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PACS.62.40+I Anelasticity, internal friction, stress relaxation, and mechanical resonances

PACS.65.70+y Thermal expansion and density changes; thermomechanical effects

PACS.83.20.Di Microscopic (molecular) theories

Abstract. A procedure yielding to the determination of the low-frequency dynamical be-

havior of glass-forming systems with low glass transition temperature is presented in this paper.

The liquids are injected in an inorganic porous medium and the mechanical response of the

heterogeneous composite samples is studied. It is shown that the dynamic behavior of the liq-
uid is poorly affected by the presence of the substrate. This enables to build the long-time

relaxation diagram for maltitol, sorbitol and Licl, 6H20. The mechanical measurements are

interpreted in the framework of a model based on the assumptions of localized disorder (defects)
and hierarchically constrained dynamics in the glass transition region.

Nomenclature

Tg glass transition temperature

G*(uJ, T) complex shear modulus

G'(uJ, T)
: storage shear modulus

G"(uJ,T)
:

loss shear modulus

tan# loss tangent

Gr relaxed modulus

Gu unrelaxed modulus

J*(uJ, r)
:

dynamic shear compliance

Ju :
unrelaxed shear compliance

Jr relaxed shear compliance

fp fraction of pore in the substrate

fpo i
fraction of pores remaining empty in the composite sample

r~ :
characteristic relaxation time r~
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g~ weight of each relaxational event having the characteristic time T~

x parameter giving the effectiveness of the correlation effects

x'
;

second exponent in the biparabolic model

Q parameter of the biparabolic model closed to unity

Cd concentration of quasi-point defects

Tp time of the simplest elementary motion involved in a-molecular mobility

Tmoi : most probable relaxation time involved in the a-molecular mobility

B~vp : parameter giving the width of the distribution of T~ in the long time range

B~an : parameter giving the width of the distribution of T~ in the short time range

Ep apparent activation energy of the p-relaxation process

Eapp apparent activation energy of the a-relaxation process in the glassy state

a parameter giving the temperature dependence of x(T)

m, m' fragility parameters

GA1203 Polycrystalline alUmina Shear mOdUIUS

ii, qii, 12, §i2 series-parallel coupling parameters

Gp porous alumina substrate shear modulus

GeR effective unrelaxed shear modulus of maltitol in porous alumina

Gum unrelaxed shear modulus of pure maltitol

Guc unrelaxed shear modulus of the composite

G((iw, T) complex shear modulus of the composite sample

G[(iu~, T) complex shear modulus of maltitol

G]~(iu~, T)
;

effective complex shear modulus of maltitol in porous alumina

1. Introduction

The molecular motions below and through the liquid-glass transition temperature Tg are well-

known to result in relaxation phenomena when some stimulus (dielectric, magnetic or mechan-

ical field) is applied [ii. The main a-mechanical relaxation has been extensively studied in the

case of (I) inorganic glasses, such as selenium [2j or oxides mixtures [3j, (it) metallic glasses [4j,
and (iii) polymeric organic systems [5j. During a long time, such studies were carried out by
measuring the dynamic modulus by means of various techniques and describing the results

in the general frame of linear viscoelasticity [6j. Then, some progress was obtained by using
the time-temperature superposition principle and master curves. Among the first attempts to

relate experimental aspects of the a-mechanical relaxation to physical processes occurring at

the molecular level, we proposed a theory [7j based on quasi-point defects (qpd), hierarchically
correlated molecular motions (hcmm) and shear microdomains (smd) concepts. This theory

was successfully applied to analyze results obtained with a wide variety of amorphous poly-

mers [8] and silicates glass-forming systems [9]. Some efforts were made in the case of water

based glass-forming systems [10j, but data are still needed for molecular glasses, especially in

the low temperature range, I.e. below and close to the glass transition.

