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ABSTRACT: The annealing effect on coextruded linear low-density polyethylene (LLDPE) films has been
investigated by positron annihilation lifetime spectroscopy (PALS). From the continuous positron lifetime
distribution found for these films, the size distribution of the free-volume holes in the amorphous phase
is calculated, as well as their fractional free volume. Also, diffusivity measurements at 298 K for He, O2,
and N2 and X-ray diffraction measurements have been performed. The results reveal that annealing
induces changes in the hole size distribution and in the amorphous fractional free volume of the films,
along with an enhancement of the gas diffusivity. The correlation found between the amorphous fractional
free volume and diffusion coefficients agrees with the free-volume model for diffusion in polymers.
Moreover, the results show that the probability density function of the free-volume holes has certain
influence on the diffusion coefficients, revealing that the impedance factors for diffusion would be controlled
by the size distribution shape of the free-volume holes in the amorphous phase.

Introduction
Semicrystalline polymers are regarded as two-phase

materials consisting of microcrystalline regions in a
continuous amorphous medium. According to experi-
mental studies, the diffusion coefficient of gas molecules
in a polymer crystal is expected to be very small or
negligible. The crystalline entities in semicrystalline
polymers act as impenetrable barriers for gas diffusion.
The presence of crystallites in a polymer matrix compels
the diffusing molecules to surround those moving through
the amorphous phase and reduces the mobility of the
amorphous chain segments close to the crystalline
regions, which gives rise to a decrease in the gas
diffusivity. The effective diffusion coefficient of a gas
molecule in a semicrystalline polymer can be described
as1

where Da is the diffusivity in the amorphous phase, ψ
a detour factor taking into account the lengthening of
the diffusion pathway due to the impenetrability of the
crystallites, and B a blocking factor accounting for the
chain immobilization around the crystallites and the
existence of amorphous regions with narrow cross
sections which do not allow the passage of the gas
molecules. Kreituss and Frisch also have treated the
effect of crystallinity on gas diffusivity using the so-
called free-volume theory.2 The free volume can be
defined as the difference between the total volume and
the volume occupied by the polymer molecules. These
authors considered that the presence of a crystalline
phase in a polymer would reduce its free volume in
direct proportion to the amount of crystalline material
present. The free-volume approach assumes that both
the motion of the diffusing gas and the mobility of the

polymer segments are determined by the amount of free
volume in the system. A model, based on the free-
volume theory, yields an effective gas diffusion coef-
ficient given by3

where fv is the fractional free volume in the amorphous
phase of the polymer, R, the universal gas constant, T,
absolute temperature, and Ad and Bd, temperature
independent parameters related to the size and shape
of the gas molecule. Bd also depends on the minimum
size of hole required for a diffusive jump.

In polyethylene (PE), it has been found that the gas
diffusivity depends on the volume fraction of the perme-
able amorphous phase as well as the morphology and
size distribution of the crystallites. The results for PE
with different grades of crystallinity indicate that the
constraining effect of the crystallites may be neutralized
by an enhancement of the permeability of the diffusing
molecule in the amorphous phase.3,4 Permeability mea-
surements performed on biaxially stretched PET films
have revealed that their diffusional characteristics
depend on the hole size at a molecular level, as well as
on the crystallinity and polymer chain alignment.5-7

According to recent results, the diffusional character-
istics exhibit a complex dependence on the above
parameters.7 This would explain some diverging results
in LLDPE films. For instance, Compañ et al.8,9 reported
that annealing of these films induces an enhancement
of the gas permeation accompanied by a slight decrease
in the diffusion coefficient.

The interpretation of the experimental results in
terms of the free-volume model requires the measure-
ment of the fractional free volume in the material.
However, problems arise when conventional methods
are used to attempt to measure the local free volume
because they estimate, or indirectly determine, the
amount of free volume. Positron annihilation lifetime
spectroscopy (PALS) has been revealed as a successful
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technique to determine the free volume hole character-
istics. Positrons have the capability to probe the free
volume in polymers because they can be localized in
nanovoids as a positronium atom in an ortho state (3S1).
The lifetime of the ortho positronium (o-Ps) localized in
a free-volume hole, τo-Ps, is related to the hole radius R
by10-12

where τo-Ps is given in ns, and ∆R is an adjustable
parameter so that R0 ) R + ∆R is the radius of the
spherical potential wells corresponding to the free-
volume hole. A ∆R value of 0.166 nm is used for
polymers according to experimental results. So, the τo-Ps
value gives us an indication of the free volume hole size.
The spectral intensity associated with this lifetime
component, Io-Ps, is related to the number of free volume
hole sites yielding an o-Ps in the polymer.

