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Dielectric permittivity measurements and free volume determination by means of positron annihilation
lifetime spectroscopyPALS) were used to monitor physical aging of polycarbon@€) far below the glass
transition temperatur€l g). The effect of film thickness and cooling rate from the melt was investigated to give
new insight about the microscopic nature of the physical aging process. The results show that both the film
thickness and the cooling rate play an important role in the kinetics of physical aging. A strong indication for
a fully diffusive mechanism of physical aging is given, at least at the beginning of the aging process, where
free volume holes disappear at a boundary which can either be the external surface of the sample or an internal
surface defined by the presence of some low-density regions, which are created during the cooling process and
have a concentration dependent on the cooling rate. In particular, the amount of internal surface is proportional
to the cooling rate from the melt. Evidence for the existence of the low-density regions was provided by the
absorption of ethylene glycdEG), a molecule with a strong tendency to aggregate, in PC samples cooled
down at different rates. The amount of absorbed EG was found to be proportional to the cooling rate. In
addition, through dielectric spectroscopy in combination with thermogravimetric analysis, it was found that EG
tends to locate in regions with large open space rather than in the bulk of PC. The physical origin for the
formation of such regions might be related to the evolution of spatial heterogeneities during cooling from the
supercooled state and its dependence on the cooling rate.
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[. INTRODUCTION tion of defects of different sign corresponding to sites with
positive and negative density fluctuations. In the last decade,
When a supercooled liquid is further cooled below theseveral studies have been presented that document a sample
glass transition temperature, it falls out of equilibrium due tothickness dependent aging process far below the glass tran-
its reduced mobility. The achieved nonequilibrium statesition temperaturé€T)."*~*%In particular, Pfromnet al. pre-
slowly evolves towards equilibrium, which consists of the sented a number of studies on time-dependent gas transport
recovery of the thermodynamics properties. This process iproperties. They provided evidence for an accelerated physi-
commonly regarded as physical aging or structural recovergal aging for thin films(around 1um) of polysulfone and a
and has been the subject of a large body of studies since tiplyimide (6FDA-IPDA),'* polynorborené? and polyi-
pioneering work of Simon,Kovacs? and Struik® Several (trimethylsilyl)-1-propyné (PTSMP.1® McCaig and
phenomenological models, which describe the kinetics oPaul*'>reached similar conclusions following the time evo-
physical aging, were developed in the p&stThe essential lution of gas permeation properties for physical aging of thin
feature of these models is a distribution of sequentially actifilms of a glassy polyarylate. Since the thickness dependence
vated relaxation processes, which is often described by af physical aging disappears for thickness above several mi-
stretched exponentiélStill little is known, however, about crons, they suggested that two mechanisms are responsible
the microscopic mechanisms of physical aging. In the earlyor physical aging: free volume diffusion to the film surface
1940's, Alfreyet al.” proposed that diffusion of free volume and lattice contraction.
holes and their annihilation at the external surface of the In this study, the effect of sample geometry and thermal
sample could be responsible for the time evolution of thehistory is investigated to provide new insight about the role
macroscopic thermodynamic properties. This hypothesis wasf free volume holes diffusion on the physical aging of poly-
later opposed by Braun and Kovacéwho found a weak, if carbonatgPC). In particular, apart from the film thickness,
any, geometry dependence on the aging process. More ré&ie role of the cooling rate from the equilibrium supercooled
cently, Curroet al® successfully modeled the volume recov- state(aboveT,) is considered as a crucial parameter to de-
ery of poly(vinyl acetate (PVAc) through a diffusion mecha- termine the structural time evolution during physical aging.
nism. To explain the independence on sample geometry, thejwo techniques are employed to probe the structural evolu-
proposed an internal length scale for diffusion, which couldtion: (i) the variation of the dielectric permittivity as a con-
be attributed to either an internal annihilation of vacancies osequence of densification aiid) the free volume evolution
to a redistribution of free volume in an inhomogeneousduring physical aging as probed by means of positron anni-
glassy structure. In a similar way, Petfémodeled the physi- hilation lifetime spectroscopyPALS). Very recently, this
cal aging of PVAc according to the migration and annihila-technique was successfully employed to study physical aging
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of PC1617In particular, PALS allows a direct probing of the tions, particular attention was paid to the sample metalization
free volume sites in a polymer since the lifetinig;) of  and mechanical fixation in the sample cell. All PC films were
ortho-positronium (0-P9), the triplet state of the system provided with a circular electrode of A0 mm in diameter
electron-positron, is inversely proportional to the overlap ofon both sides by a rf-sputter process. To ensure free
the positron component of the Ps wave function with theexpansion/contraction of the glassy samples, each film was
cavity wall electron wave function and is therefore related tosandwiched with a conducting “soft electrod@l wrapped
the size of the low-electron density free-volume sifeAs  silicon rubber, diameter 10-15 mmand subsequently
will be seen below, the use of the two techniques mentionedlamped between the rigid electrode system.
above brought enough evidence that forced us to revisit the For temperature-dependent dielectric measurements, a
hypothesis of a diffusive process as the main mechanism fdsroadband dielectric spectrometer based on a high precision
physical aging. dielectric analyzetALPHA, Novocontrol GmbH and a No-
vocontrol Quatro cryosystem was used. Measurements were
L. EXPERIMENTAL SECTION performed over a wide frequendyt0'—10’ Hz) and tem-
perature rangé-140—-200 °Q.