The purpose of this paper is to give new
information about the a-mechanical relaxation

in two types of molecular hydrogen bonded systems: polyols (sorbitol and maltitol) and an

electrolytic solution Licl, 6H20. Although viscosity measurements are easy to perform as soon

as the system becomes liquid, studies of a-mechanical relaxation through the glass transition

are more difficult. Two different situations are encountered. When Tg is higher than room
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Fig. I. Mechanical loss tangent tanqi and shear storage modulus G' of bulk maltitol measured as

a function of temperature at I Hz. The full line corresponds to the modeling obtained by means of

equations (3, 4 and 5) with parameters given in.

temperature, solid samples can be used for dynamic mechanical measurements, but when Tg
is below room temperature, the material under study has no rigidity and must be injected in

a porous solid substrate, so that measurements are performed on a composite specimen. The

problem is then to extract data proper to the glass-forming liquid from the results obtained

with the whole composite specimen.

2. Experimental Procedure

Low frequency dynamic mechanical spectroscopy measurements were obtained by means of a

home-made inverted forced torsional oscillation pendulum described elsewhere ill]. It mea-

sures the dynamic modulus G*(u~, T)
=

G'(u~, T) + iG"(u~, T), in helium atmosphere. The in-

ternal friction tan qi is defined as the ratio G"/G'. Two kinds of experiments were performed.
Isochronal measurements were carried out at I Hz as a function of temperature from 100 K

to above the glass transition. Isothermal experiments were obtained at a fixed temperature in

the frequency range [1 10~~ Hzj.
The samples are parallelepipedal with size close to 1.5 x 4 x 50 mm~. All samples were

prepared in argon atmosphere in order to prevent hydration of the products. Bulk specimens
of maltitol were molded while composite samples were obtained by injecting maltitol, sorbitol

or Licl, 6H20 in I substrate cut in porous alumina [12j. The volume fraction of pores fp in

this substrate is 80%, and the average pore size is close to 3 /tm. It was previously verified that

no relaxation process occurs in this porous substrate in the temperature range of our studies.

3. Dynamic Modulus and Molecular Mobility of Pure Maltitol

The variation of both storage G' and internal friction tanqi
=

G"/G' with temperature is

shown in Figure I. The a~mechanical relaxation clearly appears above 320 K and results in

an abrupt increase of tanqi and decrease of G'. At lower temperature, between 130-300 K, a

broad secondary or p-relaxation is observed. In this paper, we will focus on the a-relaxation,
and Figures 2a and 2b exhibit the isothermal measurements of the dynamic modulus versus

frequency associated with this relaxation process. The master curves obtained by shifting
each of the spectra of Figures 2a and 2b along the frequency axis are displayed by Figures 3a
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Fig. 2. a) Frequency spectrum of the shear storage modulus G' at various temperatures for bulk

maltitol. b) Frequency spectrum of the shear loss modulus G" at various temperatures for bulk

maltitol.

and 3b respectively. These data are also shown in the so-called Cole-Cole diagram (Fig. 4). We

propose to analyze these results using expressions with physical sense and enlightening events

occurring at nanoscale level.

First of all, it is important to note that experimental data can be treated in two different

ways. One can either analyze complex susceptibilities (mechanical J*, or dielectric e*) or

complex rigidities (G*
=

I/J*,
or M*

=
lie*). The use of the same empirical relations for the

modeling of susceptibilities or rigidities is misleading, as the values of the parameters are not

directly comparable. Thus, it is necessary to be careful in the interpretation of the parameters
used to fit experimental data, specially when such an interpretation is related to processes

occurring at molecular level.

Several manners of describing the a-mechanical relaxation are found in literature. First, in

the framework of linear viscoelasticity, the generalized Maxwell model implies the following
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Fig. 3. a) Master curve at 323 K built with the data displayed in Figure 2a. The full line corresponds

to the modeling obtained with biparabolic model. b) Master curve at 323 K built with data of G"

measured at various temperatures and displayed in Figure 2b. The full line corresponds to the modeling

obtained with biparabolic model.

relation for the complex modulus G*(u~, T):