The aim of the present work has been to investigate
the origin of the diffusivity changes induced by isoch-
ronal annealing in coextruded LLDPE films using the
positron annihilation lifetime spectroscopy.

Experimental Procedure
The films are made of 1-octene-co-ethylene copolymers

with roughly 8% mol content of the first comonomer.
The films are composed by two layers of Dowlex 2247
(F ) 0.917 g cm-3) with thicknesses of 3.5 and 16.0 µm,
respectively, and a third layer of Dowlex 2291 (F ) 0.912
g cm-3) 3.5 µm thick. The thicker Dowlex 2247 layer is
set between the other two layers. Both materials are
additive-free. The extrusion rate was 88 rpm for the
thinner layers and 29 rpm for the thicker one. The
distance between the die exit and the chill roll was 15
mm, with the temperatures at these points being 543
and 293 K, respectively. More details about the films
have been reported elsewhere.9 Pieces of the film were
isochronally annealed for 8 h at five different temper-
atures in the temperature range 300-383 K.

Measurements of the diffusion coefficient of He, N2,
and O2 in the films at 298 K were carried out with the
experimental setup described elsewhere.8,13 The mea-
surement technique adopted in the present work is the
time-lag method. The polymeric film is used as a
diaphragm to separate two chambers of a high-vacuum
system. Then the gas is introduced at a known pressure
on one side of the film, upstream side. The gas diffuses
through the film into a constant sealed volume on the
downstream side and is detected by the resulting change
in the pressure. Once steady-state conditions are
achieved, the amount of gas diffusing at time t is given
by

where Co is the gas concentration in the upstream
chamber and l is the film thickness. The diffusion
coefficient can be obtained from Q(t) by using the
following relationship:

where θ, the time lag, can be determined from the
intersection of Q(t) on the time axis. Diffusion measure-

ments were not performed on the samples annealed at
383 K because this heat treatment produced partial
melting of the samples. This wrinkled the films, pre-
venting the accurate measurement of their thickness.

X-ray diffraction measurements were carried out on
an X-Pert Philips diffractometer using Cu KR radiation.
The crystalline fraction was determined from the ratio
of the area of the crystalline peaks to the total area over
the angular range 10-30° (2θ) following the procedure
described elsewhere.14 The apparent crystallite size L
was determined using the Scherrer formula

where λ ) 0.1542 nm, and ∆ is the peak width (fwhm)
corrected for the instrumental broadening.

Positron annihilation experiments at room tempera-
ture were performed on as-received and annealed
samples. A suitable number of pieces of films were
stacked together on either side of a 22Na positron source
to ensure 100% positron absorption in the samples. The
positron lifetime spectra were registered using a fast-
fast coincidence system having a time resolution of 250
ps (fwhm). For each measurement a lifetime spectrum
with a total of 107 counts was accumulated by addition
of successive 106 count spectra. Assuming that the real
positron lifetime spectrum in a polymer is a continuous
distribution of lifetime values τ, the observed lifetime
spectrum is described by

where X denotes the convolution of the resolution
function of the spectrometer with the annihilation decay
integral function s(t), and Nt and B are the total counts
and the background of the spectrum, respectively. The
term s(t) is given by

where λ ) τ-1 is the positron annihilation rate and
∫0

∞I(τ) dτ ) -∫0
∞R(λ) dλ ) 1, with R(λ) the annihilation

rate probability density function. The spectra were
analyzed with the MELT 4.0 routine15 which yields a
continuous lifetime distribution. Another routine used
for continuous lifetime distribution analyses is CON-
TIN. The results obtained from both MELT and CON-
TIN are very similar, either of them proving reliable to
analyze the positron lifetime spectra from polymers.16,17

Although CONTIN could be more realistic in resolving
the o-Ps lifetime distribution, the MELT routine is more
simple to handle and sensitive to close distributed
lifetimes than CONTIN. The analyses via CONTIN are
very sensitive to experimental drifts and require the
determination of the experimental time resolution of the
spectrometer using reference samples. On the contrary,
MELT uses a Gaussian resolution function, to which
fwhm is an input parameter. Another input parameter
required by MELT is the time zero value. Before
applying the MELT routine, we have performed discrete
term fits of the spectra using the routine PATFIT18 in
order to obtain accurate and reliable values for the
above input parameters.

Results and Discussion
Table 1 summarizes the results obtained from X-ray

diffraction, gas diffusion, and positron annihilation

τo-Ps ) 1
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measurements. The results show a clear increase of the
diffusion coefficients after annealing of the coextruded
films. Annealing at increasing temperatures produces
slight variations in the crystallinity grade of the films
and in their crystallite sizes that do not reveal any
significant trend correlated with the increase of the gas
diffusion coefficients. This rules out that the annealing-
induced changes in the crystalline regions, which most
likely cause variations in the detour and blocking factors
ψ and B, may be responsible for the observed increase
of the diffusion coefficients.

