermal bath with circulation of refriger-
ant. The temperature at the sample was stable within 0.1 K
during all measurements, which were carried out under highly
pure nitrogen flow.

The zero shear viscosity was obtained from flow and creep
experiments at different temperatures, and dynamic tests in
the range 1072 to 24.4 Hz, which provided independent
evaluation of the viscosity.
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Figure 2. Temperature dependence of the shear viscosity in
the PMMA sample (filled circles). The lines are the best fit
obtained with the VFT law (continuous) and the Avramov
expression, respectively. Best fit parameters are reported in
the text.

5 000 O 0
e
(I .
10° [ ‘e,
5 [ ]
N=2.9610"Pas .
L]
10° - °
E o
g o
o 4 1
) 10 °
e}
° O G'at343K
10° - o ® G'at343K
° —fitn®
o
102 -|-O|||| L L IIIIIII L L IIIIIII L L IIIIIII L
0.1 1 10 100
o (1/s)
Figure 3. Example (at 343 K) of the calculation of zero shear
viscosity from the loss modulus G" according to # = lim,—o
G'"lw. %

1V. Results and Discussion

In Figure 2, we report the temperature dependence
of the PMMA viscosity, in the temperature range
between 323 and 413 K.

At the highest temperatures down to 343 K, the
viscosity was evaluated by both flow and creep experi-
ments, below this temperature by creep and oscillatory
data.?® The dynamic experiments at 343 K are shown
as an example in Figure 3. In Figure 2, the continuous
line is the viscosity best fit obtained with the Vogel—
Fulcher—Tamman law:

n(T) = o exp{ (10)

B8
R(T — TO)}

with Vogel temperature To = 249 + 4 K and pseudo-
activation energy B = 20.3 + 0.5 kJ/mol. The dotted line
is the best fit obtained according to the expression
developed by Avramov? in his entropy-based model:

30(;)(1] (11)

We obtained T, = 308 + 3 K and o = 5.4 4+ 0.5 for the

n(T) = 1y exp
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Figure 4. Logarithmic deviations (log(;7t"e°"/p®®Y) from the

experimental shear viscosity of the fits performed by means
of the expressions of egs 10 and 11.

best fit parameters. An inspection of the figure shows
that the two equations fit the experimental data com-
parably. A more accurate analysis based on the loga-
rithmic deviations ¢ = log(;the°r/5e*Pt) indicates that the
VFT law works slightly better in the description of the
experimental data as shown in Figure 4. However the
differences are very small so that it is difficult to single
out the best from these expressions.

As far as the calorimetric experiments are concerned,
we performed simultaneous fitting procedures aiming
to reproduce six DSC traces recorded after different
thermal histories. In fact, a key feature of the TNM or
AGV models is that the adjustable parameters are
material parameters and therefore they should be able
to describe all the different experimental scans. The
Nedler—Mead search routine?® was employed to find the
minimum of the average square deviation defined as

1 6 N
%= & = ]Z [W(I){ Cgl'exm(i’j) - Cg{theor(i!j)}]z (12)

In eq 12, the index i identifies the experimental scan
whereas the index j denotes the points of each scan. To
weight suitably the different DSC traces, the weighting
factors w(i) were assumed to be proportional to the
inverse of the maximum of the overshooting peaks, with
w(i) = 1 for the thermogram providing the highest peak.
First, we analyzed our DSC experiments in the frame-
work of the standard AGV model (see eq 5). Because of
the well-known correlation among the model param-
eters,12 several fitting procedures were carried out for
different fixed T, values. The best set of parameters was
then singled out by adopting a proper experimental
strategy.?® In Figure 5 we show the comparison between
the experimental curves and their best fit obtained with
the AGV model. The agreement between theory and
experiments can be appreciated. However, even if the
Adam-Gibbs temperature, T, = 237 £ 10 K, was found
to be compatible with the VFT temperature provided
by the viscoelastic experiments, the evaluation from the
best AGV parameters of the fragility, as measured by
the steepness index:

_ d[log(7)]
©d(TT) T, (13)

was by about 25% higher than that obtained by the
temperature dependence of viscosity.?® To check if this
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Figure 5. Results of the simultaneous fit (continuous line)
by using the AGV model of six different experimental DSC
traces of the PMMA sample (open circles). The best fit
parameters are shown in Table 1.

