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Abstract

The diffusion of small-molecule penetrants in polyethylene is retarded by the detour caused by the crystals and by the segmental
constraints imposed by the crystals on the penetrable phase. The earlier reported n-hexane diffusivity data for a series of homogeneous
poly(ethylene-co-octene)s showed unexpectedly that the detour was greatest in the low crystallinity polymers. The crystal width-to-thickness
ratio and the crystallinity were assessed by electron microscopy and differential scanning calorimetry and used in the Fricke model. The
calculations showed that the geometrical impedance factor followed the same trend with increasing crystallinity as the data obtained from n-
hexane desorption. The high geometrical impedance factor shown by the low crystallinity samples was due to the presence of crystals with an
unusually high crystal width-to-thickness ratio. A unified relationship, including data for both linear and branched polyethylene was found
between the fractional free volume and the phase composition of the penetrable phase including the liquid-like, interfacial liquid and the

interfacial crystal core.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The penetration of small-molecule penetrants is
restricted to the non-crystalline fraction in semicrystalline
polymers. The crystal phase of linear polyethylene is
densely packed and only the smallest penetrant molecules
such as helium can penetrate the crystals [1]. The
trajectories of the penetrant molecules are extended by the
crystallites with respect to those in the fully amorphous
analogue for a given displacement. This extension of the
diffusive path has been described by the geometrical
impedance factor (7):

D,

T=D6

ey

where D, is the penetrant diffusivity in the fully amorphous
analogue, D is the diffusivity in the semicrystalline polymer
and ( is a factor taking into account the segmental
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constraints imposed by the crystal on the penetrable fraction
of the polymer. Essentially all the amorphous chain
segments have one or both ends anchored in the crystals.
The segmental mobility is thereby lowered with respect to
the fully amorphous analogue. Proof of the deviation from
the liquid-like behaviour of the rubbery amorphous
component of polyethylene has been found by proton
NMR [2] and Raman spectroscopy [3]. The two effects of
the crystals on the diffusivity—the extended diffusive path
and the constraint of the amorphous chains—are con-
veniently separated by the free volume theory of Cohen and
Turnbull [4,5] and Fujita [6]:

Dy = A Xexp(—Bylfy)

Xexp((Bavi(f1 — )Lk +vilfi — f2)

2

where Dr is the penetrant thermodynamic diffusivity, A is a
factor that is inversely proportional to 7, By is a constant that
depends only on the size and shape of the penetrant
molecule [7], »{ is the volume fraction of penetrant in the
penetrable phase, f; is the fractional free volume of
the penetrant and f, is the fractional free volume of the
penetrable fraction of the polymer. The product of the first
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two factors in Eq. (2) constitutes the zero-concentration
diffusivity. The third factor describes the increase in the
diffusivity with increasing penetrant concentration. It
should be pointed out that Eq. (2) is applicable only to
systems with a constant volume of mixing (AV), i.e.
AV = Viyix = (Vy + Vipen) = 0; where Vi is the volume of
the mixed system, V, is the volume of the polymer and Vi,
is the volume of the penetrant.

Numerically, Eq. (2) describes the desorption of n-
hexane in polyethylene extremely well [7-12]. Neway et al.
[9] showed that Eq. (2) gives physically feasible results only
for the free volume scale according to Doolittle [13],
Williams et al. [14] and Cohen and Turnbull [4], i.e. a scale
with a fractional free volume at the glass transition
temperature of ~0.02-0.03. The fractional free volume
(f1) used for n-hexane was, according to Fleischer [12], f| =
0.168, which yields fractional free volumes for amorphous
polyethylene consistent with a fractional free volume of
0.025 at the glass transition temperature.