The four discrete-term analyses performed on the
spectra obtained in our experiments yield lifetime and
intensity values in reasonable agreement with those
obtained via the MELT routine. The discrepancies
between the parameters obtained from MELT and those
from a discrete-term analysis have been exhaustively
investigated by Dublek et al.17 It has been well estab-
lished that the discrepancies found between the param-
eters obtained from the experimental spectra indicating
the Ps formation, i.e., the τ1 value and the ratio I1/I4,
and the theoretically expected values for τp-Ps and the
ratio Ip-Ps/Io-Ps, are larger in the case of the discrete-
term analyses. Moreover, the discrepancies increase as
the Ps yield in the polymers decreases.17 On the basis
of these results we discuss our experiments using the
results obtained from MELT.

The annealing effect on the positron lifetime spectrum
of the coextruded films is shown in Figure 1. The
positron lifetime distribution exhibits four well-defined

peaks centered around 190, 380, 1300, and 2630 ps, with
intensities of about 28, 46, 5, and 21%, respectively. The
shortest lifetime peak arises from p-Ps self-annihilation
and free positron annihilation and it does not provide
any relevant information in polymers.19 The intermedi-
ate lifetime peak with lifetime around 380 ps is at-
tributed to positrons localized at the crystalline/
amorphous interface, i.e., at the interfacial phase, or at
some defects in the crystalline regions. The intensity of
this lifetime component remained inside the interval
44.5-47.0% over the annealing temperature range. It
is found that a crystallinity variation between 31.3 and
35.0%, induced by annealing, results in no changes in
this lifetime component peak. The third τ3 ≈ (1.1-1.4)
ns and the fourth τ4 ≈ (2.6-2.7) ns are attributed to
o-Ps pick-off annihilation in the crystalline phase and
at the free-volume holes in the amorphous regions of
the polymer, respectively.20,21 The τ3 value appears to
be correlated with the crystal packing density in the
crystalline regions, while τ4 depends on the size of the
free-volume holes in the amorphous regions through eq
3. Since the gas diffusion in semicrystalline polymers
takes place through the amorphous regions, we are
concerned about the evolution of the fourth lifetime
peak.

Figure 2 shows the annealing effect on the full width
at half-maximum (fwhm) of the distribution function for
the four lifetime peak τ4 distribution. The peak width
goes continuously down for annealing up to 363 K going
up after annealing at 383 K. It should be noted that at

Table 1. Results Obtained from X-ray Diffraction, Gas Diffusion, and Positron Annihilation Measurements in
Coextruded LLDPE Filmsa

annealing
temperature (K) crystallinity (%)

crystallite
size (nm)

DHe
(×10-6 cm2/s)

DO2
(×10-7 cm2/s)

DN2

(×10-7 cm2/s) ∆τ4 (ps)
∆g(vh)

(×10-3 nm3) fv (%)

298 (as-received) 31.3 ( 1.5 14.2 ( 0.2 1.8 6.0 4.7 240 28.5 6.00
313 35.0 ( 1.5 11.8 ( 0.5 1.9 6.2 5.5 156 13.4 5.42
323 31.4 ( 1.5 13.8 ( 0.2 2.2 6.9 7.0 109 11.7 5.46
333 33.5 ( 1.5 12.4 ( 0.5 4.1 9.3 7.2 90 9.0 5.66
343 34.9 ( 1.5 12.8 ( 1.0 4.5 10.0 8.1 77 8.5 5.88
363 33.9 ( 1.5 13.0 ( 1.0 5.0 11.0 7.9 54 6.0 5.81
383 31.5 ( 1.5 12.7 ( 0.3 - - - 132 14.1 5.81

a ∆τ4 and ∆g(vh) are the fwhm values for the τ4 distribution and the probability density function g(vh), and fv is the fractional free
volume.

Figure 1. Annealing effect on the positron lifetime distribu-
tion function for coextruded LLDPE films.

Figure 2. Full width at half-maximum of the o-Ps lifetime
distribution τ4 versus annealing temperature for coextruded
LLDPE films. (O) films partly melted during annealing.
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a temperature as high as 383 K extensive melting of
crystalline regions in these films occurs. This behavior
found for the lifetime τ4 distribution appears to be due
to relaxation processes and changes in the amorphous
regions rather than changes in the crystallinity of the
films. It is observed from the results in Table 1 that
the crystallinity of the annealed films and the τ4 width
are not correlated.