discrepancy could be related to the relation assumed for
(T, Ty), we fitted the DSC experiments by using the
modified TNM approach of egs 8 and 9. We assumed
for 7°9(T) the same temperature dependence as the
viscosity, but with the two different parametrizations
shown in Figure 2 (eqs 10 and 11). In fact, even if they
provide very similar results for the viscosity, these
parametrizations show a very different behavior below
the glass transition, because only the VFT law provides
a divergence of the relaxation times. So it could be
possible to highlight differences by means of the calo-
rimetric analysis. As a first step, we fitted two single
curves recorded after having annealed the glass at two
different temperatures. For each of them we assumed
a constant value for the b parameter of eq 8. The two
outcomes for b were then used in the simultaneous
fitting as starting parameters for the linear temperature
dependence assumed for b(T). In Figures 6 and 7 the
best fits obtained by using the VFT and the Avramov
parametrization of the viscosity respectively are com-
pared with the experimental DSC traces. The param-
eters found with the search routine are reported in
Table 1 with the values of the average square deviation
0ga. The best fit parameters of the standard AGV model
are also reported for comparison in the table. An
inspection of Figures 5—7 shows that all the approaches
are able to reproduce the experimental scans fairly well,
even if eq 8 with the parametrization of eq 11 provides
larger discrepancies in the experiments involving an-
nealing at the two lowest temperatures. A more accurate
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Figure 6. Best fit (continuous line) of the same DSC ther-
mograms of Figure 5 obtained by adopting the modified TNM
model described in the text, with the VFT parametrization of
the equilibrium relaxation times (eq 10). The best fit param-
eters are reported in Table 1.

comparison through the analysis of the o, parameter
confirms it, and this shows that the standard AGV
model and eq 8 with VFT provide a better agreement
than the Avramov parametrization. Between them,
however, the modified approach with the VFT param-
etrization of the equilibrium relaxation times leads to
a more reasonable value of the prefactor A than the one
with AGV model. These results suggest that the incon-
sistencies often encountered in the equilibrium temper-
ature dependence of the structural relaxation times as
obtained by DSC experiments, could be actually ascribed
to the expression assumed for (T, Ty) as also hypoth-
esized in ref 9. To gain further insight, we analyzed the
enthalpy relaxation isotherms. It is well-known that the
area below the DSC traces recorded after having an-
nealed the sample in the glass are related to the value
of the enthalpy AH(Tats) lost during the annealing
steps:12:27

AH(T,t) = [7{C3T) - CyM}dT  (14)

where C;(T) is the heat capacity measured after an-
nealing the sample at T, for the time t,, and C;(T) the
heat capacity of the unannealed sample. Ty and Ty are
reference temperatures (Tx < Ty < Ty). More precisely,
the above expression provides the experimental en-
thalpy difference, at the starting scan temperature Ts,
between the thermal treatments with and without the
annealing. Such a value only represents an approxima-

Macromolecules, Vol. 37, No. 21, 2004

T,=307 K
t, = 60 min

20~ T1,=313K
t, = 60 min

1.5

| 1 | |
280 300 320 340 280 300 320 340

T (K) T(K)
> T,=307 K t,=0
4 t,=1080 min .=0.5

N

0 I
300 310 320 330 340 280 300 320 340
T (K) T (K)
20F
T,=297K ®
t, =400 min T,=291 K
L5 t, =300 min

280 300 320
T (K) T (K)

340 280 300 320 340

Figure 7. Best fit (continuous line) of the same DSC traces
as in Figure 5 obtained by adopting the modified TNM model
described in the text with the Avramov parametrization of the
equilibrium relaxation times (eq 11). The best fit parameters
are reported in Table 1.

Table 1. Best Fit Parameters Found by the Search
Routine in the Fit of the Six DSC Experiments with the
Standard AGV Model and the Modified Approach
Described in the Text for the Two Different
Parametrizations of 789(T)

B(kJ T
mol™) (K) a q B 0a

parametrization A (s)

Avramov 7.2 x 10710 329.2 —0.798 0.55 0.022
VFT 3.8 x 10714 1064 —2.977 0.46 0.015
AGV model 3.4 x 102 35121 237 0.41 0.017

tion by defect of the enthalpy lost during the anneal-
ing2%28 and becomes very good only for low enough
annealing temperatures. In the framework of TNM
derived models, the experimental data obtained by
means of eq 14 should be compared with the quantity?®

AH(T,,t) " = AC(T){T{(Ty) — TH(TY} (15)

where the smooth temperature dependence of AC, near
the glass transition was neglected. In Figures 8 and 9
the experimental relaxation isotherms pertaining to two
different annealing temperatures are compared with the
theoretical predictions obtained with the modified TNM
approach for the two different parametrizations of the
equilibrium relaxation time. We can see that the results
obtained by assuming the Avramov parametrization (eq
11) greatly overestimate the experimental data, whereas
small deviations can be observed in the predictions of
the VFT equation.
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Figure 8. Enthalpy loss on aging the PMMA sample at T, =
313 K for different aging times: experimental data (open
circles) and the predictions of the modified TNM model for the
two different parametrizations of the equilibrium relaxation
times.
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Figure 9. Enthalpy loss on aging the PMMA sample at T, =
307 K for different times. The open circles are experimental
data whereas the lines are the predictions of the modified TNM
model for the two different parametrizations of the equilibrium
relaxation times.