G* (UJ, 7) Gr f 91j°J71
~~~

Gu G~ l + ju~T~
i=i

G~ and Gu are
respectively the relaxed and unrelaxed moduli. g~ is the weight of the relax-

ational event with characteristic time q. with the normalization condition ~)~~
g~ =

I. The

knowledge of the discrete distribution function g(T~) is required for using equation (I) which

corresponds to a formal approach with only poor physical content.

Havriliak and Negami [13j analyzed dielectric relaxation in glass-forming liquids with the

so-called H-N- relation:
~~ ~~> ~~ ~U j~~)

E~ Eu II + (jUJ7)" )#
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Equivalently, in mechanical spectroscopy:

J*(u~, T) J~ 1
~~~~

J~ Ju (l + (JuJ7)~)~

J*(u~, T), Ju and J~ are respectively the dynamic, unrelaxed and relaxed compliances. Equa-
tion (2) has been shown to correspond to any physical situation implying relaxational phe-

nomena with
a distribution of exponential decay. The parameter a is related to the width of

the relaxation process, while fl is significant of the skewness of the process. The parameters

a et fl must obey the conditions: 0 < a < I, and 0 < a*fl < I. It is worthwhile to note

that equation (2) yields to others well-known equations: Debye (a
=

fl
=

I), Cole-Cole [14j
IS

=
1, 0 < a < I), which is practically equivalent to the Fuoss-Kirkwood [lsj

or the Gaussian

functions, and Cole-Davidson [16j la
=

1, 0 < fl < I) functions. Alvarez et al, ii?] have stud-

ied the relationship between the frequency-domain H-N- relation and the Kohlraush, Williams

and Watts (K.W.W.) relaxation function often used in time-domain. They found that a spe-
cific K-W-W- exponent corresponds to a

specific H-N- a, fl pair. On the contrary, Havriliak

and Negami [18j showed that the K-W-W- function can not be considered as an "universal"

function, as it is not possible to find a K-W-W- exponent for every o, fl couple.
Another expression, called biparabolic model, is often used to describe the dynamic modu-