This paper is a follow-up of previous papers [9,15],
which presented data for the fractional free volume of the
penetrable component (f>) and the geometrical impedance
factor (1) of linear polyethylene and homogeneous poly-
(ethylene-co-octene)s based on n-hexane desorption data
using Eq. (2) to describe the concentration-dependent
diffusivity. Fig. 1 shows the dependence of the geometrical
factor A (inversely proportional to 7) on the degree of
crystallinity for the homogeneous poly(ethylene-co-
octene)s. The unexpected trend in the A data, i.e. that the
geometrical impedance factor increases with decreasing
crystallinity, is the main theme of this paper and it is given a
morphological explanation based on the results obtained by
differential scanning calorimetry and transmission electron
microscopy. It is shown that the crystal width-to-thickness
ratio is the main factor; the crystals in the samples with low
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Fig. 1. Geometrical factor A normalized with respect to the value for the
sample with the highest degree of crystallinity as a function of volume
fraction of non-crystalline phase (v, is the volume fraction of crystal core
component) for homogeneous poly(ethylene-co-octene) (O) and hetero-
geneous poly(ethylene-co-octene) (@). The method used to obtain A
assumed that the interfacial crystal core, the interfacial liquid-like and the
liquid-like components were penetrable. The continuous lines are third
degree polynomial fits to the experimental data. From Neway et al. [15]
with permission from Elsevier.

crystallinity showing a very high crystal width-to-thickness
ratio.

The paper also considers the free volume effect of the
crystallinity and degree of branching. Fig. 2 presents a
summary of the effect of the degree of crystallinity on f>.
The poly(ethylene-co-octene)s show a pronounced increase
in f, with decreasing crystallinity whereas linear poly-
ethylene exhibits only a small change in f, with changing
crystallinity (Fig. 2). Linear and branched polyethylenes
with a 40% crystallinity show different f5 values: 0.042
(linear polyethylene) and 0.052 (poly(ethylene-co-
octene)s). The f, data for the two groups of polymers
converge at a high degree of crystallinity. This interesting
difference in behaviour between linear and branched
polyethylene is also discussed in this paper.

2. Experimental

2.1. Materials

The homogeneous poly(ethylene-co-octene)s, denoted
EOXj,ex Where Xj,ex is the percentage molar fraction of hexyl
branches in the polymer, were synthesized using a boron-
activated metallocene catalyst in a continuously stirred tank
reactor. The molar mass distribution characteristics of the
polymers (with one exception) were according to size
exclusion chromatography: M, = 80,000+ 10,000 g
mol™!' and M, /M,=2.1—2.5. For EO2.3, the following
molar mass data were obtained: M, = 54,000 g mol~' and
M, /M, = 1.9. The polymers were compression moulded to
discs, 30 mm in diameter and 1 mm thick, in a Schwabentan
Polystat 400s compression moulding machine at 433 K
under a pressure of 10 MPa for 5 min followed by cooling at
0.2 Kmin~"' to 298 K while the pressure was maintained.
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Fig. 2. Fractional free volume of the penetrable polymer fraction (f,) as a
function of volume fraction of non-crystalline phase (v . is the volume
fraction of crystal core component) for linear polyethylene (A),
homogeneous poly(ethylene-co-octene)s (O) and heterogeneous poly-
(ethylene-co-octene)s (@ ). The method used to obtain f, assumed that the
interfacial crystal core, the interfacial liquid-like and the liquid-like
components were penetrable. The continuous lines are polynomial fits
(linear polyethylenes-second degree; poly(ethylene-co-octene)s-forth
degree) to the experimental data. Drawn after data from Neway et al. [9,
10,15].
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The compression moulding was the same as that used in a
previous study on the same polymers [15].

2.2. Methods

All the characterizations described in this section were
made on samples given a thermal treatment according to
Section 2.1. Melting traces were recorded at a heating rate
of 10 Kmin~' on 541 mg samples in a Mettler-Toledo
DSC 820 with nitrogen as purge gas. Three samples for each
material were tested. The mass crystallinity (w.) was
obtained from data for the heat of fusion (Ahy) using the
total enthalpy method [16]:

Ahy

3)

W, =

Tn
Ah{ — J (Cpa — Cpe)dT
T
where T is an arbitrary temperature below the melting
range, ¢, , and ¢, . are, respectively, the specific heats of the
amorphous and the crystalline phases, and AAY =293 kJ
kg~ ! is the heat of fusion for 100% crystalline polyethylene
at the equilibrium melting point ((T% = 418.7 K) [17]). Data
for ¢, and cp . from Wunderlich and Baur [18] have been
used. Crystal thickness data were obtained for the different
polymers from the melting peak temperatures using the
Thomson—Gibbs equation [19].

