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Dynamics of polycarbonate far below the glass transition temperature:
A positron annihilation lifetime study
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In this study, we have extended the knowledge of the dynamics of polycarbonate~PC! far below Tg by
means of positron annihilation lifetime spectroscopy~PALS!, which is able to detect the isothermal relaxation
of the free volume after rejuvenation aboveTg . The free volume relaxation patterns at different temperatures
belowTg were modeled according to a phenomenological model presented by Struik to obtain the equilibrium
relaxation times of the process at each aging temperature. The dynamics of supercooled liquids above the glass
transition temperature (Tg) is usually described by the Williams-Landel-Ferry~WLF! or Vogel-Fulcher-
Tammann~VFT! equation. Recently, deviations from this behavior were found belowTg . In contrast, an
Arrhenius-type temperature dependence was found. Our results suggest that, far belowTg , two possible
scenarios can hold:~a! the relaxation process of PC is dominated by theb process, though the fast modes of
thea process still manifest even at the lowest investigated temperature;~b! an Arrhenius-type process, deriving
from the coupling of fewb events, drives aging far belowTg . Finally, the aging process was related to a
diffusion mechanism and a coupling parameter was introduced as a measure of the efficiency of theb process
in producing appreciable changes in the density. The magnitude of the coupling parameter suggests a weak
coupling between theb relaxation and the physical aging process.

DOI: 10.1103/PhysRevB.69.134206 PACS number~s!: 61.43.Fs, 61.20.Lc, 82.35.Lr
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I. INTRODUCTION

Many liquids, like low-molecular-weight organic com
pounds, metals and polymers, may avoid crystallizat
when cooled down from the melt. Instead for kinetic reaso
they remain in a quasiequilibrium liquid state.1 These mate-
rials are generally known as glass formers, since a fur
temperature reduction causes the formation of a ‘‘frozen-
state where relaxation phenomena are not visible on the
scale of feasible experiments. Depending on temperature
equilibrium state may not be reached even over a time s
of years. The nonequilibrium nature of these phenom
makes the study of the physics of the glassy state some
complicated. In fact, the dynamics of supercooled liquids
only well understood at temperatures close to the glass t
sition temperatureTg . In particular, the relaxation exhibits
deviation from simple Arrhenius behavior aboveTg , and this
is usually described by the so-called Vogel-Fulch
Tammann2–4 ~VFT! or the Williams-Landel-Ferry5 ~WLF!
equation. Both of these predict a large temperature dep
dence of the relaxation time. For example, according to
VFT equation, the relaxation time is written as follows:

t5t0 expS EV

kB~T2TV! D , ~1!

wheret0 is a prefactor,EV is the so-called Vogel activation
energy that is a material parameter, andTV is the temperature
at which the relaxation time diverges to infinity.

Supercooled liquids are commonly divided in two group
strong and fragile glass formers, depending on the stren
of the relaxation dependence on temperature.6,7 The former
0163-1829/2004/69~13!/134206~9!/$22.50 69 1342
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group is composed of supercooled liquids where the re
ation time has a weak dependence on temperature~up to the
Arrhenius limit, like in silica!, while the latter are super
cooled liquids that undergo a progressive increase of the
laxation time whenTg is approached from above. As a co
sequence, this second group of materials has aTV value that
is well above absolute zero. Though the strong-fragile cl
sification has nothing to do with the mechanical properti
the degree of curvature of the relaxation pattern can be
terpreted in terms of intermolecular cooperativity, which a
shows a strong correlation with the Kohlrausch-William
Watt ~KWW! exponent8 of the stretched exponential.9–11

The extrapolation of the relaxation times according to
VFT law leads to an infinite mean relaxation time to occur
TV . However, the fast processes related to thea relaxation
can be present even belowTV , at least in the hypothesis of
heterogeneous nature of the glassy state.12 Moreover, poly-
carbonate~PC!, which has aTV of 98 °C as evaluated by
extrapolating dielectric data,13 still undergoes structural re
laxation at room temperature as shown in the past by sev
aging experiments.14–17 The existence ofTV , where the re-
laxation time diverges to infinity, was explained from fre
volume theories,5,18 and by the Adams-Gibbs relation be
tween viscosity and configurational entropy.19 In this context
pioneering work by Nozaki and Mashimo20 investigated the
possibility that the VFT behavior is no longer valid belowTg
while performing dielectric studies on poly~vinyl acetate!.
More recently, theoretical results21 and in particular aging
experiments belowTg , which revealed to be a useful tool t
study the dynamics in the glassy state,22,23 also suggested
that just belowTg a deviation from the VFT behavior occurs
In particular, the volume and enthalpy recovery experime
©2004 The American Physical Society06-1
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on polystyrene~PS! of Simon et al.22 and the stress relax
ation experiments on PC of O’Connell and McKenna23

