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Abstract

The phenomenon of physical aging of glassy polymers in confined environments has been extensively studied over the last
few decades due to its numerous technological and fundamental implications. Understanding aging in confined environments
is vital for predicting the long-term performances in applicative conditions for confined glassy polymers. The physical aging
of PC/PMMA multilayer films, with layer thicknesses ranging from micro-to-nanoscale, was explored using the Differential
Scanning Calorimetry (DSC) technique. Reducing the layer thickness down to 12 nm was shown to have a very different effect
on the structural relaxation parameters of the above-mentioned polymers. Recovered enthalpy data for aged films exhibited
an acceleration in physical aging under confinement for PC (rigid backbone and rubbery environments), while no change was
noted for PMMA (flexible backbone and amorphous environments). A large effect in the amplitude of the structural relaxation
process has also been evidenced for confined PC layers. These observations have thoroughly been discussed with respect
to the impact of the chemical structure (entanglement), adjacent polymer state (rubbery and amorphous environments) and
the nature of molecular mobility (the CRR shape and length are both related to intra-chain and inter-chain relaxation during
glass transition),. Moreover, it was found that the accelerated aging of PC was mainly attributed to the dynamic relaxation
related to its chemical structure and local modification of intermolecular interactions.
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Introduction

A thermodynamic system brought out of equilibrium
spontaneously evolves to go back to its equilibrium
state. It is worth noting that the vitreous state is an out-
of-equilibrium state of glass-forming liquids, and like
any other non-equilibrium physical system, it will tend to
return to the equilibrium state over time. The relaxation
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of thermodynamic properties in the vitreous domain,
such as the volume or enthalpy with annealing time, is a
phenomenon referred to as structural recovery.

During the structural relaxation process, molecules tend
to rearrange for the purpose of minimizing the energy of the
system. The structural relaxation phenomenon is generally
associated with slow molecular motions within the material.
This structural relaxation phenomenon (structural recovery),
also called physical aging, engenders some changes in the
physical, thermal, mechanical, electrical and optical proper-
ties of vitreous polymers. Unlike the chemical aging (oxida-
tion, UV radiation, etc.) for which the changes are mostly
irreversible, the physical aging [1, 2] is a totally reversible
process through heat treatment.

In nanotechnology, the use of glasses confined to the
nanometer length-scale is mandatory, but this can be prob-
lematic as some material properties are size-dependent
[3]. It is widely admitted that reducing the size of a glass-
forming liquid, from the micrometric to the nanometric
scale (nanoconfinement), is accompanied by significant
modifications of its properties, compared to the bulk [4-9].
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Furthermore, the new properties of nanoscale phases,
in addition to their technological interest, are often associ-
ated with fundamental research questions that are totally
open to the field of condensed matter physics [8, 10-13].

Quite a number of research teams have studied the glass
transition of polymers in a confined environment using
different techniques [14-19]. The variations in the tem-
perature Tg were observed for the first time in layers of
thicknesses in the order of 100 nm; this phenomenon is
emphasized for thicknesses <40 nm [20]. The experimen-
tal results [21-24] obtained for nanoscale films, numerical
simulations [25-29] and theoretical approaches [30-32]
allowed to evidence some changes in the glass transi-
tion temperature Tg as well as in the structural relaxa-
tion (physical aging) [33-36]. The variations in Tg and in
the aging rates could be either greater or smaller than the
value measured in bulk material.

Therefore, in order to be able to predict the long-term
performance of polymers, it is necessary to understand
their aging process under nanoscale confinement. Recently,
a number of studies on the physical aging of glassy poly-
mers have indicated that the aging behavior is often highly
affected by its confinement environment; among these are
polymer thin films, nanocomposites [37], nanoporous pol-
ymers [38] and nanotubes [39]. In addition, some studies
reported that aging could be reduced or completely pre-
vented, while others found out that the physical aging was
more accelerated in a nanostructured materiel than in the
bulk. This may be explained by the interfacial interactions:

e A free surface (interface) where little interaction of the
film with the substrate occurs induces an increase in the
molecular mobility near that surface, which leads to an
acceleration of physical aging. This is generally attrib-
uted to the decrease in Tg [40—42] in a confined environ-
ment (driven force).

e Strong interactions with the substrate immobilize the
polymer chains in the vicinity of the interface, reduce
the molecular mobility and disrupt glassy dynamics. This
causes an increase in the Tg value [40, 43] and prevents
or slows down the physical aging in a confined environ-
ment [44].