A. Materials and sample preparation

Polycarbonatg PC) from General ElectrigqLexan 161 C. PALS measurements

was used for all the experiments. The glass transition tem- pa| 5 measurements were performed at room temperature
perature, measu.red using a Perkin-Elmer DSC-7 at a heating, 1| the above mentioned samples, by exposing them to
rate of 10°C/min, was 147.5 °C. A large number of PC aqioactive?NaCl with an activity of 10uC sandwiched
films in a thickness range between 6 and @08 were ob-  payyveen two Kapton foils. As a rule, samples were aged at
tained for permittivity measurements. Wh|le_ films above gom temperature in vacuum in order to avoid any effect of
60 um were obtained by compression molding at 100 °Ciime dependent moisture absorption on the PALS results, and
aboveTy, films below 60um were obtained by solution cast- ¢q|iected only just before the PALS measurement. A fast-fast
ing on a glass plate. The solvent used was dichloromethang,incigence circuit of the PALS spectrometer at the IRI-TU
and the solution concentration was adjusted to obtain thﬁelft, with a lifetime resolution of 240 ps as monitored by
required film thickness. The 4 mm thick samples used forusing a%%Co source, was used to record all PALS spectra.
PALS measurem_ents_ were all comeressmn molded. Allrpe spectrum is analyzed using the prograosITRONFIT
samples were dried in oven at 120 °C under vacuum fo{yhich describes the spectrum as a convolution of the instru-
several days to remove moisture and/or any residual solventyen resolution function and a finite number of negative ex-

In order to remove the previous thermal history, all sampleg,gnentials plus the background as described by the following
were heated up at 180 °@bout 30 °C abové,) for several equationt®

minutes and cooled down at four different cooling rates 0.02,
5, 60, and 100 °C/s. "
y(t) =R(t) ® | N> I\ exp(—= \it) + B |. (1)
=
B. Dielectric permittivity measurements I

For accurate, long-term isothermal aging experiments g‘ ereR(t) is the resolution function of the system, is the
, 1ong-t ging exp ' _Inverse of the annihilation timénnihilation ratg andB is
custom-made dielectric spectrometer based on a Stanfor

) . e . . “the background signal. All spectra were resolved in three
e s oo o dielime component: & short one of 125 ps eltecy@s
: : annihilation, an intermediate one of 400 ps related to free
spectra were taken in the frequency range from
0.1 Hz to 30 kHz at an interval of 5 to 10 min in order to
monitor the time evolution of the real part of the dielectric
permittivity during physical aging. To study efficiently mul-
tiple samples over extended aging periods, we have e
ployed a special sample cell containing four separate circular 1 R 1 [ 2R \ |7
electrode systems. During the Q|electr|c experiment, al! To-Ps™ 5 R+AR+ o Sm(R+AR) ' (2
samples were addressed sequentially by means of a coaxial
multiplexer, a procedure which allowed the quasisimulta-whereR is the radius of the cavity andR=1.656 A is the
neous acquisition of fou€(t,f) data sets under practically electron layer thickness optimized for molecular solids.
identical conditions. The whole sample cell was kept in a In addition to the information on free volume hole size, a
glass Dewar, the temperature of which kept constant talirect relation was proposed in the past between the intensity
50 °C by an Eurotherm 808P temperature controller with arof 0-Ps (1,59, namely, the probability of Ps formation and
accuracy of 0.1 K. All measurements were carried out in ahe free volume hole density. Although thel,ps can be
nitrogen environment to avoid artifacts arising from the ef-affected by a number of other factors, such as chemical com-
fect of time-dependent moisture uptake. position of the polymef? source strength and charging ef-
Since the measurement of extremely small capacity effects due to prolonged irradiatidf,;?°electric fields?%2”and
fects as the result of physical aging requires samples undeisible light?8 the proportionality betweeh, s and the con-
well defined and reliable electrical and mechanical condi-centration of free volume holes can be still assumed, pro-

positron annihilation, and a long componéng.pJ related to
0-Ps annihilation.