The average spherulite radius ({r;)) was assessed by
small-angle light scattering on 50 um thick microtomed
sections of the materials and was calculated according to
Pakula et al. [20]:

4.091

0
4 . max
N s1n( > )

where 0.« is the scattering angle corresponding to the
maximum in scattered intensity, A=617.6 nm is the
wavelength of the light (Marwell M1805-P, 5 mW He-Ne-
laser) and n=1.5 is the average refractive index of the
polymer. The scattering angle at the scattered intensity
maximum (0,,,5) was obtained by visual examination of the
scattering pattern recorded on a photographic film. The
superstructure of the samples was determined by polarized
microscopy on 50 pm thick microtomed sections of the
material in a Leitz Ortholux II POL-BK optical microscope.

The lamellar structure was studied in a Tecnai 10 100 kV
transmission electron microscope on etched samples. The
permanganic etching was carried out using the etchant
recipes developed by Shahin et al. [21]: samples were
etched at room temperature for either 5 or 20 h in two
different reagents: (i) 1 g/l potassium permanganate in a
mixture of 2 parts by volume of concentrated sulphuric acid
and 1 part by volume of orthophosphoric acid (99%); (ii)
1 g/1 potassium permanganate in a mixture of 10 parts by
volume of concentrated sulphuric acid, 4 parts by volume of
orthophosphoric acid (99%) and 1 part by volume of water.

(r)) = “)

The samples were subsequently washed, replicated in two
stages using cellulose acetate for the first impression,
shadowed with Au/Pd in a vacuum evaporator, coated with
carbon, transferred to a copper grid and examined in the
transmission electron microscope. The nitric acid digestion
was performed on 5 mg samples at 333 K in fuming nitric
acid for 9 days, washed and ultra-sonicated for 10 min in
5 ml of distilled water. A drop of the suspension of crystals
in distilled water was collected with a pipette and laid on a
carbon-Formvar coated grid; after the water had evaporated,
the grids were shadowed with Au/Pd in a vacuum
evaporator and examined in the transmission electron
microscope.

3. Results and discussion

3.1. Morphology and geometrical impedance factor

Table 1 presents the crystallinities obtained by differen-
tial scanning calorimetry and those assessed with Raman
spectroscopy and density measurements; the latter two have
been reported earlier [15]. Raman spectroscopy provided
information about the fractions of crystal-core (CC),
interfacial crystal-core (ICC), interfacial liquid-like (IL),
and liquid-like (L) components according to Mutter et al.
[3]. The crystallinities obtained by calorimetric measure-
ments were in agreement with the crystallinities based on
density data. As shown elsewhere [8], the crystallinities
based on calorimetric measurements were between the mass
fractions of crystal core and the sum of the crystal core and
interfacial crystal core components obtained by Raman
spectroscopy. The crystallinity of sample EO2.3 was much
higher than that of EO2.4 although the comonomer content
differed by only 0.1%. It is possible that the low molar mass
of EO2.3 is responsible for its relatively high crystallinity.

Polarized microscopy provided information about the
supermolecular structure. The samples with a low degree of
branching (<2.4%) showed a spherulitic superstructure.
Samples E03.6 and EO4.3 showed a random lamellar
structure. These findings were substantiated by the data
obtained by small-angle light scattering: the samples with a
lower degree of branching (<2.4%) showed clover-leaf
patterns typical of spherulites, whereas the samples with a
higher degree of chain branching showed azimuthal-angle-
independent scattering, indicative of a random lamellar
structure. Sample EO2.3 showed distinctly larger spher-
ulites than the other samples, also in this case due to its low
molar mass. The spherulite radius data obtained by small-
angle light scattering are presented in Table 2.