However, the interfacial effects do not explain all the
anomalies of molecular dynamics and the contradictory
results from studies on glass transition and physical aging in
confinement geometries. For example, the enhanced physical
aging under confinement for unsupported films [45] and the
reduction in physical aging rate at the air-polymer interface
of PMMA films [46] cannot be explained only by the inter-
facial effects.

In this context, Priestley, Campbell et al. [47, 48] indicated
that the size and flexibility of monomer units play a significant
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role; they also suggested that the associated side groups seem
to influence the behavior of glass transition temperature (Tg).

These findings suggest that the dynamics of the cooperative
segments play an essential role in the behavior of Tg. Indeed,
several studies have reported some variations in the molecular
dynamics of confined films when assessing the relaxation time
by using the Dielectric Relaxation Spectroscopy (DRS) [49,
50], or by calculating the characteristic length of Cooperative
Rearranging Region (CRR) & through the use of Temperature
modulated differential scanning calorimetry (TMDSC) [51, 52].

The difference in length-scale, for which confinement can
affect the physical aging of various polymers, is greater than
1 micron for polysulfone and PC (rigid backbones) [45, 53]
and less than 300 nm for PMMA and PS (flexible backbone).
It was found that the chemical structure appears to play a sig-
nificant role in the way confinement impacts physical aging.
The different confinement’s conditions such as hard versus
soft confinement can also impacts the processes of aging.

Furthermore, it is generally acknowledged that the impact
of confinement on aging depends on the conditions under
which the process takes place, such as the stress induced
during film quenching [54], the memory effect, aging tem-
perature and the type of confinement...etc.

More particularly, the study of the physical aging process in
multilayer polymers seems to be of the utmost importance, not
only because their long-term material performances are essential
to their optimal use in various applications, but also because few
studies have characterized the structural relaxation of multilayer
confined polymers, and only even fewer have investigated the
effect of the confined environment on the physical aging process.
It is worth noting that this effect is associated with the nanostruc-
tured aspect of the multilayer polymer [55, 56], the molecular
structure, the state of each polymer during aging, and the nature
of molecular movements within the range of glass transition.

In order to investigate the influence of nanoconfinement
on the physical aging process, layer-multiplying coextruded
films of polycarbonate (PC) and poly (methyl methacrylate)
(PMMA) films, containing tens to thousands of layers with
individual layer thicknesses from the microscale to the
nanoscale, are examined in the present study.

To do this, it was decided to examine the complex structure
of our samples and analyze the effect of confinement and the dif-
ferent mechanisms occurring at the interface between the layers.

Experimental

Materials and processing

The materials used in this work are multilayer films comprising
alternating layers of bisphenol-A polycarbonate (PC) and atactic

poly (methyl methacrylate) (PMMA) which are both amorphous
polymers. Polycarbonate (Caliber 200 -10), which was provided
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by Dow Chemical Company, has an average molecular weight
(M, of 62 kg.mol™!; its volumetric mass (ppc) is 1.1934 g.
cm™>, and the molar mass of one monomer unit is M,=254 g.
mol~!. With regard to Polymethyl-methacrylate (Plexiglas
V826), it was provided by ATOFINA Chemicals Inc.; its average
molecular weight (M,,) is 132 kg.mol™". The volumetric mass
of PMMA (ppya) i5 1.1923 g.cm™ and the molar mass of one
monomer unit M, is 100 g.mol .