lUS [19jl
~~~~ ~~ ~

Gj G~
~

i + (iu~T)-x + QjjuJT)-x' ~~)

A useful comparison [20j was made between H-N- function and biparabolic expression. Al-

though this equation (3) contains one more parameter than equation (2), it appears no
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Table I. Values of the parameters involved in the modeling of the complex dynamic modulus

of bulk maltitol, by means of biparabolic model and generalized Maxwell model (Appendix).

Pure Maltitol Gu (GPa) G~ (GPa) x x' Q B~an B~vp

Biparabolic model 3 0 0.34 1 0.3

Generalized Maxwell Model 3 0 0.35 0.22

significant differences in fitting the data with H-N- or biparabolic models. But the interest

of biparabolic model arises from the fact that the parameters introduced in this expression

can be related to physical features of the material. Equation (3) was firstly introduced as a

pure formal expression, but has later been justified thanks to a theory describing the physical

processes occurring in the matter when an external mechanical field is applied [7,21j. In short,
the main assumptions of this theory are:

Ii) the existence of quasi-point defects (qpd) in concentration Cd given by the Boltzmann

statistics, corresponding to nanofluctuations of specific volume, I-e- enthalpy and entropy;

(it) the hierarchically constrained nature of molecular dynamics which leads to the follow-

ing expression for the characteristic time for molecular mobility in the disordered condensed

matter:

~
i/x

Tmoi ~
to ~ (4a)~to)

With 7p = 7opexP
)) 14b)

where Tp is the time of the simplest elementary motions involved in deformation process and

identified with the sub-Tg p-relaxation motions; to is a time scaling parameter, and x is the

correlation parameter (0 < x < I) accounting for the hierarchy of the molecular mobility.
Moreover, x increases with the disorder ii.

e. Cd) which means that x is constant in the glassy

state (T < Tg) implying an Arrhenius temperature dependence of Tmoi On the contrary, in the

supercooled liquid state, Cd and x, increases with temperature resulting in a non-Arrhenius

variation of Tmoi with T, which is alternatively often described with a Vogel-Fulcher-Tammann

equation or William~Landel-Ferry formula;
(iii) under the application of a stress, the nucleation and growth of local shear micro do-

mains (smd). Those smd carry the anelastic strain, involving characteristic times distributed

between Tp and Tmoj, and can ultimately merge irreversibly leading to viscoplastic strain, with

characteristic time about Tmoi Macroscopic steady deformation or flow regime appears when

smd's nucleation rate and their transformation rate into viscoplastic sites become equal.

The theory summarized above yields equation (3) through relations describing the smd's

nucleation, growth and coalescence. In practice, the parameters X and X' are easily obtained

from the so-called Cole-Cole diagram exhibiting G" versus
G', since they determine the high

and low frequency limit slopes of this plot. X varies generally between 0.2 to 0.4, and X' is

about 0.8-0.9 for amorphous polymers [8j, 0.5-0.7 for highly cross-linked polymers, and I for

non-polymeric glasses [9j. We choose to describe our results in the framework of this theory

and so, equation (3) was used to fit the data of Figures 3a, 3b, and 4 with the values of

parameters given in the Table I. In Figures 3b and 4, in high frequency domain, equation (3)
do not lead to a perfect agreement with experimental data. The Cole-Cole diagram clearly
shows non thermorheological simplicity, as the values of the unrelaxed modulus and the high
frequency slope depend on the temperature of the isothermal scan.

A better description of
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Fig. 5. Characteristic relaxation times deduced from isothermal dynamic mechanical measurements

for bulk maltitol (m) and maltitol embedded in porous alumina (o). The characteristic time deduced

from isochronal measurement is also shown (+) in Figure I. The full lines are the result of equation
(4a) and (4b), corresponding respectively to the a and fl~relaxation processes.

these phenomena could be obtained by introducing the sensitivity of parameters Q and Gu to

the microstructure, I.e., to X.

From isothermal measurements, it is possible to follow the variation of Tmoi with tempera-

ture assuming that u~Tmoi #
I when G" is maximum. For temperatures at which the maximum

is not observed in the experimental frequency range, the shift factors yielding master curves

are used to extrapolate the value of Tmoi Figure 5 displays the variation of log(Tmoi) versus

reciprocal temperature. Two domains can be clearly distinguished with different temperature
dependence, above and below a temperature of 316 K, corresponding to a time of about 10~

s.

This temperature is referred to as Tg
=

Tg(10~ s),
as it corresponds to the freezing of the mi-

crostructure on the time scale of experimental measurements. For T < Tg, in the isostructural

regime, data obey an Arrhenius behavior with a slope yielding an apparent activation energy

Eapp close to 185 kJ/mol. At Tg, an abrupt change can be obse?ved since Eapp(T
=

Tg) is as

high as 590 kJ/mol, and for T > Tg, Eapp decreases when the temperature increases.

With equation (4), it is possible to explain quantitatively the whole diagram displaying
log(Tmoi) versus I IT (Fig. 5). (I) On the one hand, from the experimental value of the

activation energy of sub-Tg p-relaxation Eb
#

62 kJ/mol and Eapp
=

185 kJ/mol determined

in the isostructural domain, one obtains x(T < Tg)
=

0.33. The value is in good agreement with

that of X calculated from the high frequency limit of the Cole-Cole diagram and given in Table I.

(ii) On the other hand, it is possible to suggest [21j an explicit phenomenological temperature
dependence of X(T) through Cd IT), but it is simpler to consider a Taylor expansion of x(T)
above Tg(10~ s);

xiT)
=

xlTg) + alT Tg). 15)

Data in the metastable liquid domain are consistent with a value of parameter a
equal to

7.5 x
10~~ K~l. By combining equations (4 and 5) together with equations (3), it is possible to

calculate the variation of'the dynamic modulus with temperature and frequency through the

a-relaxation. Figures 1, 3a and 3b show that such calculated curves fit correctly the respective
experimental isotherms and isochrones,in a manner self-consistent with the general theoretical

frame recalled above.

For a comparison with an approach involving times distribution, the equation (I) is used as

explained in Appendix. Such an equation fits the data as well as equation (3), with the values
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of parameters given in the Table I. The effective time distribution g~ at 323 K is shown in the

insert of Figure 4.

Lastly, from the relaxation map shown in Figure 5, it is worthwhile to determine the fragility

parameter in the ergodic domain m =