showed that asTg ~defined as the temperature at which t
relaxation time is 100 s! is approached and passed fro
above, the shift factoraT , defined by the superposition o
relaxation curves at different temperatures, seems to sho
Arrhenius-type behavior. Although the available temperat
range belowTg is too limited to clearly demonstrate a tra
sition to an Arrhenius behavior, it is evident from these e
periments that the equilibrium relaxation times belowTg are
smaller than predicted by the VFT model. The studies
Alegria et al.24 by means of time domain dielectric spectro
copy and enthalpy relaxation belowTg and, very recently,
the studies of Thurau and Ediger25 on PC by means of rota
tional and translational diffusion of probe molecules, indic
a similar trend. Finally, the time domain Brillouin spectro
copy experiments on diglycidyl ether of bisphenol
~DGEBA! of Krugeret al.26 indicate not only deviation from
the VFT behavior, but also the disappearance of thea pro-
cess below a transition temperature.

The present work aims to extend the measurements o
temperature dependence of the relaxation time to temp
tures far belowTg . At present, the role of the different re
laxation processes occurring far belowTg is still unclear in
the physical aging process. The main focus is to elucidate
role of the primarya and secondaryb relaxation processes
To achieve this aim, the physical aging of PC that occ
after rapid cooling from the melt was studied to investig
the temperature dependence of the relaxation time of
equilibrium glassy state. To describe our results we us
phenomenological model presented by Struik,27 which is
based on the idea that aging is a self-retarding process w
the relaxation time rapidly increases due to a decrease in
excess free volume. This model is expressed by the two
lowing equations:

dv f

dt
52

v f2v f `

t~T,v f !
, ~2!

ln t5 ln t01
Ea

kBT
2g~v f2v f `!, ~3!

whereEa is the activation energy, lnt0 is a preexponentia
factor,v f2v f ` is the difference between the actual free v
ume and the equilibrium free volume~the excess free vol
ume!, andg is a material constant independent of tempe
ture. This model describes the relaxation time as a func
of both the temperature and the distance from the equ
rium glass, i.e., the structure of the glass, and explic
makes use of the distance from equilibrium.

In the present study, free volume relaxation of PC is
vestigated by means of positron annihilation lifetime sp
troscopy ~PALS!. In our previous publication,14 we have
shown the possibility of studying PC physical aging
PALS. In this technique, positrons coming from a radioact
source of22Na are injected into the polymer sample whe
they annihilate. At least three different pathways for positr
annihilation with an electron occur in condensed matter:
first is the direct annihilation process with an electron wh
13420
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the typical lifetime is between 300 and 500 ps; the seco
and the third processes occur after the formation o
positron-electron bound state, which, depending on the r
tive spin of the two particles, is called parapositronium (p-Ps
anti-parallel spin! and orthopositronium (o-Ps parallel
spin!.28 In vacuum,p-Ps has a lifetime of about 125 ps an
o-Ps of about 142 ns but in matter the latter lifetime is sho
ened to 1–5 ns depending on the free volume propertie
the sample. In particular, theo-Ps lifetime is related to the
size of the free volume cavity through the following sem
empirical equation.29

to-Ps5
1

2 F12
R

R1DR
1

1

2p
sinS 2pR

R1DRD G21

, ~4!

where the lifetime is expressed in nanoseconds andDR is the
electron layer thickness~1.656 Å!.