The multilayer films, having different thicknesses, were
produced by the multilayer co-extrusion technique at the
Department of Macromolecular Science and Engineering,
Case Western Reserve University (CWRU) in Cleveland,
Ohio (USA). This technique allows for the fabrication of
multilayer films comprising two or more polymers alternated
with thousands of layers. The nomenclature adopted for the
sample was PC/PMMA-X, where X is the number of layers
as indicated in Table 1.

In the present work, the multilayer films, PC/PMMA-08,
PC/PMMA-32, PC/PMMA-1024 and PC/PMMA-4096,
were examined. Each film has a PMMA/PC composition
ratio of 50:50 by volume.

Differential Scanning Calorimetry (DSC)

The isothermal physical aging of PC/PMMA multilayer
films was investigated at two different temperatures by
means of a TA Instruments Q100 Differential Scanning
Calorimeter (DSC). This apparatus was calibrated for the
measurement of heat flow, temperature and baseline (sen-
sor capacitance for T,.., technology) using the standard
calibration procedure (melting enthalpy and temperature of
Indium and melting temperature of Zinc). Measurements
and heating ramp have been carried out with heating and
cooling rates Py, =Ip =10 K/min. The selected aging tem-
peratures were chosen below the Tg of PMMA for the first
study of structural relaxation of PMMA at T,=100 °C; a
second aging temperature was chosen below the Tg of PC
and higher than PMMA Tg, in order to study the structural
relaxation of PC at T,=100 °C. The same thermal history
and aging times (t,) were applied to all multilayer films.

Table 1 Sample codes, number of layers, and individual layer thick-
nesses of the samples

Sample code Number of layers Individual
layer thick-
ness

PC/PMMA-08 8 16 pm

PC/PMMA-32 32 4 pm

PC/PMMA-1024 1024 125 nm

PC/PMMA-4096 4096 12 nm

Results and discussion

Structure of extruded PC/ PMMA layers and PC/
PMMA layers subjected to thermal cycles

Figure 1 depicts two AFM tapping mode phase images for
the same multilayer PC/PMMA-4096 film, after the tem-
perature ramp of 180 °C (left), and after a measurement
cycle where the PC/PMMA-4096 multilayer film was heated
at the rate of 10 °C/min to 180 °C, and was then was sub-
jected to thermal annealing from O to 6000 min (right) (from
Arabeche et al. [57]).

Furthermore, it turned out that, before and after
annealing, the multilayer films composed with PC and
PMMA revealed an alternating layered architecture that
was continuous and almost uniform throughout the film
sample, on the macroscale and nanoscale. It can therefore
be concluded that the annealing treatment did not have
an impact on the multilayer structure. These findings
are very different from those found, for example, by
Bernal-Lara et al. [58] who investigated the nanolayers
of polyethylene films and found out that they were not
stable when the temperature exceeded the melting point
of PE.

Aging of PMMA layers below the glass transition
temperature

The effect of film thickness on the physical aging of poly
(methyl methacrylate) (PMMA) layers supported on PC lay-
ers was examined by means of the Differential Scanning
Calorimetry (DSC) technique. Multilayer films were aged
at the temperature Tapypa =100 °C with aging times t,;
[30 min: 6000 min].

Figure 2 presents the DSC thermograms obtained during
the heating ramp just after the isothermal physical aging step
for all the aging times (t,) for PC/PMMA-08, PC/PMMA-
1024, PC/PMMA-4096. The physical aging evolution of
PMMA was confirmed by the appearance and the evolution
with aging time of an enthalpy peak superimposed to the heat
capacity endothermic step of PMMA at Tg. This enthalpy
relaxation is observed for all multilayer samples, as shown
in Fig. 2.

It should be noted that for long aging times, a slight
evolution of the endothermic peak superimposed to heat
capacity step at the glass transition of the polycarbonate,
was observed. This observation suggests that vitreous PC
undergoes the physical aging phenomenon with a very slow
kinetics even if the isothermal relaxation protocol is carried
out 45 K below the Tg of PC.