~~~~~~
as proposed by Angell [22j. m is

dTg/T
~~~ ~~~

close to 230 for maltitol. Consequently, this polyol c~i
be ~onsidered

as a fragile glass-forming

system (m
=

46 for Si02 and m =
333 for PMMA) [22j. It is important to note that the

values quoted in this paper correspond to the fragility obtained for a time scale of10~
s as they

are determined at Tg(10~ s). A way to relieve the fragility notion of the thermal activation

contribution, is to consider the fragility parameter m', defined as:

~i
Eapp IT > Tg) Eapp IT < Tg)

j~~
RTg

as previously proposed [23j. m' is only sensitive to the evolution of microstructure through

the glass transition. One obtains m'
=

146 for maltitol (m'
G3 0 for Si02 and m'

=
218 for

PMMA).

4. Viscoelastic Behavior of Maltitol Embedded Porous Alumina

The temperature dependence of G' and tan qi of the composite sample is shown in Figure 6 and

the master curves obtained through isothermal measurements are shown in Figures 7a and 7b.

The following features are clearly observed in relation with the a-relaxation:

(I) the relaxed modulus G~ remains rather high (about 0.3 GPa). Actually it is an appar-

ent modulus corresponding to the rigidity of porous alumina Gp containing maltitol in the

supercooled liquid state;
(it) as a consequence, tan qi exhibits a peak instead of a monotonous increase;

(iii) the unrelaxed modulus Gu of the composite is lower than that of pure'maltitol. This is

unexpected since polycrystalline alumina has a much higher modulus than maltitol. This can

be explained by the fact that some of the pores do not received maltitol. This is confirmed by

density measurements which show that only a fraction of pores are filled with maltitol, another
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measured at various temperature for maltitol embedded in porous alumina. The full lines correspond
to the modeling obtained with biparabolic expression ma procedure explained in Figure 8.

fraction fpo remaining empty. This fact has to be taken into account in any mechanical model

used to establish the relation between the measured dynamic modulus of composite sample
and that of pure maltitol. We suggest a two-steps modeling for obtaining such a relation as

shown in Figure 8.

First step:

The porous substrate is divided in two media, namely bulk alumina and air. Those media are

considered to be mechanically coupled partly in series, partly in parallel [24j. Consequently,

the two parameters ii and qii have to be introduced, and can be obtained from the following
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relations:

>1§i1
=

fp 17a)

GA1203(1 ~il)
~

~P ~~~~

fp is the fraction of pores in the substrate fp
=

0.8). GAi~o~ which is close to 160 GPa and Gp
close to 0.3 GPa are the modulus of polycrystalline alumina and porous alumina respectively.

Second step:
The part of the diagram corresponding to air (pores) is assumed to be partly filled with malti-

tol. Again, this is described by a parallel-series element with parameters 12 and qi2. These

parameters account for the fraction of pores remaining empty after the introduction of maltitol

in the substrate. They obey the following relations:

j
~2~i2 ' ~

fpfp0 (~C)

Guc
=

/[
j + Ii ~ii)GA1203 17d)

A>203 elf

Guc is the unrelaxed elastic modulus of the composite sample; GeR is the effective unrelaxed

modulus of maltitol occupying the fraction I fpo of the pores. GeR is related to the unrelaxed

modulus of maltitol, Gum, by:
GeE

~
Gum(1 §i2). (7e)
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Table II. Values of the parameters involved in the modeling of the complex dynamic modulus

of maltitol embedded in porous alumina, by means of biparabolic model and generalized Maxwell

model (Appendix).

Composite: Generalized

in porous

(GPa) 160 160

Gp (GPa) 0.3 0.3

Gum (GPa) 3 x
10~ 3 x

10~

Guc (GPa) 2.5 x
10~ 2.5 x

10~

0.8 0.8

fpo 0.3 0.3

x 0.3

x' 0.65

Q 0.3

B~an 0.42

B~vp 0.45

To sum up, after having measured Gum, Guc, fp, and fpo, the relations (7a) to (7e) yield

the parameters11
#

0.801, qii
=

0.998, 12
#

0.246, and qi2 #
0.423, which can be used to

calculate the complex dynamic modulus G*(iu~, T) for the composite medium as a
function of

the dynamic modulus G[(iu~, T) of pure maltitol, through the relations:

~~ ~~, T)
=

~ ~

~$l

~~~~°3 ~ G(ii~w T)

~ ~~ ~ ~~ ~~A120~

'

(8~)

and

GjRjiuJ, T)
=

GjjiuJ, T)11 qi2). 18b)

Relations (8a) and (8b) correspond to equations (7d) and (7e), with G((iu~, T), G[(iu~, T) and

G]~(iu~, T) instead of the unrelaxed elastic moduli. All the values of the used parameters are

given in Table II.