The Thomson—Gibbs equation [19] was used to convert
the peak melting temperature (7},,) to crystal thickness (L.):

L 5

T. =T°(p) X |1 —
m = Im(P) { AL,



932 A. Mattozzi et al. / Polymer 46 (2005) 929-938

Table 1

Crystallinity and phase composition according to Raman spectroscopy

Sample we' we wee' wice” wi© wi*
EO00.4 0.78 0.72 0.72 0.071 0.052 0.162
EO00.8 0.56 0.57 0.55 0.099 0.092 0.257
EO1.9 0.43 0.41 0.34 0.135 0.111 0414
E02.3 0.38 0.38 0.27 0.143 0.130 0.453
EO2.4 0.36 0.35 0.24 0.150 0.113 0.493
EO03.6 0.20 0.22 0.06 0.136 0.136 0.672
EO4.3 0.14 0.17 0.02 0.149 0.128 0.705

% Calculated from data obtained by differential scanning calorimetry according to Eq. (3).
® By density measurements weighing the samples in air and ethanol and applying the Archimedes principle. Data from Neway et al. [15].

¢ By Raman spectroscopy. Data from Neway et al. [15].

where TO(p) is the equilibrium melting point for the
copolymer with p molar fraction of crystallizable units,
a(p) is the specific free energy of the fold surface for the
copolymer with p molar fraction of crystallizable units—for
linear polyethylene it is equal to 93 mJ m ™~ [22]—and p, is
the crystal phase density, which for linear polyethylene at
295K is equal to 996 kg m 2 [23]. Defoor et al. [24]
reported a moderate increase in the unit cell volume for
fractions of poly(ethylene-co-octene)s with increasing
degree of chain branching: 93.5 A® (linear polyethylene)
t096.2 A3 fora copolymer with 2.8 % hexyl branches. These
samples crystallized during a 5 K min~' cooling from the
melt. Thus, the crystal density showed a variation between
967 and 996 kg m ™ >. The use of a universal value, p.=
996 kg m ™2, in the calculation of crystal thickness accord-
ing to Eq. (5) gives thus a maximum error of 3%.

The equilibrium melting points of the copolymers were
calculated according to [25]:

1
(6)

To(p) =
1

p=1 AH,

XInp

where AHP‘r is the heat of fusion per mole of crystallizable
repeating unit, which for polyethylene is equal to 4.1 kJ

(mole CH, units)fl [17]. Eq. (6) assumes that the branches
are excluded from the crystals. Hay and Zhou [26] found
that a small fraction (~ 10%) of hexyl branches are included
in the crystals. However, they stated that the results were
only relevant for quenched crystallization and that crystal-
lization during slower cooling most likely would lead to a
lower degree of incorporation of the hexyl branches in the
crystals. Similar results were obtained by Hosoda et al. [27].
They reported for quenched samples that the concentration
of hexyl-branches in the crystal phase was only 6% of the
total branch content. Mathur and Mattice [28] presented
data that suggest that hexyl branches are excluded from the
crystals. Li and Akpulo [29] reported results on isothermally
crystallized butyl-branched polyethylene consistent with the
branch-rejection model (Eq. (6)). The incorporation of
hexyl-branches in the crystalline component in our samples
should be very low in view of the low cooling rate
(0.2 K min ") used during crystallization. The prerequisite
for Eq. (6) is thus fulfilled. Data for the calculated
equilibrium melting points of the different samples are
presented in Table 2.

The specific free energy of the fold surface is another
concern. Li and Akpulo [29] obtained in a study of
isothermally crystallized poly(ethylene-co-1-hexene) with
6.4 mol% 1-hexene using differential scanning calorimetry

Table 2

Melting points and morphological characteristics of samples

Sample T (K)* T0(p) (K)° (r (um)° L. (nm)* W (nm)*
E00.4 408.1 417.3 5.4 28.6 609
EO00.8 396.0 4159 6.1 13.2 516
EO1.9 376.7 412.0 7.0 74 325
EO2.3 372.8 410.6 18.2 6.9 568
EO2.4 367.5 410.2 73 6.1 513
EO3.6 317; 336" 406.1 -£ 29,371 732
E04.3 317; 337" 403.7 £ 3.0;39" 1353

? Melting peak temperature obtained by differential scanning calorimetry; average value based on three measurements.