@ Springer
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Fig.1 AFM taping Images of 50/50 PC/PMMA multilayer films obtained for (PC/PMMA-4096). (a) After a temperature ramp to 180 °C. (b)
Film after thermal cycles for various aging times from 60 °C to 180 °C. (from Arabeche et al. [57])

Aging of PC layers below the glass transition
temperature

The effect of film thickness on the physical aging of poly-
carbonate (PC) layers, supported on PMMA layers, was
determined by means of the differential scanning calorim-
etry (DSC) technique. The multilayer films were aged at
Tapc=130 °C with t,: [30 min: 6000 min].

An increase in the heat flow overshoot with increasing
aging time was observed in all multilayer composite sam-
ples in the glass transition domains of PC, as it is clearly
illustrated in Fig. 3. This effect is characteristic of relaxation
effect for isothermal aging below Tg or it can be observed
also due to differences between cooling and heating rates
during vitrification/devitrification [59, 60]

Note that for the same aging time, an enthalpy reduction
associated with an endothermic overshoot for confined films
(PC/PMMA-4096 and PC/PMMA-1024) was observed,
which is not the case for bulk films PC/PMMA-08 and PC/
PMMA-32. One may clearly see that the endothermic peak
of nanolayers is less pronounced and wider than that meas-
ured for bulk films. This observation suggested a reduction
in the aging rate with confinement [55, 61].

The curves plotted in Figs. 2 and 3 can be used to deter-
mine the evolutions of the recovered enthalpy AH. The
recovered enthalpy was estimated from the experimental
DSC thermograms of aged samples (aging time t,), and
rejuvenated same sample (t,=0) according to Eq. (1) given
below [62].

@ Springer
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AH = [ [Cp™(T) - Cp"/(T))dT M
Tl

where T, is a temperature well below Tg and T, a tempera-

ture well above Tg in liquid equilibrium state.

To compare the recovered enthalpy values of the layered
and bulk films, the values calculated must be normalized by
the mass fraction (@pypa and ®pe) of each sample using
Eq. (2) and (3).

AH layered total
AHpyppa = T o @)
PMMA
AH layered,total
AHpe = o (3)
PC

®pvma and @pc=0.5 for the samples presented in this
work.

As can be clearly seen from Fig. 4, it is difficult to differ-
entiate the evolutions of AH for PMMA glass transition as
a function of aging time for the different layer thicknesses.
Consequently, it can be stated that there is no apparent
changes in the structural relaxation kinetics of PMMA as a
function of the layer thickness of the layers.

Comparing the evolution with aging times of the values
of enthalpy AHpya allows stating that layer thickness has a
very weak influence on the physical aging process of PMMA
glass transition.
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Fig.2 DSC curves obtained for the multilayer films: (a) PC/PMMA-08, (b) PC/PMMA-1024, (c) PC/PMMA-4096, with a heating rate of
10 K min~! after aging the samples at 100 °C; the aging times are as indicated on the thermograms

For PC recovered enthalpy vs. aging ta, a clear differ-
ence can be observed on Fig. 5, compared to what has been
obtained for PMMA recovered enthalpy (Fig. 4).

The recovered enthalpy for PC/PMMA-08 and PC/
PMMA-32, are quite similar to what is observed for
PMMA Ah. PC/PMMA-1024 and PC/PMMA-4096 reach
a plateau value of the recovered enthalpy when their thick-
ness changed from microscale to nanoscale (the plateau is
achieved in almost 100 min for layer thickness of 12 nm and
500 min for layer thickness of 125 nm). However, the pla-
teau was not achieved at the macroscale, for PC but also for
PMMA. This difference suggests that the enthalpy relaxation
kinetic is quite impacted by the reduction of thickness of PC
layers and occurs at a shorter time scale.

Enthalpy relaxation processes, present classically an ideal
sigmoidal variation that can be numerically adjusted by a
Kohlrausch—Williams—Watts function [63-66]:

AH(r) = AHOO.<1 —exp[—(%)ﬂ]> @)

where <1 is the stretching exponent and 7 is a character-
istic relaxation time of the aging process.