The intensity ofo-Ps (I o-Ps) is proportional to the prob-
ability of formation of this species. Sinceo-Ps preferably
localizes in region of low electron density,28 the probability
of its formation is generally related to the number of cavit
present in the system.30 In this manner, the total fractiona
free volume can be evaluated from the following equatio

v f 5A
4

3
pR3I o-Ps, ~5!

whereA is a constant taken from literature data.
In the past, several studies concerning aging of PC

other amorphous polymers using PALS have been p
sented.31,32 Although these publications deserve attenti
since they introduced a new approach for studying aging
glassy amorphous polymers, theI o-Ps decrease curves tha
were reported seem to be biased by the radiation eff
caused by prolonged exposure to the positron source. A
matter of fact, the relaxation times obtained in these ag
studies are much too short to be attributed to molecular
arrangement. This was also noted by Hutchinson in a rev
on physical aging.33 As a consequence the activation ener
for the physical aging process obtained by Hillet al.31 is too
low to be fully attributed to aging.. The main reason for th
is probably that a single sample was used for the entire ag
study, which ultimately leads to a modification of the stru
ture of the sample in terms of the internal electric field a
the free radical concentration. Extensive studies of these
diation effects, which interfere with the probability ofo-Ps
formation, have been reported over the last ten years.34,35

In the present study, the free-volume reduction of PC
investigated by means of PALS at different temperatures
low Tg . In order to avoid artefacts resulting from chargin
effects during the positron measurement, the number
counts collected for each sample was 23106, which is low
enough to avoid any significant charging during t
measurement.34

This article introduces new aging experiments by me
of PALS at 50 and 65 °C that supplement results we p
lished recently.14 Apart from the introduction of experimenta
data, more importantly, the intent of the present paper is
6-2
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DYNAMICS OF POLYCARBONATE FAR BELOW THE . . . PHYSICAL REVIEW B 69, 134206 ~2004!
give insight on the driving force for aging of PC far belo
Tg and therefore to understand the overall dynamics of PC
the glassy state.

To achieve this, all the PALS aging data including tho
from Ref. 14 are fitted by means of the Struik model. T
equilibrium relaxation times that result from the fitting pr
cedure are used to examine the nature of the aging proc
In this framework, dielectric data are also presented to ra
nalize the various processes that govern physical aging.

II. EXPERIMENT

A. Materials and sample preparation

Polycarbonate~PC! from General Electric~Lexan 161!
was used for all the experiments. Details on the sample
ometry are given in Ref. 14. Before starting the aging exp
ments, PC samples were thermally rejuvenated at ab
170 °C and cooled down in ice. A large number of ‘‘fresh
samples were subjected to aging at 50 and 65 °C, and t
were used for the PALS experiments~performed at room
temperature! after different aging times.

B. PALS experiments

PALS measurements were performed at room tempera
on all the above-mentioned samples, by exposing them
radioactive22NaCl with an activity of 10mC sandwiched
between two Kapton foils in order to avoid direct contact
the samples with the radioactive source. Details on the
perimental setup are given in Ref. 14. 23106 counts were
collected for each spectrum, which corresponds to an irra
tion time of about 8 h. As clearly seen in Fig. 2 of Ref. 3
where exactly the same source of this study was used,
irradiation time is short enough to avoid any charging
fects, provided the a ‘‘fresh’’ sample is employed for ea
experiment as was done here.

The spectrum is analyzed using the programPOSITRONFIT,
which describes the spectrum as a convolution of the ins
ment resolution function and a finite number of negative
ponentials plus the background as described by the follow
equation:36

y~ t !5R~ t ! ^ S N(
i 51

n

I il i exp~2l i t !1BD . ~6!

HereR(t) is the resolution function of the system,l i is the
inverse of the annihilation time~annihilation rate!, andB is
the background signal. All spectra were resolved in th
lifetime components: a short one of 125 ps related top-Ps
annihilation, an intermediate one of 400 ps related to f
positron annihilation, and a long component (to-Ps) related
to o-Ps annihilation.

C. Dielectric experiments

Dielectric experiments were performed using a hig
precision dielectric analyzer~ALPHA analyzer, Novocon-
trol! in combination with a Novocontrol Quatro temperatu
system providing control of the sample temperature with
accuracy better than650 mK. Measurements were pe
13420
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formed over a wide frequency range (1021– 107 Hz).
Temperature-dependent measurements were carried ou
thermally in steps of 5 °C during cooling from 190 t
2140 °C.