Equilibrium melting temperature calculated according to Eq. (6).

c
d

¢ By transmission electron microscopy of permanganic etched samples.

! Two melting peaks.
& No clover-leaf pattern.

" Two crystallite populations associated with two melting peaks were present.

Calculated from data obtained by small-angle light scattering according to Eq. (4).
Calculated from melting peak temperature data according to Eq. (5). The fold surface energy (¢ (p)) was set to 93 mJ m™~.

2
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and small-angle X-ray scattering a value of 90 mJ m ™~ 2 for
the specific fold surface energy. Darras and Séguéla [30]
reported a gradual increase in ¢ with increasing p for rapidly
cooled poly(ethylene-co-butene)s from 70 mJ m ™2 for the
copolymer with 1 mol% 1-butene to 110 mJ m~—? for the
copolymer with 7.6 mol% 1-butene. The increase in fold
surface energy was attributed to disordering of the fold
surface in the highly branched samples. The fold surfaces in
the samples of the present study were given time to mature
during the very slow cooling used (0.2 K min~"), which
induced the use of a universal value, 93 mJ mfz, for all the
copolymers. The trends in the obtained data would not be
qualitatively different even in the case of an increasing o(p)
with decreasing p in accordance with the data of Darras and
Séguéla [30].

The melting curves were unimodal with two exceptions
(EO3.6 and EO4.3) and the melting peaks were relatively
narrow. The peak temperature is thus a good representation
of the crystal population. Melting peak temperatures as
averages of three measurements are presented in Table 2.
Fig. 3 presents crystal thickness data together with data for
the average chain length between adjacent chain branches as
a function of the degree of branching. The highly branched
systems showed crystal thicknesses only slightly less than
the average chain length between adjacent branches,
whereas for the sample with the lowest degree of chain
branching (E00.4), L. =(L)2. The crystal thickness range
included in this study is broad, ranging from ca. 3 to
28.6 nm (Table 2). The polymers with the highest degree of
chain branching (EO3.6 and EO4.3) showed bimodal
melting suggesting a heterogeneous distribution of
branches. The difference in crystal thickness associated
with the two melting peaks was, however, small (Table 2).
The calculated crystal thickness data presented in Table 2
are in accordance with crystal thickness estimates obtained
by small-angle X-ray scattering on similar samples [24,29].
Li and Akpalu [29] reported the following melting points
and crystal thicknesses for poly(ethylene-co-1-hexene)
obtained by small-angle X-ray scattering: 343 K—4.3 nm;
387 K—114+2 nm. These data are consistent with our

60 T T T T
50 [~
40 I~
30
« 20
10~

s <L> (nm)

L

Hexyl branch content (%)

Fig. 3. Crystal thickness (L.; O) and average chain length between adjacent
chain branches ({(L); @) as a function of hexyl branch content given in
mol%. The crystal thickness was calculated from Eq. (5) using melting peak
temperature data obtained by differential scanning calorimetry. The
continuous lines are power law fits to the data.

calculated crystal thickness data (Table 2). Defoor et al. [24]
reported the following crystal thicknesses obtained by
small-angle X-ray scattering of fractions of poly(ethylene-
co-octene)s crystallized during a 5 Kmin~': 0.3% hexyl
branches—16.3 nm; 0.6%—13.0nm; 1.2%—7.0 nm;
2.0%—4.3 nm; 2.8%—2.4 nm. These data are basically
consistent with the crystal thickness data reported in Table 2
in view of the difference in cooling rate used during which
the different samples crystallized. The crystal thicknesses
reported by Defoor et al. [24] are ~60% of the thicknesses
reported in Table 2 for samples with corresponding degree
of chain branching.