Using eq 3 and the probability density function R(λ4)
obtained by the MELT-4 code, a probability density
function for the free-volume hole radius, f(R), can be
obtained. Following Jean and Deng,22,23 a linear hole
radius dependence has been considered for the Ps
trapping rate in the free volume. Assuming a spherical
approximation for the free-volume holes, from f(R) we
have obtained a probability density function for the free
volume hole sizes g(vh). It is given by

where K(R) ) 1 + 8R is the correction factor for the Ps
trapping rate used by Jean and Deng;22,23 here the hole
radius R is given in Å.

Figure 3 shows the annealing effect on the free
volume hole size distribution in the amorphous phase
of the films. Annealing produces remarkable changes
in the fwhm value of g(vh), ∆g(vh), but meaningless
shifts of its maximum. An unambiguous correlation is
found between the diffusion coefficient and the width
∆g(vh) as shown in Figure 4.

Following Dlubek et al.,21 we assumed that the
amorphous fractional free volume in the samples, fv, is
equivalent to the fractional hole volume fh determined
from the positron lifetime distributions, i.e., fv ≡ fh. This
fractional hole volume can be obtained by integration
of

The obtained fractional free-volume values are given in
Table 1. No correlation seems to exist between fractional

free volume fv and the fwhm values of the τ4 distribution
and the probability density function g(vh). The Arrhe-
nius plots of D versus the fractional free volume fv,
excluding the data points for the as-received films, are
shown in Figure 5. The results indicate that the diffu-
sion coefficients for He, O2, and N2 scale with fv
according to the free-volume model. The fitting of the
gas diffusion data to eq 2, with (ψ/Β)Ad and Bd as
adjustable parameters, can be considered satisfactory.
The values found for these parameters are given in
Table 2. It should be noted that the values for O2 and
N2 are in good agreement with those previously reported
for similar types of LLDPE films.13

The data points for the as-received films do not follow
the above Arrhenius plot. These films have the lowest
diffusion coefficients although their fractional free
volume fv is the highest. Nevertheless, their hole-volume

Figure 3. Annealing effect on the free-volume hole distribu-
tion in the amorphous phase of coextruded LLDPE films.

g(vh) )
f(R)

4πR2
) -2∆R

cos( 2πR
R + ∆R) - 1

4πR2(R + ∆R)2K(R)
R(λ4) (10)

fh ) ∫0

∞
g(vh) dvh (11)

Figure 4. Gas diffusion coefficients versus the full width at
half-maximum of the probability density function g(vh) of free-
volume hole sizes in the amorphous phase of annealed coex-
truded LLDPE films. The open symbols correspond to as-
received films.

Figure 5. Arrhenius plots for gas diffusion coefficients versus
fractional free volume in annealed coextruded LLDPE films.
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distribution is much wider than those for the annealed
films. This shows that the values of the parameters (Ψ/
B)Ad and Bd are governed by the width of the hole-
volume distribution. This result can be interpreted as
evidence for a correlation between the shape of the hole-
volume distribution and the detour and blocking factors,
Ψ and B. One can envisage an alternative, though
equivalent, interpretation. According to eq 5, lower D
values mean that the time lag θ for the gas flowing
through the films increases. Our results also indicate
that the width of the hole-volume distribution ∆g(vh)
governs this time lag. This would implicate the length-
ening of the diffusion pathway. On the other hand, the
wider the hole-volume distribution, the higher the
number of possible diffusion pathways for the gas
through the amorphous regions of the film. This would
result in an increase of the tortuosity in the diffusion
pathway. Then, the annealed films with less fractional
free volume and having a narrower hole volume distri-
bution can exhibit higher diffusion coefficients. This
suggests that the structural relaxation induced by
annealing in as-received coextruded LLDPE films pro-
duces a qualitative change in some of the impedance
factors, (ψ/B) or Bd.

Finally, it should be noted that it would be very
difficult to quantify or determine the dependence of the
diffusion coefficients on the width ∆g(vh), because
changes in ∆g(vh) can also induce changes in the
fractional free volume fv.

Conclusions
In annealed coextruded LLPDE films, PALS results

obtained from a continuous data analysis using the
routine MELT appear to be well correlated with the
diffusion coefficient increase induced by annealing. The
results reveal that annealing produces changes in the
size distribution of the free-volume holes, as well as in
the fractional free volume. In addition, they evidence
that the impedance factors, or tortuosity, for the gas
diffusion pathway can be controlled by the size distribu-
tion shape of the free-volume holes in the amorphous
phase of the polymers.
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Table 2. (ψ/Β)Ad and Bd Values Obtained from the Fits of
the Diffusion Data to Eq 2

Bd (ψ/B)Ad kmol m2/(J s)

He 0.66 1.5 × 10-11

O2 0.37 2.3 × 10-14

N2 0.21 1.1 × 10-15
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