III. RESULTS

In our previous paper14 on the same PC, we already di
cussed the free volume relaxation after quenching fr
170 °C at 25, 100, and 128 °C for aging times up to fe
thousands hours. Theo-Ps lifetime does not show any varia
tion with aging time, while its intensity clearly decays a
aging proceeds. This implies that the cavity size is cons
in all aging conditions while the number of cavities d
creases. Analogous results were found for aging experim
through PALS at 50 and 65 °C. Figure 1 shows the rel
ation of the excess free volumev f 02v f `5Dv f as calculated
from PALS data using Eqs.~4! and ~5! and assumingA
50.023 Å23 as derived from literature data.37 Also, the val-
ues ofv f ` , the equilibrium free volume for each aging tem
perature, we used were obtained from free volume data in
available literature.37

A. Implications of the Kauzmann paradox

In extrapolating the excess free volume from data in
supercooled state, it was implicitly assumed that the equi
rium free volume is a linear function of temperature, even
temperatures far belowTg . However, the assumption tha
the equilibrium properties can be extrapolated from the r
bery state also gives rise to the so-called Kauzma
paradox.38 In this paradox it is noted that by extrapolatio
the heat capacity and the coefficient of thermal expansion
a supercooled liquid show a higher value than those of
crystal. This would lead to the paradoxical conclusion of t
existence of a liquid phase below a certain temperat
called the Kauzmann temperature (TK), with a smaller en-
tropy and specific volume than the corresponding crys
This idea led to the concept of an ‘‘ideal glassy state’’ tha
normally not reached for kinetic reasons.39 However, some
authors have objected to this view, showing for some parti
lar glass formers that it is possible to attain a glassy s
with smaller entropy than that of the crystal.40

In our case, we have extrapolated entropy data taken f
the literature41 for supercooled PC and compared with t
entropy of the crystalline PC. As it is possible to see in F
2, theTK for PC is located at 290 K, which is less than th
lowest aging temperature we use. Therefore, our assump
thatv f ` is a linear function of temperature can be assumed
be correct, independent of the presence of an ideal gla
state belowTK . It is also worth noting that for PC the valu
TK is not comparable with the Vogel temperatureTV ~about
370 K!. This is in contrast with recent observations for low
molecular-weight inorganic glass formers, which posses
TK that strongly resemblesTV .42 This was explained by cor
relating the thermodynamic properties with the relaxation
havior through an energy landscape model.43 However, this
6-3
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FIG. 1. Excess free volume development for samples aged at~a! 25 °C; ~b! 50 °C; ~c! 65 °C; ~d! 100 °C; ~e! 128 °C. Data at 25, 100
and 128 °C are taken from Ref. 14, adding error bars. The solid lines are from a fitting of the Struik model to the data.
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correlation is not generally found for polymers and lo
molecular-weight organic glass formers.44–46 For example,
for PC a low thermodynamic fragility, expressed by the ra
of the heat capacities in the liquid and in the glassy st
which corresponds to a relatively lowTK , is accompanied
by a high dynamic fragility that in turns leads to a relative
high TV .
13420
e,

B. Application of the Struik model

The excess free volume relaxation patterns were mod
applying Eqs.~2! and ~3! of the Struik model. In particular
the combination of the two equations gives

dDv f

dt
52

Dv f

t` exp~2gDv f !
, ~7!
6-4
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DYNAMICS OF POLYCARBONATE FAR BELOW THE . . . PHYSICAL REVIEW B 69, 134206 ~2004!
where t`5t0 exp(Ea /kBT) is the equilibrium value of the
relaxation time.

Equation~7! was solved numerically and the values of t
structural parameterg and of t` were obtained from the
fitting to the experimental data. A nonlinear least square
ting procedure was employed for each curve. The solid li
in Fig. 1 are the fitting from the model. These results sh
that an excellent agreement between the experimental
points and the model can be obtained. It is important to n
that a single value ofg58.4560.05 was obtained for al
aging temperatures.

Figure 3 shows the equilibrium relaxation timest` ob-
tained from the PALS data~open circles! with the relaxation
data aboveTg for supercooled PC obtained through our d
electric spectroscopy data~open triangles!. The relaxation
time of thea process was obtained at each temperature f
the maximum of«9 in the isothermal frequency sweep plot
In addition, the relaxation times obtained by O’Connell a
McKenna23 just belowTg from creep experiments are als
shown in the figure~open diamonds!. The deviation from
simple VFT behavior is clear. Examination of this figure r
veals a remarkable continuity in the PALS equilibrium rela
ation times for PC with those reported in literature23 and with
our dielectric spectroscopy measurements. Furthermore
equilibrium relaxation time at 128 °C nearly overlaps w
the relaxation time reported in Ref. 23. This indicates that
fitting of PALS data with the Struik model produces reaso
able values of the equilibrium relaxation times at tempe
tures far below those normally investigated by dynamic te
niques.