Crystal widths were measured on transmission electron
micrographs of replicas of permanganic-etched samples.
Crystal width is defined in Fig. 4. Fig. 5 presents a few
selected micrographs. The spherulitic morphology in the
samples with a low degree of chain branching was also
evident in the low magnification electron micrographs (Fig.
5(a)). The samples with low crystallinity showed few but
very wide crystal lamellae and no spherulitic order (Fig.
5(b)). These lamellae are almost in the plane of the surface
with a vertical b axis orientation and a visible {110} tip.
Many samples contained S-shaped lamellae (Fig. 5(c)). The
particles obtained after nitric acid etching occasionally
revealed the true structure of the crystals (Fig. 5(d)). In most
cases, however, the particles were only fragments of crystals
and they were not useful for the assessment of the crystal
width.

In order to obtain a realistic, observer-unbiased value
of the crystal width, all the crystal dimensions in every
edge-on view were measured and averaged. In this way,
the quantity measured is a combination of crystal widths
seldom perpendicular to the spherulite growth direction.
The relationship between the average size of a lamella
in an edge-on view and the true width of the lamella
according to Fig. 4 can be calculated considering the
shape of the intersection of a plane and a ribbon of
width W freely rotating in space. The solution to the

spherulite

Fig. 4. Definition of crystal width (W) and crystal thickness (L.). The
spherulite radius is denoted r.
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2000 nm

Fig. 5. Transmission electron micrographs of permanganic-etched samples: (a) EO0.4; (b) EO3.6; (c) EO 1.9 and of fragments obtained after nitric acid etching

of sample: (d) EOL.9.

problem is the following integral (Appendix A):

0= 4
)
T T .
X lim JZ J cos (arctant (M) ) dadB
t—0 Jo=t 8=0 sS1n &
= 0.74245

(N

The average width data obtained from the micrographs
were multiplied by the factor Q to obtain the ‘true’
average crystal width (Table 2).

The treatment of Michaels and Bixler [31] relating
the geometrical impedance factor (7) to the character-
istics of a system of non-penetrable oblate spheroids
dispersed in a penetrable continuous matrix, which is
based on the theory of Fricke [32] for electric
conductivity in a two-component system, was applied
to calculate the geometrical impedance factor of the
polymers studied:

L2
Ve [0.384 + (0.785 - Wc> ]
1+ (8)

I\2
1.848 —3 (0.785 - —C>
w

T =

where v, is the volume fraction of the crystalline
component. A more recent study of Hadgett, Goldbeck-
Wood and Windle [33] showed that Monte—Carlo simu-
lation of penetrant diffusion in systems with impenetrable
plates gave results in accordance with the Michaels—Bixler
version of the Fricke theory. The geometrical impedance
factor was calculated using data for the volume crystallinity
obtained from mass crystallinity by density measurements
(Table 1) and crystal thickness-to-width ratio (L./W). The
crystallinity based on calorimetric measurements differed
on an average only by 0.01 from the density-based
crystallinity (Table 1). The difference in the calculated 7
values obtained by the two different assessments of
crystallinity would be maximum 4% for the sample with
the lowest degree of crystallinity. The crystal thickness
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average and the whole distribution of crystal widths
obtained from the transmission electron micrographs were
used in the calculation of L./W. From the distribution of the
geometrical impedance factor, an average 7 value was
obtained. For samples showing two separate melting peaks
and hence a bimodal distribution of the crystal thickness, the
average of the two crystal thicknesses was used. It is
important to point out, that, although several hundred
lamellae were included in the analysis of each sample, the
calculated average in crystal width is associated with
considerable uncertainty.

The geometrical impedance factors for the crystalline
structures observed are presented in Fig. 6. The highly
branched polymers showed very high crystal aspect ratios
(WI/L,), and high values of the geometrical impedance factor
were thus calculated for these samples. The values of 7
obtained by fitting Eq. (2) to the experimental desorption
data, earlier reported by Neway et al. [15], showed a trend
with respect to crystallinity similar to that shown by the 7
data predicted from microscopy data using the Fricke
theory. The Fricke theory is thus giving the correct trend in
the geometrical impedance factor-crystallinity data (Fig. 6).
The calculated 7 data were in fair agreement with the data
obtained by method II (IL and L are penetrable phases). The
discrepancy between the calculated 7 values and those
obtained by method I (ICC, IL and L are penetrable phases)
was significant. However, simple arguments suggest that the
analysis based on the Fricke theory has limitations. The
crystals are assumed to be oblate spheroids with a certain
width and thickness. The real morphology is a highly
branched and continuous crystalline structure from the
centre to the periphery of each spherulite. The continuity of
crystals along the spherulite radius and the difference in the
crystal dimensions along the two directions perpendicular to
the lamellar normal are aspects not considered in the Fricke
theory. A more elaborate model, capable of taking into
account both the aforementioned aspects, based on Monte—
Carlo simulation of penetrant diffusion through computer-
built spherulites, will be reported in a coming paper [34].