AH_, is the equilibrium enthalpy recovery theoretically
obtained for an infinite aging time.

KWW stretched exponential decay functions are gener-
ally used in the literature to adjust numerically structural
relaxation function obtained in glass-forming liquids in the
vicinity of the glass transition temperature [67-69].

It can be calculated on a glass maintained at a tempera-
ture Ta < Tg, the expected total enthalpy recovery AH_
extrapolated from the equilibrium liquid variation depends
on the aging temperature T,, as well as on the glass transi-
tion temperature Tg and the heat capacity step ACp of the
sample, according to the following relation:

@ Springer
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Fig.3 DSC curves obtained for the multilayer films: (a) PC/PMMA-08, (b) PC/PMMA-32, (c) PC/PMMA-1024, and (d) PC/PMMA-4096, with
a heating rate of 10 K min~" after aging the samples at T,= 130 °C; the aging times are indicated on the thermograms

AH = ACP(Tg -T,) ®)

In literature, the nonexponential and nonlinear behavior
of physical aging is established [70-73] and is often
described by the Tool, Narayanaswamy, and Moynihan
(TNM) model [74, 75]. The TNM model utilizes the
Kohlrausch—Williams—Watts (KWW) [76] function to
represent structural relaxation during aging and the enthalpy
recovery phenomena can be described following the Egs. (6):

e ] (1)

(o)

The normalized function @ is used to show the evolu-
tion of the kinetic aspect of the aging for all PC sample.
It enables a comparison of the entire enthalpy relaxation

@ Springer

process with a normalization on the amplitude of this pro-
cess (AH):

AI-Ioo— AHrelaxation (ta)
AH (7N

o)

D(1,) =

The calculated relaxation functions are superimposed in
Fig. 6 for PC the physical aging processes of all the multi-
layer samples. KWW fit relaxation functions (Eq. 6) have
been used to compare the evolution of the relaxation time of
the relaxation function as a function of PC layer thickness.
AH_ experimental values and KWW parameters from fit-
tings of experimental data presented in Figs. 4, 5 and 6 are
reported in Table 2.

As it can be seen in Fig. 4 and Table 2 no clear evolution
of the enthalpic relaxation process can be noted for PMMA
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Fig.4 Recovered enthalpy calculated as a function of aging time (t,

results of KWW fitting model

glass transition with the evolution of the layer thickness. For
PC glass transition two main evolutions can be discussed
from the results presented in Figs. 4, 5 and Table 2.

First, it is clearly observed that the relaxation curves
reach the equilibrium plateau in much shorter time for the
PC in nanometer scale samples (125 nm and 12 nm), than
samples with thicknesses in the micrometer range. The aging
equilibrium plateau is actually reached in the aging time
scale for the two thinnest samples. For PC with layer thick-
ness in micrometer range the equilibrium enthalpy is not
reached in the aging time scale of the experiments. This
effect is attributed to a clear acceleration of the aging pro-
cess in very thin samples in the range of nanometers, and
this is confirmed by plotting the evolution of the relaxation
time obtained by KWW fittings, as shown in Fig. 7: Even
though the glass transition shift of 4 K may also accelerate
the aging process due to a reduction of Tg-Ta value the huge
amplitude of variation of t vs. layer thickness (Fig. 7) is

) for PMMA in multilayer films at T,=100 °C. The dotted lines are the

mainly attributed to the acceleration of molecular mobility
due to several types of confinement effects [77-80].
Secondly as presented in Fig. 5 and Table 2, a remark-
able difference is observed, for PC with layer thicknesses
of 125 nm and 12 nm, between the equilibrium enthalpy
recovery, AH_, reached experimentally and the calculated
value from Eq. 4. This effect could be attributed to sev-
eral molecular modifications associated to a confinement
effect. For instance during accelerated aging processes
measured using Fast Scanning Calorimetry some authors
observed a variation of AH vs. t, in two steps with an
intermediate plateau [80, 81]. The plateau observed for
the confined PC samples (Fig. 5) could be interpreted as
an intermediate plateau without the possibility to see the
second step regarding the aging time needed to observe
this phenomenon as discussed earlier or as a reduction of
the theoretical AH_, value du to a confinement effect on the
molecular mobility of PC macromolecular chains.