Applying equations (8a) and (8b) with G[(iu~, T) given by equation (3) as explained above,
leads to the modeling of the Cole-Cole diagram of the composite sample shown in Figure 9. It

appears that the calculated curve mostly differs from experimental data in the low frequency
limit, as

the calculated Cole-Cole plot exhibits
a slope dG"/dG' which is higher than the

experimental data. The maximum value of G" is also overestimated. Nevertheless, a good
agreement is obtained by decreasing the value of x', which is equal to I in the case of pure

maltitol, down to 0.68 when maltitol is in porous alumina. The value x is weakly affected

(see Tab. I), and the corresponding slight variation can be attributed partly to the thermal

history, which is not exactly the same for pure maltitol and the composite. It is worthwhile

to note that the same conclusion can be reached, using the Maxwell model as explained in

Appendix (see Tab. II). The change in the distribution of characteristic relaxation times is

shown in the insert of Figure 9. It can be observed that this distribution is wider, and that

the differences between the two distributions are essentially located in the long time range.

However, the time position of the maxima of these distributions remain nearly the same.

Two reasons could explain the spreading of the distribution towards long times. It happens

that the size of pores is distributed, from 10 /tm down to less than 100 nm [12j.
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Fig. 9. Cole-Cole representation of the isothermal data corresponding to maltitol embedded in

porous alumina. The dotted line is the result biparabolic model used ma procedure explained in

Figure 8 with parameters given in Table I. The full line corresponds to the same modeling with a

new set of parameters given in Table II. Insert: distribution of the relaxation times T~ obtained with

equation (A.I) (Appendix) with the values of parameters given in Table I for dotted line and in Table

II for the full line, respectively for bulk and embedded maltitol samples.

As a consequence:

(I) connection between pores are so narrow that some hydrodynamic effects could result in

local flow becoming more difficult;

(it) maltitol molecules could be likely to interact with the polar surface of pores and their

mobility decreases. As the ratio surface /volume is high for small pores, such an effect concern

a non-negligible number of molecules.

In both cases, a distribution of times wider in the long times side is to be expected, and

self-consistent with the change displayed in the insert of Figure 9. The dynamics of molecular

systems is known to be modified in confined geometry of small sizes (a few nanometers) [25,26j.
For example, the dielectric relaxation shifts to lower temperatures or to higher frequencies, and

confinement induces a broadening and a
change in the shape of the relaxation spectrum [27j.

In the case described here, the mean size of the pores is quite large, and the presence of the

support only affects the long-time side of the distribution. As a consequence, the measured

mean relaxation properties are relevant of the bulk product.

Lastly, the variation of Tmoi with temperature in the case of composite sample is also shown in

Figure 5. It appears that the results can be hardly distinguished from those obtained with pure
maltitol. This is understandable since the most probable value of the characteristic relaxation

time is the same for bulk maltitol and composite sample distributions. Consequently, the time
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Table III. Values of the apparent actuation energies of the p-process and of the a-process

in the isostructural state fr < Tg), and fragility parameters m and m' far maltitol, sorbitol

and Licl, 6H20.

Ep < m
m'

(kJ/mol) s) s)

Maltitol 62 200 230 146

Sorbitol 55 170 224 146

Licl, 32 143 66

Tmoi characteristic of the molecular mobility of this molecular glass forming system can be

determined from mechanical measurements performed on the so-called composite sample.
We have used the same porous substrate to determine the relaxation map of sorbitol and

Licl, 6H20. The calorimetric glass transition temperature of those systems are 270 K and

136 K (28] respectively, for a heating rate of 3 x
10~~ K/s, so that they are liquid at room

temperature. The temperature variation of Tmoi obtained by means of mechanical measurement

performed on sorbitol and Licl, 6H20 embedded in porous alumina is shown in Figure 10.