The equilibrium relaxation times belowTg from PALS
and from creep data23 were fitted with a fourth-order poly
nomial equation. This is shown in Fig. 3 by the solid lin
Using the VFT fit from Ref. 23 aboveTg and the polynomial
fit below Tg allows us to calculate the activation ener
shown in Fig. 4. This is done by taking the derivative of t
logarithm of the relaxation time with the inverse absolu
temperature. Note that this plot strongly resembles that

FIG. 2. Entropy vs temperature for PC amorphous~dashed line!
and crystal~solid line! phases. While the crystal and amorpho
phase data aboveTg are experimental, the entropy data for th
amorphous phase belowTg are extrapolated fromTg to the Kauz-
mann temperature.
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tained by van Turnhout and Wu¨bbenhorst47 by means the
bivariate differential sampling of dielectric data for a numb
of low-molecular-weight glass formers. In that case, no
equilibrium activation energies are plotted at temperatu
belowTg . However, in the same work, the effect of physic
aging on the nonequilibrium activation energy was also
vestigated, showing only a slight upwards shift of the ac
vation energy, while retaining the general shape of the cu

IV. DISCUSSION

In the preceding section, we obtained the relaxation ti
and the activation energy map in a wide temperature ra
for PC by employing relaxation data from dielectric spe

FIG. 3. Relaxation times for PC vs reciprocal temperature. E
perimental data:~s! from the fitting of our PALS data of the Struik
model; ~L! relaxation data from Ref. 22; and~n! from dielectric
data. Three regions can be distinguished: one aboveTg , where the
WLF-VFT holds; one betweenTV and Tg , where the relaxation
pattern starts to deviate from the WLF-VFT behavior; and a th
one belowTV , where the relaxation time either tends towards ab
activated process~dashed line!, or follows an Arrhenius activated
process with an activation energy larger than that of theb process
~dash-dotted line!. The dotted line represents the VFT-WLF beha
ior. The short-dashed line represents theb process.

FIG. 4. Activation energy curve derived from the relaxatio
time behavior through the equationd ln t/d(1/T)5Ea /k.
6-5
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D. CANGIALOSI et al. PHYSICAL REVIEW B 69, 134206 ~2004!
troscopy, literature data23 for temperatures just belowTg ,
and the relaxation times obtained after fitting of our expe
mental PALS data by means of the Struik model. If we a
lyze the data in terms of activation energy, we observe
the strong increase of the activation energy described by
VFT equation at high temperature is no longer presen
temperatures belowTg . On the other hand, the activatio
energy initially seems to stabilize at a fixed value just bel
Tg and starts even to decrease upon further temperatur
duction. From the analysis of Fig. 4, a rather low value of
activation energy is obtained at 25, 50, and 65 °C at ab
Ea /kB520 000 K.

The activation energy described by the WLF fit of Me
cier and Groeninckx48 for supercooled PC aboveTg and
from the Arrhenius fit of the aging experiments of O’Conn
and McKenna23 just belowTg , which reported an activation
energy of Ea /kB5115 230 K, results in a much highe
value. The trend of the relaxation time belowTg suggests an
influence that increases with decreasing temperature of tb
process, related to the flipping of the aromatic ring.49,50How-
ever, it has been recently demonstrated that theb process of
PC is due to a cooperative motion that includes several
peat units.51 The activation of this process is reported to
aboutEa /kB56000 K from dielectric measurements.13

To explain these phenomena, we would like to propo
two possible scenarios that will be elaborated below:

~a! The activation energy will decrease further for agi
experiments at even lower temperatures and will appro
the value of theb process.

~b! The activation energy of the aging process assum
constant value that is higher than the one of theb process
due to cooperativity.

A. Activation energy tending to the b process

The first scenario proposes that the relaxation proce
are governed by theb process for temperatures far belo
Tg . In particular, we can distinguish three different regim
in the relaxation pattern of PC as sketched in Figs. 3 an
~i! a VFT-WLF regime at temperatures aboveTg , where the
long-range relaxation related to thea process is dominan
and controls the whole motion in the system;~ii ! an interme-
diate regime just belowTg , where the long-range relaxatio
becomes more damped and the relaxation pattern dev
from the VFT-WLF behavior, due to the increasing contrib
tion of the b process, and which for a small temperatu
range resembles an Arrhenius behavior as described
O’Connell and McKenna23 and by other authors for othe
glass formers;20,22,24–26~iii ! a low-temperature regime wher
the a process starts to be heavily damped and theb process
dominates the dynamics of PC.