@ Springer
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Fig.5 Variations of recovered enthalpy as a function of the aging time for PC. The dotted lines are the results of KWW fitting model

Moreover, the acceleration of the physical aging pro-
cess and the reduction of the theoretical AH_, value in PC
nanolayered films is supported by our previous conclusions
on the effect of confinement on Tg of multilayer films [57].
These results presented an increase in 8T (peak width of
Tg at half height) occurred for the nanolayered PC films,
indeed, it rises from 3.36 °C for PC/PMMA-8 to 5.5 °C for
PC/PMMA-4096. This increase was assigned to the large
distribution of relaxation times and a decrease of Coop-
erative Rearranging Regions (CRR) size. The decrease
in the size of CRRs with the confinement means that the
molecular dynamics (mobility) of the chains become faster
with confinement due to some reduction of intermolecular
interactions between PC macromolecular chains.

The multilayer sample was held at an aging temperature
of 130 °C so that the PC layers are in their glassy state (Tg
of bulk PC=150 °C), while the PMMA layers were in
their rubbery state above Tg (Tg of bulk PMMA =118 °C).
This condition could be associated to a so-called

@ Springer

“soft-confinement”, while the effect of PMMA layers
surrounded by vitreous PC could be considered as a “hard-
confinement” [34]. Therefore, the polycarbonate chains were
confined between the PMMA chains in the rubbery state,
which suggests that the rubbery PMMA layer could have
acted in a similar manner as a free surface (interface). In this
regard, Amit and Robert [29] investigated the local dynamics
of glass-forming polymers under nanoscale confinement,
using molecular dynamics simulation. They found out that
these dynamics on the surface of films were more than three
times faster (lower t) than inside the films, while the aging
rate was more than two times larger in the middle than on
the surface. They also reported that both the relaxation time
and physical aging rate were lower on the surface, which fits
well with our results.

On the other hand, Roth and collaborators indicated that
both Tg and the physical aging rate of polymer thin films
can be dramatically altered by adjacent polymer layers [82].
Similarly, Lewis and coworkers suggested that the aging rate
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Fig.6 Recovery function from enthalpy recovery versus aging time
functions (Eq. 6)

in polymer thin films decreases and the extent of this dimi-
nution depends on the adjacent layer [83].

The intensity of confinement of PC between PMMA
rubbery layers becomes more important as the number
of PMMA layers rises in multilayer films (larger contact
between PC and PMMA), which leads to accelerated PC
aging. This result suggests that the neighboring polymer
(PMMAA in this case) could strongly affect the dynamics of
its adjacent layer in the multilayer film. The results obtained

for PC films (Ta=130 °C), dashed lines represents KWW fit relaxation

for the physical aging of polycarbonate (PC) softly confined
between the PMMA layers in the multilayer PC / PMMA
films are qualitatively consistent with those found in studies
reported in the literature [55].

In the case of polycarbonate (PC), the confinement envi-
ronment is soft (rubbery interface); therefore, it will not
hinder the relaxation at the interface, which can facilitate
the aging process. However, the PMMA chains were con-
fined between hard walls (rigid amorphous polycarbonate

Table2 AH_ experimental

PMMA PC

values and KWW parameters

from fittings of experimental AH,,, AHg .y P T AH,,, AHg.u P T

data (Figs. 4, 5 and 6) AH , .