A semiempirical relation was proposed to relate the life-
lime of 0-Ps to the size of the free volume sfte
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vided that all the mentioned effects are eliminated. This iggoverned by the second effect, the density related reduction
the case of this study, where the chemical structure of PGh the relaxation strength of the secondary relaxations. This
does not change with time and the other factors affedtjipg  latter effect was shown in the past to be dominant during
are not present. To avoid charging effects due to prolongeghysical aging of amorphous PET and related polyesfdrs.
positron irradiation, the following precautions were tak@n:  the present study, a similar trend was found and, therefore,
only one sample is used for each measurement;(@nthe  the dielectric permittivity decreases with the aging time as a
number of counts collected for each sample was1®’,  consequence of the densification of the system. This is
which is low enough to avoid any significant charging duringshown in Fig. 1, where the normalized dielectric permittivity,
the measurement, as shown in our previous study where theymely, the ratio of the actual permittivity with the zero ag-
same source was qsé’?_i. o ing time permittivity, is plotted versus the aging time at
Unlike the permittivity measurements, in this case onlysg °c as a function of the film thickness and at constant
the effect of cooling rate was tested. This is due to the factgoling rate. In Fig. 2 the normalized dielectric permittivity
that, since the’’Na emits positrons with a distribution of (ejaxation is plotted at fixed thickne€800 um as a function
energies, almost all of the positrons will be thermalizedgf the cooling rate. The zero aging time permittivity was
within the first millimeter of the sample. This means thatgptained by plotting the absolute permittivity with the square
samples above 1 mm will present the same response, Whilgot of the time and extrapolating at time zero by means of a
samples below 1 mm will suffer from the partial annihilation |inear fitting. The reason for this choice will become clear in
of positrons outside the sample, since the most energetic Poge next section. All the figures refer to the permittivity mea-

itrons will penetrate and escape the sample. sured at 12.8 Hz. However, no dependence on the frequency
was found for all the investigated samples, up to 1 kHz. At
D. EG absorption higher frequencies the low-frequency tails of therocess

i i i probably shows up. Between 0.1 Hz and 1 kHz the real per-
Several PC samples subjected to different cooling rategyiysivity” shows a flat signal that is normally observed be-

from the melt were immersed in anhydrous ethylene-glycolyeen then and 3 process. This is shown in the inset of Fig.
(EG) for three days. The EG uptake was measured and thg ) \here, as an example, the permittivity-frequency plot is
so-obtained samples were used for dielectric spectroscopy,wn for a 16um sample cooled down at 10 /s for two
and thermogravimetric analysifGA). Dielectric experi- gitferent aging times This means that the permitivity reduc-
ments were performed using a broadband dielectric spegjon quring physical aging can be fully attributed to a densi-
trometer based on a high precision dielectric analy2er  fication of the system and not to a relaxation shifting.

PHA analyzer, Novocontrol GmbHn combination with a From the analysis of these figures, two crucial observa-
Novocontrol Quatro temperature system providing control ofions can be madéi) The relaxation pattern is strongly de-

the sample temperature with accuracy better than 50 mKyengent on the cooling rate as evidenced by comparing the

Meals;urements were performed over a wide frequency ranggaxation strength at constant thicknésa. 2), although no
(107'-10' Hz). Temperature-dependent measurements Wergifterences are found for the two highest cooling raté8

carried out isothermally in steps of 5 °C during heating fromang 100 °C/3 (i) The film thickness plays an important
~140 to 190 °C. TGA analysis was performed with a Perkinygle in the physical aging of samples cooled down at 0.02
Elmer TGA7 from 25 to 190 °C during heating and cooling. ang 5 > C/swhile this effect, though present, is hardly vis-
During the heating step, a heating rate that resembles the ofige for samples subjected to higher cooling rates. The influ-

of the dielectric measurements was used. ence of sample thickness on the physical aging was already
revealed for films of the order of several microns or [Es&
IIl. RESULTS However, to our best knowledge, the present results for the