This long times relaxation map reveals a fragile behavior for the a-relaxation in both systems.
As for maltitol, an Arrhenius behavior is observed for temperatures below the glass transition

Tg(10~ s). Moreover, a sub-Tg Arrhenius p-relaxation process is observed for sorbitol, yielding
to an activation energy analogous to that of maltitol. On can also determine the values of

m

and m' of these both systems. All values are present in Table III.

5. Conclusion

The dynamical mechanical behavior of a molecular glass forming system (maltitol) is described

in this paper. Measurements were performed either on bulk samples and or on composite sam-

ples realized by injecting maltitol in a porous alumina substrate. A self-consistent description

of all the experimental results was obtained by introducing parameters with physical meaning

in phenomenological models. This yields a better understanding of the effects of the substrate

on the dynamics of the embedded product. It appears that the long time exponent x' of the
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biparabolic expression is decreased, or equivalently that the distribution of the relaxation times

spreads over the long time range, when maltitol is injected in porous alumina. Nevertheless,
the most probable value of the relaxation time remains nearly the same.

On the basis of this study, an experimental procedure is established, allowing the deter-

mination of the low frequency dynamics, in the glassy state, as well
as in the supercooled

liquid, for systems with low glass transition temperatures. Comparison of the long time scale

(10~l s-10~ s) results obtained by means of this procedure with data issued from other spec-

troscopic techniques such as dielectric relaxation [29j enables the building of large relaxation

maps [30j, displaying the different relaxation processes of glass forming liquids on a wide tem-

perature range below and above Tg. So far, the validity of the various models proposed in

literature to describe the molecular mobility in the glass transition range can be reinvesti-

gated on a wider time range. This will probably yield a better understanding of the nature of

molecular motions in disordered systems.

Appendix

In order to bring a physical meaning to the phenomenological Maxwell description, it is possi-
ble to introduce Tmoi in equation (I). The problem is then to give an expression for g~ using

parameters with physical meaning. Actually, if the values of the effective times T~ are dis-

tributed around Tmoi, this can be accounted by considering a distribution of the parameter I lx
in equation (4a). This choice can be physically justified by the existence of long range spatial

fluctuations of disorder, I, e. the defects concentration Cd, which should lead to variations in x.
If Xm is defined as the must probable value of x, the following distribution can be considered:

1 (1)
g)

= exp
~~ ~

~ for I > x > xm (0 < I < n/2) (A.la)
Ba

an

i (1) )~
g)

= exp
~~ ~

~ for X < Xm (n/2 < I < n) (A.lb)
B~

vp

with I: integer between [0, nj and ())
=

I + ~i.

~The normalization condition leads to the value of g~ given by:

g~ =

/~ (A.lc)
~9)
1=o

The equation (A. lb) corresponds to a log-normal distribution of
T in the long time side, with

a breadth parameter B~vp, while the equation (A.la) gives a distribution of times decreasing
with

a
long tail in the short time side. These expressions lead to a non,symmetric distribution

function for the effective relaxation time, as it is generally recognized for a-relaxation.

Note added in the revised version: for sake of simplicity, a straight forward link is considered in

the Appendix, between the well-known relation (I) and a distribution of relaxation times based

on physical features. A more rigorous physical approach should have involved the analysis of

the macroscopic mechanical response of the material to the applied stress, I. e., the compliance
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(or mechanical susceptibility J*
=

I/G*),
as a result of the sum of all microscopic responses.

Two generalized Voigt models can be used for representing the non-elastic parts of this response,

namely the anelastic and viscous components. The results are well-described using a
Gumbel

law [31j for the distribution of the anelastic retardation times and a
Gaussian distribution

for viscoplastic component, corresponding respectively to equations (A.la and A-16)- Such

an approach will be developed elsewhere. In any way, conclusions -derived from the insert of

Figure 9, remain the same.
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