B and T PC/PMMA-08 - 4.4 J/g 025 11400s - 3.8J/g 0.23  14450s
PC/PMMA-32 X X X X - 4.05J/g 022 13350s
PC/PMMA-1024 - 4.6 J/g 030 43650s 145J)/g 224J/g 031 130s
PC/PMMA-4096 - 4.7 J/g 0.29 38050s 094J/g 132J/g 046 34s

(X: indicates that the values experimental are not available)
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Fig. 7 Evolution of the structural relaxation time as a function of the aging time for PC obtained by the KWW model fitting

backbone) and no change in dynamic aging was observed.
Consequently, the nature of the environment nano-scale can
influence the aging. Note that this effect alone does not con-
trol the physical aging process.

The experimental results obtained on the accelerated
aging of PC nanolayers which were attributed to the free
volume interface caused by the state of the adjacent polymer
(rubbery PMMA in this case) in nanolayered films and the
absence of modification in PMMA nanolayers confirm the
notion of change in the molecular mobility and the decrease
or not of Tg in nano-scale films [57].

The physical aging acceleration may also be attributed to the
polycarbonate molecular architecture (chain conformation) and
to its influence on the relaxation processes occurring when this
polymer is in confined environments. It is interesting to men-
tion that the molecular mobility of PC is strongly influenced by
the intramolecular and strong intermolecular interactions (Van
der waalls, & stacking effects). These intermolecular interactions

@ Springer

strongly influence cooperativity through glass transition. There-
fore, the large network of intermolecular interactions in polycar-
bonate is an important factor for understanding the molecular
mobility enhancement when the layer thickness is reduced to
nanoscale.

The results of our study on the impact of the confinement
of PMMA on its physical aging as well as its glass transi-
tion temperature (Tg) [57] agreed with those reported in
the study carried out by Casalini and coworkers [84] who
argued that the absence of a confinement effect on the coop-
erativity of PMMA layers confirms that the dynamic correla-
tion length does not seem to be limited by the confinement
geometry. This observation is related to the non-spherical
cooperative regions. This asymmetry could be associated
with the string-like shape seen in molecular dynamics simu-
lations [85].

These results can be explained by the nature of move-
ments responsible for « relaxation that seems to be related to
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the shape of the CRR. For PMMA, the translation movement
of the molecular chains (friction mechanism) is correlated
with the relaxation (o); moreover, the local relaxation is
mainly due to associated with the intramolecular interac-
tions along the macromolecular chain. Consequently, one
may state that the thickness reduction of the layers has very
weak influence on the dynamics of the PMMA chains dur-

ing aging.

Conclusion

The present work clearly shows that the confinement effect
can have a significant impact on the physical aging process.
The resulting changes may result in important industrial
and scientific perspectives. A particular interest consists in
understanding why some glasses are affected by the confine-
ment effect while others are not, depending on their molecu-
lar structure and depending on the type of confinement they
are submitted to.

Furthermore, aging of bulk and confined layered films
(PC/PMMA), produced via layer-multiplying co-extrusion,
was studied using differential scanning calorimetry (DSC).

In this study, the nature of molecular mobility (shape
of CRR length linked to the intra-chain and inter-chain
relaxation through glass transition), chemical structure and
adjacent polymer state (rubbery and amorphous environ-
ment) appeared to have a huge impact on the physical aging
process. Recovered enthalpy data for aged films showed
an acceleration in physical aging with confinement for PC
(the plateau is achieved in shorter time), while for PMMA,
no change was observed. A reduction of the equilibrium
enthalpy recovery, AH_,, for PC layers submitted to a con-
finement effect has also been evidenced. These results are
very consistent with those found in our previous work [57,
85] where the reduction in PC thickness was shown to have
an impact on the glass transition parameters (Ta, &) and fra-
gility index (m). Moreover, the correlation existing between
fragility and cooperativity was attributed to the large modifi-
cation of the activation volume around the macromolecules
[86]. The decrease in the strong intermolecular interactions
of the PC chains, as well as the resulting entanglement
with the decrease in the thickness of layers and the soft-
confinement effect due to rubbery layer at the interface of
PC layers (PMMA layers) which acts as a free interface, all
lead to disturbing the vitreous dynamics and accelerating the
molecular mobility which impact directly the physical aging.
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