first time show a geometry-dependent physical aging process
As already pointed out in the Introduction, physical agingfor “bulky” samples(of the order of few hundreds microns
is accompanied by the time evolution of the physical prop-although this dependence is very weak when the cooling rate
erties of the glass. Upon densification, the dielectric permitbefore aging is increased above few degrees per second. On
tivity can show two opposing trend§) it increases due to the other hand, the acceleration of physical aging with a
the increased number of polarizable entities per unit volumeooling rate increase was already highlighted in several
or (ii) in the case of orientation polarization due to relaxedstudies’~33 and rationalized in the framework of the
molecular dipoles, the permittivity decreases due to a reTool-Narayanaswamy-Moynhi&h (TNM) and the Adams-
duced amplitude of angular fluctuations which usually estab&ibbs (AG) model®®> From our results, it is clear that both
lish the secondary relaxation processes in the glassy statethe sample geometry and the cooling rate play a major role in
One can show for our particular case of quasifreely coninfluencing PC physical aging far belovy,
tracting films, metalized with thin-film electrodes of variable  This effect of cooling rate is also found from the PALS
area, that a density increase always causes an increase in #egults. In our previous works on PC physical agifi§ we
capacitance, provided that only fa@lectronic and atomjc  have already detailed the microscopic nature of the free vol-
polarization processes contribute to the overall permittffity. ume relaxation. In particular, we have shown thaps the
In view of the common observation for all aging experi- lifetime of o-Ps, does not change during aging far befyv
ments, thalC(t) exclusively reveal a decrease in the capaci-indicating a well-defined cavity size. In particular, a diameter
tance with time, we may conclude that tGét) response is of about 6 A was found by means of E@®). On the other
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FIG. 1. Normalized permittivity at 12.8 Hz vs aging time at different thicknesses for the following cooling (@t€02, (b) 5, (c) 60,
and (d) 100 °C/s. Sedext for the definiton of the normalized permittivity. The inset(df, which refers to a sample cooled down at
100 °C/s and with ahickness of 16um, shows the frequency sweep of the permittivity for zero aging fifiled circley and for 100 h

aging (empty circles.

hand, |,.ps the intensity ofo-Ps, clearly decreases with the Fig. 3, where the decreaselgfpswith aging at four different
aging time, meaning that somehow the concentration of freeooling rates is shown.

volume holes in the system gradually decreases. Similar re- By comparing the figures, we observe that the cooling rate
sults were obtained in this study and they are summarized idependence of the free volume relaxation resembles the per-
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mittivity relaxation shown in Fig. 2, i.e., the higher the cool-
ing rate the faster the physical aging of the system. It is
worth noticing that the permittivity relaxation occurs faster
than the free volume relaxation. However, this difference can
be explained if one takes into account that PALS experiments
are carried out at 25 °C, while the permittivity relaxation is
measured at 50 °C. Therefore, since physical aging is tem-
perature dependent, the temperature difference can explain
difference in the time scale.

Another important observation results from extrapolating
thel,.psto zero aging time. The extrapolation was carried out
as previously described for the dielectric permittivity. The
so-obtained initial values of thg.psare summarized in Table
I. It is interesting to notice that the lower the cooling rate the
higher 1, ps at the beginning of the aging process becomes.
This result is in contradiction with the fact that at low cool-

FIG. 2. Normalized permittivity at 12.8 Hz vs aging time for a ing rate a lowTy has to be expected, which, in turn, would

fixed thickness of 80um at each cooling rate.

lead to a denser glass and, therefore, to a lower concentration
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FIG. 3. I,.ps (left axis) and normalized, ps (left axis) vs aging time for 4 mm thick samples for the following cooling rg#:0.02,(b)
5, (c) 60, and(d) 100 °C/s. Segext for the definition of the normalizeld.ps

of holes. An explanation for this unexpected behavior will betwo mechanisms in principle are possihlg:lattice contrac-

provided in the discussion.

in the right axis of Figs. @—-3(d).

TABLE |. Summary of experimental and fitted parameters from
permittivity and PALS measurements at different cooling rates.

IV. DISCUSSION

tion and(ii) reduction of the number of lattice sites. From a
Finally, I,ps during physical aging was normalized by PALS point of view, the first mechanism would produce a
making use of the initial values from Table I. This is shownreduction in 7, p¢ i.e., the cavity size, while the second
mechanism leads to a reduction ligps i.€., a reduction in
the concentration of free volume holes. An excellent example
of the first process is densification of amorphous polymers in
the melt state via the application of isostatic pressure, which
actually leads to a reduction i) p%¢ In the case of physical
From a microstructural point of view, physical aging can aging of PC, the mechanism of densification follows the sec-
be described as a process that produces a reduction in tlked mechanism, since, as noted in the previous section of the
free volume. To simplify the discussion we will consider the paper, the free volume relaxation occurs via a reduction in
glass as a lattice, where the bulk is represented by the occthe |, ps The reduction of the hole concentration, i.e., the
pied lattice sites and the free volume fraction by the emptynumber of empty lattice sites, is compatible with the hypoth-
lattice sites. In general, to achieve a free volume reductiongsis of a diffusion mechanism which drives the physical ag-
ing process. If we identify the length scale for diffusion with
the macroscopic dimensions of the sample, we have a clear

indication of the effect of thickness for PC samples cooled

down at 0.02 and 8C/s asshown in Figs. {a) and Xb).
However, for samples cooled down at higher rates the influ-

Cooling rate Absorbed EG A V
(°Cls) lo-ps max  (VOl. %) D (cn?/s) (1/um)
0.02 29.612 0.025 1.7810°1% 4.85x1073
5 29.154 0.065 3.08 1016 4.22x1072
60 28.448 0.194 3.7810Y 1.63x1071
100 28.454 0.198 3.5410Y 1.85x10

ence of the dimensions of the sample, although present, is
weak. As discussed in the Introduction, previous studies pro-
vide evidence for a thickness dependence of physical aging
for relatively high cooling rate$;1>where this dependence
appears at a thickness of aboufufin or less. McCaiget
al.1*15 attempted to explain these experimental facts by hy-
pothesizing that physical aging occurs through a double
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FIG. 4. Dielectric loss vs temperature at 1.2 Hz for pure PC and FIG. 5. TGA analysis for PC-EG system during heating and

PC-EG systems during heating and cooling. cooling.