These results are mainly related to the different
values of the glass transition temperature evaluated by
those models. In fact, T{(Ts) in eq 15 is the glassy
asymptotic value of the fictive temperature which
represents the glass transition temperature according
to the enthalpic definition. By analyzing the tempera-
ture dependence of the fictive temperature during a
cooling at 40 K/min from the melt, we found T{(Ts) =
319.2 K by assuming eq 11 and T;{(Ts) = 317.0 K in the
case of VFT dependence. These values must be com-
pared with the experimental Tg = 317.3 K.

So, both the analysis of the simultaneous fitting
procedures and the enthalpy relaxation isotherms sug-
gest that in the framework of this modified TNM
approach, the VFT parametrization of the segmental
relaxation dynamics is more appropriate than a smoother
temperature dependence such as that provided by the
Avramov expression.

This finding appears somewhat interesting and suit-
able to be compared with both theoretical?® and experi-
mental3® works, in which it has been suggested that a
kind of transition from the typical VFT-like behavior
to an Arrhenius-type temperature dependence should
be expected for the segmental dynamics on approaching
the glass transition. Our results seems at variance with
this possibility, even if it should be noted that our
findings can represent only an indication and not a
discriminating criteria because our approach is based
on several semiempirical assumptions. Among them the
same scaling for the enthalpy and shear relaxation
times has been assumed, but this possibility is not
universally accepted. For example, in a recent paper,
Echeverria and co-workers,3! compared enthalpy recov-
ery, volume recovery and creep recovery experiments
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in Se. In that work, creep and volume experiments
resulted to be compatible with relaxation times having
the same temperature dependence as viscosity whereas
the enthalpy relaxation times showed a smoother tem-
perature dependence. However it must be noted that
these results were obtained by analyzing only the
enthalpy relaxation isotherms with a phenomenological
procedure, based on some empirical assumptions that
could be criticizable. In fact, with a very similar
analysis, different results3? have been recently obtained
for the enthalpy and volume relaxation times which
exhibited the same temperature dependence of the o
relaxation times probed by dielectric and NMR spec-
troscopies in PVAc and PS, respectively. Malek also
compared enthalpy and volume relaxation processes in
glasses on the basis of the fictive relaxation rate R¢3
and evidenced a good agreement for many polymeric
and nonpolymeric systems. The investigations of other
researchers, however, showed significant differences in
the equilibration times of different properties.®4~36 As
far as the subject of the present work is concerned, very
interesting results were obtained by using the modu-
lated calorimetry technique that allows one to investi-
gate the enthalpy relaxation in the linear response
regime above the glass transition. A close agreement
among dielectric and enthalpy relaxation data was
recently found in maltitol and sorbitol,3” and in two
different molecular weight polypropylene glycol
samples.38

Similarly, Jeong and Moon?®° found the same temper-
ature dependence for shear relaxation times and en-
thalpy relaxation times in the low molecular weight
glass former CKN.

V. Conclusions

This work deals with the possibility of describing the
out-of-equilibrium DSC experiments in a low molecular
weight PMMA sample, in the framework of a modified
TNM approach.

The temperature dependence of the equilibrium fluc-
tuations of the enthalpy below the glass transition is
assumed to follow closely the extrapolated VFT behavior
of the viscosity. This assumption is to some extent
validated a priori by the low molecular weight of our
sample. In fact, this rules out the effects due to the
entanglement in high polymers, which results in dif-
ferent segmental and terminal relaxations. An impor-
tant consequence of the above assumption should be the
a posteriori checking of the consistency of the relax-
ations of these observables, offloading the inconsisten-
cies observed in some literature works on to the TNM
handling of the nonlinear effects of the out-of-equilib-
rium dynamics of glassy polymers.

The results of the present work indicate the possibility
mentioned above, when the modified TNM approach is
used. Moreover, as expected, our procedure provides a
value of the prefactor of the enthalpic relaxation time
of the same order of the atomic vibrations.

Furthermore, the analysis of two relaxational en-
thalpy isotherms obtained at different annealing tem-
peratures suggests that the VFT parametrization of the
segmental relaxation has to be preferred to the smoother
temperature dependence predicted by the entropy-
derived Avramov's model, both of them fairly well
reproducing the PMMA viscosity above Ty. It is worth-
while to emphasize that this modified approach provided
similar agreement with DSC experiments with respect
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to the standard AGV model, so that the results of the
present work do not represent a conclusive proof of the
scaling behavior of the enthalpy and shear relaxation
times.
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