Due to the fact that the activation energy for our lowe
aging temperatures does not reach the value of the activa
energy of theb process, we can assume that thea process
still plays a minor role in the dynamics of PC, despite t
fact that the mean relaxation time has already diverged
infinity as predicted by the VFT equation. A possible exp
nation is that the fast modes of thea process arising from the
heterogeneity of the glassy state12 are still active even a
13420
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temperatures belowTV . This hypothesis is supported by th
dielectric response of PC at our aging temperatures, sh
in Fig. 5, which clearly exhibits a high-frequency tail attrib
utable to thea process, even at 25 °C. The high-frequen
tail eventually fades away, at least in the frequency wind
of our experiments, at220 °C. Not surprisingly, from the
analysis of Fig. 3, this temperature approximately coincid
with the temperature at which theb process totally governs
the aging process, while even the high-frequency tail of tha
process has become too slow~frequency smaller than 0.1 Hz!
to produce effects on a macroscopic scale, at least on
time scale of our aging experiments.

The prominent role of theb process in regulating physica
aging deep in the glassy state is supported by the creep
periments of Struik,17 who showed that the aging proce
progressively vanishes belowTb ~defined as the temperatur
at which the dielectric or mechanical lossb peak has a maxi-
mum at 1 Hz!. Moreover, the shift ratem52 logaT /log tag,
i.e., the ratio of the logarithm of the horizontal shift of th
creep experiments and of the aging time, is approximate
betweenTb andTg for the most common amorphous glas
polymers. Of course, theb process will be still active at
temperatures lower thanTb , but, evidently, its frequency
progressively becomes too small to produce significant m
roscopic effects. Additional support is also given by the p
tential energy landscape view for supercooled liquids
Stillinger.52 As temperature decreases, the configurat
point has to overcome increasingly higher barriers to p
from one basin to another, and only the lowest barriers
lated toa rearrangements~the fast processes! and the low
barriers related to the elementary transitions of theb process
can be overcome. Ultimately, at temperatures belowTb ,
these barriers also become too high for the available ther
energy, and the system is totally frozen. Moreover, it has
be mentioned that the dominant role of theb process in
regulating the relaxation processes far belowTg was recently
shown for amorphous polyethylene naphthalate~PEN!.53 In
particular, uniaxial stress tension relaxation experiments
played a power law dependence of the relaxation modulus

FIG. 5. Dielectric loss frequency response at~L! 220 °C; ~n!
25 °C; and~s! 100 °C. For clarity, data at the other aging tempe
tures are not shown.
6-6
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DYNAMICS OF POLYCARBONATE FAR BELOW THE . . . PHYSICAL REVIEW B 69, 134206 ~2004!
the relaxation time, which is typically related to the cont
bution of theb process to the overall relaxation response.
the temperature and/or the time is increased the depend
starts to be exponential, indicating that thea process starts to
play a significant role in determining the relaxation respon
Finally, the possibility that at very low temperatures theb
process completely governs the physical aging proces
compatible with the highly cooperative nature of this proc
as previously mentioned.51

B. Activation energy higher than that of the b process

A second possible scenario is based on the idea tha
order to have an effect on the macroscopic properties,
local segmental motion related to theb process requires a
certain degree of cooperativity. In contrast to the previo
case, this scenario would be valid independent of thea pro-
cess in producing macroscopic effects, and does not req
the hypothesis of a heterogeneous nature of the glassy s
In fact, this concept is rejected by some authors who prov
evidence for a homogeneous scenario.54 In this case,TV can
be perceived as a real singularity where all the relaxati
related to thea process become frozen. Contrary to the p
vious scenario, the fact that activation energy assume
value higher than that of theb process at our lowest agin
temperatures is explained by supposing that only a spe
sequence of coupledb events can produce an effect on t
macroscopic thermodynamic properties. If we fit the rela
ation time for our three lowest aging temperatures~25, 50,
and 65 °C) with a linear function, we find an activation e
ergy of Ea /k522 500 K, which is almost four times large
than that of theb process but still about one order of ma
nitude smaller than that of thea process. This situation is
sketched in Fig. 4 with a dash-dotted line. From a poten
energy barrier point of view, this scenario requires the
quential transition of a number ofb relaxation barriers in
order to produce a variation of the macroscopic propertie