—80°C at about 1 Hy (iii) This broad loss vanishes in the
mechanism: lattice contraction and diffusion of free volumesubsequent cooling scan. These findings indicate that, rather
holes. than being homogeneously distributed in the “bulk” of PC,

However, since the cavity size remains constant, as showBG tends to be concentrated in low-density regions of the
by PALS, we can exclude the former mechanism as the drivPC, giving rise to & in-between that of PC and EG. In fact,
ing force for physical aging. We believe that the present rea homogeneous distribution of EG can be excluded since, in
sults provide evidence for a fully diffusive mechanism to bethis case, PGy process would experience a change in the
responsible for physical aging. To explain this, we will as-dynamics. Neither the dielectric response can be attributed to
sume that not only the external surface is responsible fosome EG located in the outer surface of the sample because
disappearance of free volume cavities, but that also an intethis would rise to thex process of EG.
nal surface, which is somehow created during cooling from The TGA data, shown in Fig. 5, are in agreement with the
the supercooled state, contributes to this process. In othéormer conclusion. As we can see in this figure, EG gradu-
words, we are assuming that the inhomogeneity of the glasslly evaporates during the heating scan and is absent during
gives rise to low-density regions that act as an internal surthe cooling scan. However, a considerable amount of EG is
face for vacancies annihilation. To demonstrate the existencstill present during the heating scan in the neighborhood of
of such an internal surface, a number of PC samples sulihe Ty of PC. Combining this observation with the fact that
jected to the same cooling rates used for aging experimentse « process of PC is unaltered by the presence of EG
were exposed to ethylene glyc@G) for a fixed time of reinforces the idea the EG locates in some low-density re-
three days. EG was chosen for its high tendency to aggregatgons, which are created during the cooling step from the
in low density regions, as recently demonstrated by Satits melt.
al. for a starch polysaccharidéAfter this treatment, the PC Moreover, the presence of these low-density regions may
samples were weighed in order to evaluate the amount gfrovide an explanation of the observation that the de-
absorbed EG. The results are summarized in Table I, wherereases with increasing the cooling rate. It is important to
the percentage of absorbed EG is shown for each coolingote that theo-Ps fraction that annihilates in these low-
rate. A clear dependence on the amount of absorbed EG cafensity regions most likely will not be collected by our fast-
be observed. In particular, a positive correlation exists befast coincidence circuit for two reason@) the acquisition
tween the amount of absorbed EG and the cooling rate. Fdime window is not wide enough to acquire annihilation
the two highest cooling rate®0 and 100C/s) not much events with a lifetime longer than several nanoseconds,
difference is observed. To provide more detailed informatiorwhich is probably the case in low density regiofis) the
on the underlying structure, dielectric spectroscopy comannihilation in these regions probably occurs via three
bined with TGA was employed. Figure 4 shows the isochro-annihilation®® and the energy window of our system is not
nal dielectric loss at 1.2 Hz of the EG-saturated PC over &et to acquire these events. Therefore, if we take into account
wide temperature range, both in heating and subsequettie free volume directly probed by PALS and the free vol-
cooling, together with the data of pugdry) PC. Though Fig. ume confined in the low density regions, which increases
4 refers to PC samples subjected to a cooling rate 68@,  with the cooling rate, we can reconcile, at least qualitatively,
a qualitatively similar behavior was found also for the otherthe observation of a decreasimgps with the cooling rate,
cooling rates. with thermodynamic and kinetic considerations, which indi-

These results can be summarized as folloiysBoth the  cate an overall free volume proportional to the cooling rate.
a and B process of PC remain substantially unaltered in then other words, the free volume can be schematically classi-
presence of EGthe high loss abovely for the system fied in two parts: the one directly probed by PALS, which is
PC-EG is due to a high conductive contributiofii) During  representative of the denser regions; and the one, not probed
the heating scan the presence of EG generates a broad ldsg PALS, representative of less dense regions. This classifi-
between ther process of PC and process of EGlocated at  cation arises from the heterogeneous nature of the glassy
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staté® and its cooling rate-dependent evolution from the su-Eq. (4) is obtained, provided that the stretched exponent

percooled staté?*? The results of the EG absorption and equals 0.5. Values between 0.2 and 0.8 are usually found in

PALS experiments are in agreement with molecular dynamkterature without constraints in the fittifg.In this case, a

ics simulations on a binary Lennard-Jones mixtféand totally different physical interpretation is given: while the

on amorphous silic& cooled down from the supercooled KWW was explained with the hypothesis of a distribution of

state at different rates. These simulations reveal that, withelaxation times, in this case an equivalent mathematical

decreasing cooling rate the system achieves increasing lockdrm arises from the hypothesis of a diffusion model. Ac-

order, which causes a smaller number of low-density regionsording to this model, the KWW relaxation time can be ex-

to form in the glass. pressed in terms of the diffusion coefficient and the ratio
As we have demonstrated the presence of some lowinternal area/volume in the following mannertww

density regions which are somewhat distinguished from the<D™(V/A)2.

bulk PC, we can analyze our data according to a diffusion Equation (4) can be differentiated with respect to the

model, where the boundary surface for free volume holesquare root of the time at0:

disappearance can be either the external surface and the in-

ternal surface created by the low-density regions. In particu- W

lar, we have considered the rate of free volume holes disap- d(t9)

pearance at zero aging time, when the amount of free volum?

'Sf ?t'“ at |t|s initial vaLue all over tgebblilhk PC. Thg d|ffust|.on tiﬁity data, if we make the reasonable assumption that the
ot free volume can be expressed by the second equation Ok iation of the free volume produces a linearly proportional

__2A
=0 - ’770'5V

DO5, (5)

his equation can be applied to our time-dependent permit-

Fick variation in the permittivity, at least in the vicinity af&0.
af, Therefore, Eq(5) can be written in terms of the dielectric
e V({DVf,), (3 permittivity

wheref, is the free volume fraction anD is the diffusion Mﬁm)] =— ioséDO-? (6)

coefficient. If we develop Eq3) aroundt=0, we can assume d(t™) =0 TV

a constanD, since the well-known effect of self-retardatfon e grfaces can be divided in two contributions: the exter-

has not yet provoked a substantial decreasB.aiithin our 5| gyrfacen, ,, related to the macroscopic dimensions of the
simplified picture the total number of free volume holes atsample and the internal surfage,, which is the boundary
time t, N(t), equals the integral over the sample volume ofpeyeen the bulk PC and the low-density regions. The exter-
the f, over the cavity volume, which is constant during | surface can be expressed in terms of the sample thickness
physical aging. Note thai(t) is proportional tol,psin the ¢ gng sample volum¥: A,=V/s. In this way, Eq.(6) be-
PALS measurements. With the diffusion Eg), the follow-  comes

ing expression foN(t) can be obtained for short aging times: 0 (1 A
int

=- W<_ + 7>D0-5, (7)

dle’ (t)/s'(0)]
2 A Cdy s

w =1- Zpo5os (4) d(t®9

- 0.5
N@©) oV wheres is the thickness of the sample.

whereA is the total surface where free volume holes disap- Equation(7) suggests that if we take the derivative of the
pear,V is the total volumeD is the diffusion coefficient at normalized permittivity with the square root of the time at
zero aging timet is the aging time, an®l(0) is the number  zero aging time {d[e’(t)/e'(0)]/d(t°9|-}, at different
of holes at zero aging time. Equati@d) is arrived at by thickness and constant cooling rate, which means fixgd
considering the free volume flux of the diffusing holes by and plot it versus the inverse film thickness, it is possible to
simple Fickian diffusion through a planar surface nea@.  obtain information on both the ratio internal surface/volume
If we multiply this flux, which equalsN(0)(D/#t)°%, with  and the diffusion coefficient at the beginning of the aging
the total area of absorbing surfaée we get the rate of the process. This is shown in Figs(e-6(d) for each cooling
total number of holed(t). Then by integration we arrive at rate.
Eq. (4). The replacement of the unknown distribution of ab-  From the results in this figure, we conclude that a linear
sorbing surface by a half space problem is justified as long agroportionality between d[&’(t)/&'(0)]/d(t°9],-o and the
the depletion layer of the disappearing free volume is smalleinverse thickness holds for all cooling rates, as envisaged by
than the radius of curvature of the absorbing surface or th&q.(7). Only d[e’(t)/e’(0)]/d(t°9)|,-, related to a thickness
distance between surfaces, i.e., as long as the timescales afe6 um for a cooling rate of 0.02C/s [see inset of Fig.
short enough. The behavior at long times requires a morg(a)] deviates from the linear fitting. In particular, it appears
detailed analysis and is expected to approach to equilibriurto be underestimated with respect to the linear fitting. How-
asymptotically. ever, for such a low thickness the hypothesis that the internal