C. Length and time scale of the aging process

In both of the two scenarios described previously,
prominent role of theb process in influencing the aging pro
cess far belowTg is apparent. At room temperature, the typ
cal time for relaxation is of the order of 107 s, while that for
a singleb rearrangement takes place in 1027 s. This large
difference can be interpreted using several theories of a
presented in the past by different authors that are all base
a free volume diffusion mechanism for aging of polymers

According to Curroet al.,55 who modeled the volume re
covery of poly~vinyl acetate!, the internal length scale fo
diffusion could be attributed to either an internal annihilati
of vacancies or to a redistribution of free volume in an inh
mogeneous structure. Perez56 modeled the volume and en
thalpy of poly~vinyl acetate! according to the migration an
annihilation of defects of different signs corresponding
sites with positive and negative density fluctuation. Recen
McCaig et al.57,58 investigated the variation of the perm
ation of oxygen with time on samples of polyarylate deep
the glassy state with different thicknesses. Their res
showed a thickness-dependent aging mechanism, which
13420
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attributed to diffusion towards the surface of the samp
Similar results were obtained by Dorkenoo and Pfromm
poly@1-~trimethylsilyl!-1-propyne# ~PTMSP!.59 Since the
sample thickness starts to influence the aging process
thickness of few microns, a typical length scale for diffusi
of that order of magnitude may be appropriate. In our case
we assume a diffusion mechanism for aging driven by thb
process, the following equation can be applied:

tag5jtbS l

bD 2

, ~8!

wheretag and tb are, respectively, the relaxation time fo
the aging process and that for theb process,l andb are the
typical length scales for the two processes andj is a coupling
parameter, which we have introduced to take into account
coupling between theb relaxation and the free-volum
changes during physical aging.

If we employ a typical length scale of say 10mm as
suggested by McCaig and Paul57 for a polymer that is deep
in the glassy state and a length scale for theb process of 10
Å, we obtain j5106. The high value ofj suggests that,
although theb process dominates the physical aging, t
coupling between the two processes is very weak, i.e.,
efficiency of theb relaxation in producing changes in th
macroscopic properties of the polymer is very low. In oth
words, while the vast majority of theb events is not effective
in producing a macroscopic relaxation of the system, a v
small fraction cooperates to give an effect in the evolution
the macroscopic properties.

Therefore this may explain the vastly different time sca
for aging andb dynamics, which is in accordance with th
observed lack of coupling between theb peak and externa
pressure60 as observed for a Johari-Goldstein type ofb re-
laxation. In the present case there is some cooperativity, e
for the singleb event,51,61which may influence this result to
some extent although a strong coupling of theb time scale to
the external pressure would not be expected. Also note t
in relation to the second scenario, the productjtb51021 s
would be simply the characteristic time scale for a coope
tive relaxation involving a number of coupledb relaxations.

V. CONCLUSIONS

Aging of PC was studied by monitoring the free volum
relaxation deep in the glassy state after quenching fr
aboveTg , by means of PALS, to provide more insight abo
PC dynamics belowTg , starting from recent observation
that just below this temperature, deviations from the VF
WLF behavior occur. The PALS data were examined usin
model for aging proposed by Struik, which gives an exc
lent fitting to our experimental data. The temperature dep
dence of the relaxation time was obtained using our die
tric data aboveTg , literature data just belowTg , and our
data far belowTg . The analysis of the relaxation time tren
suggests two possible scenarios:~a! The lower the tempera
ture, the more the aging dynamics of PC is dominated by
b process, while thea process, which relates to cooperativ
6-7
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motion on a larger scale, is gradually frozen, and only
mains present via its high-frequency modes.~b! The aging
process is observable as a change of the macroscopic p
erties, thanks to a process that involves the cooperation
numberb events, resulting in an activation energy about fo
times higher than that of theb process. The values of th
typical relaxation times for the aging process and theb pro-
cess were applied to a diffusion mechanism for aging an
coupling parameter was introduced, which showed a v
c

,
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ys

rs
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low efficiency of theb relaxation process in producing
measurable variation of the macroscopic properties.
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