It is very interesting to notice that from a mathematical surface depends only on the cooling rate could be wrong. In
point of view, Eq.(4) is equivalent to the stretched exponen- fact, this low thickness can interfere with the formation of
tial of the Kohlrausch-Williams-Wat{KWW) model® In  the low-density regions, if the distance between these regions
fact, if the stretched exponential is expanded through a Tayapproaches the macroscopic dimensions of the sample. This
lor series around zero aging time, an expression analogous te particularly crucial for the lowest cooling rate, which gives

t=0
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FIG. 6. Derivative of the normalized permittivity with the square root of the time vs the inverse of the sample thickness for the following
cooling rates(a) 0.02°C/s(the inset includes also a thickness ofufn), (b) 5, (c) 60, and(d) 100 °C/s. Thesolid lines represent the linear
fitting of the data points. The fitted equations are also shown in the figure.

rise to the largest distance between low-density regions. The B’ B’

results of the linear fitting of the data in Fig. 6 are summa- InD=InDg+ | T 9)
rized in Table I, where the diffusion coefficient and the ratio 0PSO ToPs

internal surface/volume are reported for each cooling rate. A§ we plot InD versus the inverse df ps a linear relation
expected, the ratio internal surface/volume increases with thieas to be obtained to prove the validity of the diffusion
cooling rate.

By comparing the diffusion coefficients obtained at differ-
ent cooling rates, a clear decrease with the cooling rate cal s 3° | 1
be observed. The diffusion coefficients at different cooling & 54 f ]
rates can be compared with the free volume as probed by\
PALS. In fact, it is well known that these two properties are \
related, since the early work of Doolittfé.In particular, the + 36 [ 1
diffusion coefficient is related to the amount of free volume Q

37 F 1

through the Doolittle equation Y By ]
o4 b b
Q
B B S 33t ]
INnD=INDg+— - —, (8)
foo T 32 : : :
0.0335 0.0340 0.0345 0.0350 0.0355
: : : Uy, %)
whereB is a material constant anfd, is the reference free
volume with difoS;ion coefficientD,. Since 0n|¥|o-Ps de- FIG. 7. Natural logarithm of the diffusion coefficient, propor-
pends on the cooling rate and ngtp, we can write Eq(8) tional to the inverse of the free volume according to the Doolittle
in terms ofl, pg equation vs the inverse of thg pg
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FIG. 8. Volume percentage of absorbed EG vs ratio internal FIG. 9. First term of Eq(10) vs the ratio internal area/volume
area/volume as obtained from the fitting of the permittivity relax- @S determined by fitting the permittivity relaxation data.
ation data. Each data point corresponds to each cooling rate.

In a similar manner, it is possible to analyze the PALS
mechanism for physical aging. This is shown in Fig. 7results. In this case, E¢b) can be expressed in termsigi
where, in agreement with our expectations, a linear relationrelaxation, since the free volume variation can be fully at-
ship is found within the experimental error. This means thatributed to a decrease in the concentration of free volume
the comparison between parameters obtained from two difaoles [N(t) is proportional tol,pdt), as previously dis-
ferent techniques seems to validate the diffusion mechanisrussedl The following equation can therefore be written:
for physical aging.

These results also suggest that the effect of acceleration of 7°° dllopd)/lopd0)] | _ 1 A (10

physical aging that occurs after fast cooling is not due to the 2D05 d(t%9) = S V'
larger amount of free volume present but to the highly inho-
mogeneous nature of the obtained glass. The effect of selffhis equation again makes a distinction between the macro-
retardation that slows down physical aging at large tifigs, scopic dimensions of the system and the internal surface as
not denied by these results, although a different interpretain Eq. (7).
tion is given for the fast physical aging of samples cooled If we plot the experimental values of the normalidgg
down at high cooling rates. Here, we suggest that accelerdFigs. 3a)-3(d)] with the square root of the time, we can
tion of physical aging is due to the presence of a largeobtain the term d[l,pdt)/1,.p40)]/d(t*%)],= for every cool-
amount of internal surface, related to the inhomogeneity ofng rate. Since each cooling rate corresponds to a fixed inter-
the glass, which acts as a sink for the disappearance of frewl surface and the PALS experiments were done at fixed
volume holes. Moreover, the increase of the diffusion coefthickness, it is possible to plot the first term of E40) with
ficient of the free volume holes with decreasing cooling ratethe ratio internal surface/volume as obtained from the previ-
although counterintuitive, is in agreement with a recent studyus analysis on the permittivity relaxation data. Also the dif-
on the effect of cooling rate on the gas transport properties ifusion coefficients at each cooling rate were taken from the
PC23 Also in this case, an increase of the diffusion coeffi-fitted permittivity data. This is shown in Fig. 9 where a linear
cient of gas molecules is observed with decreasing the cootelationship can be observed, in agreement with the diffusion
ing rate, although the explanation provided in this work ismodel. The slope of the straight line larger than one, as
different from ours. would be required by Eq10), can be explained with the fact
The values of the ratio internal surface/volume, obtainedhat we are using diffusion coefficients from permittivity re-
from the analysis of the permittivity data, can be comparedaxation at 50 °C, while the PALS data are obtained at
with the amount of EG absorbed in the PC at different cool-25 °C; and/or with the ability of PALS to probe free volume
ing rates. If the hypothesis of a diffusion mechanism holdsholes only in a certain size range.
provided that both the macroscopic dimensions of the sample The linear fitting of Fig. 9 also allows the calculation of a
and an internal surface created by the presence of the lowtypical macroscopic dimension of the sample. The value
density regions are taken into account, there should be #und was 54um. This seems to be far too small compared
positive correlation between absorbed EG and internal sutto the real dimension of the samples used for PALS, which
face. This correlation is shown in Table | and also in Fig. 8,have a thickness of 4 mm. However, one has to consider that
in which the ratio internal surface/volume is plotted versuspositrons are thermalized within the first millimeter of the
the volume of absorbed EG. One more time, an indicatioPC sample. In addition, the positron implantation profile is
for a fully diffusion driven physical aging is given. Note that well described by an exponential I&vwhich means that
at zero internal surface a residual amount of EG can be alihermalized positrons are strongly concentrated in the first
sorbed in PC, likely due to the ability of EG to create its ownhundred microns of the sample. This gives a reasonable ex-
space, even in internal surface free sample. planation to the value obtained from our fitting procedure.
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However, for the same reason that we cannot obtain a slopévity and the free volume as probed by means of positron
of one from the linear fitting, the value of the macroscopicannihilation lifetime spectroscogfPALS). The effect of film
dimension of the sample can be somewhat different from théhickness and cooling rate was investigated. The permittivity
obtained one. was found to decrease during physical aging, due to the de-

As we have provided evidences for a diffusion model forcreased mobility as a consequence of densification, which
physical aging of PC, it is worth comparing our permittivity results in a smaller amplitude of dipole orientation and/or in
and free volume relaxation data with the volume relaxationa decreased number of dipoles able to reorient. the
data already reported in the literatdfe'’>In these studies, no related to the concentration of free volume holes, was found
specific volume reduction is observed for PC volume relaxto decrease with aging time, while thg.p, related to the
ation at 25 °C in the time scale of several days, which is theavity size, remains constant during physical aging. The de-
time scale for both permittivity and free volume relaxation. crease of the concentration of free volume holes is compat-
This is compatible with the idea of diffusion towards someible with a diffusion mechanism for physical aging. There-
internal surface. In fact, at least at the beginning of the physifore, permittivity and PALS relaxation data were fitted
cal aging process, the free volume released from the bulkccording to a diffusion model around zero aging time,
will make the previously defined low-density regions evennamely, when the concentration of free volume is at its initial
less dense. Since the specific volume measurement does natlue and the effect of self-retardation has not yet appeared.
discriminate between the bulk and the low-density regionsThe outcome was that a diffusion model accurately describes
no overall volume change will be observed at the beginninghe experimental results, when an internal surface was as-
of the aging process. On the other hand, stress relaxatiossumed to be present. Such an assumption is needed in order
experiments during physical aging of PC far bel(]'\@/,46 to overcome the inability of the macroscopic dimensions of
which is probably more sensitive to the structural changes ithe sample to fulfil the requirements of a diffusion model.
the bulk of the glass and less sensitive to the low-densityfhe internal surface was related to the presence of some
regions, show relaxation effects already in the time scale ofow-density regions. Evidence for the existence of such re-
several days, in agreement with our permittivity and PALSgions was given by absorbing ethylene gly¢glG), a mol-
results. ecule with a strong tendency to aggregate, in the PC samples

In conclusion, it is worth remarking that PC physical ag-and measuring EG uptake at different cooling rates together
ing was fitted through a diffusion model for relaxation datawith the dielectric and a thermo-gravimetric results. Assum-
obtained far belowT,;, where the system is deeply in the ing the presence of low-density regions gives good agree-
glassy state and secondary relaxation processes are likely moent between the experiments and the diffusion model. The
have a dominant role in influencing the physical aging prophysical origin of the low-density regions and the depen-
cess, as demonstrated by some of us in a previous $tudydence on the cooling rate may be related to the evolution of
On the other hand, physical aging just below Tds domi-  spatial heterogeneities during the cooling process.
nated by the cooperative motion responsible for ¢hpro-
cess. In this case the glassy system possesses enough mobil-
ity that the static scenario based on more or less dense ACKNOWLEDGMENTS
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