03 04 05 06 07 08 09
1-v
c

Fig. 6. Geometrical impedance factor normalized with respect to the value
for EO0.4 (7/7g00.4) as a function of volume crystallinity (v..) obtained from
n-hexane desorption data (O Method I; @ Method II) and calculated from
Eq. (8) using morphological data ( A ). The continuous lines are third degree
polynomial fits to the data.

Preliminary results suggest that the geometrical impedance
factor takes values consistent with the Fricke theory but
with an effective crystal aspect ratio considerably greater
than that given by W (width according to the b view) and L.

3.2. Morphology and free volume of penetrable component

This section seeks to provide an explanation of the data
presented in Fig. 2. It is possible, by analogy with the
mechanical data reported by Boyd [35], that the phase
properties of branched polyethylene gradually change with
crystallinity. Linear polyethylene shows only a moderate
change in f> with increasing degree of crystallinity, which is
precisely what the relaxation modulus of the amorphous
component shows for this material [35].

An alternative approach, not necessarily correct, con-
siders the penetrable phase as a composite consisting of a
liquid-like phase resembling the free amorphous phase and
an interfacial component with different conformation and
reduced fractional free volume. Small-angle X-ray scatter-
ing data suggest the existence of a relatively sharp interface
between crystal and amorphous phases [36]. This thin layer
with a density gradient constitutes only a small fraction of
the interfacial component as revealed by NMR [2] and
Raman spectroscopy [10]. Hence, most of the interfacial
component is composed of material with a liquid-like
density but with a restricted mobility and a different chain
conformation. According to the composite model, the
interfacial component is assumed to trap a given penetrant
molecule for a significant fraction of its diffusive time (z).
The relationship between the fractional free volume of the
constrained penetrable polymer in the semicrystalline state
(f2) and ¢, is given by (Appendix B):

11
Bil-————| | =1—-1, 9

The data presented in Fig. 2 inserted in Eq. (9) can be used
to calculate #,. For linear polyethylene with f,=0.41-0.43
and fth =~ (.80 (Method I; ICC, IL and L are assumed to be
penetrable phases), and with f,=0.44-0.46 and f)9 = 0.85
(Method II; IL and L are assumed to be penetrable phases):
1—1,=0.7—3.4X10"* For branched polyethylene,
depending on the degree of crystallinity, f> ranges from
0.045 to 0.081 (Method I) yielding 1 — 7, =2X 10~ *—0.62.
For branched polyethylene with v,.=0.20, 1 —#,~=0.02. It
should be noted that one of the assumptions (fin >3 tiiq; see
Appendix B for definitions) is not valid for the branched
polyethylene with low crystallinity, when v..<0.15. The
implication of the composite model is that in polyethylene
with v..>0.15, the penetrant molecules will spend almost
all their time trapped at interfacial sites. Hence, the
concentration of penetrant molecules will be higher in the
interfacial component than in the liquid-like component.
This paradox may be sorted out by considering that only a
small part of a penetrant molecule is within the interfacial
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Fig. 7. Fractional free volume of the penetrable polymer fraction (f>) as a
function of volume fraction of the liquid-like component in the penetrable
fraction of the polymer (v{ ). Drawn after data from Neway et al. [9,15]. The
continuous line is a third degree polynomial fit to the data. (a) Method 1:
ICC, IL and L are penetrable phases; (b) Method II: IL and L are penetrable
phases.

component and that the larger part is housed within the
liquid-like component.

The difference in the free volume—crystallinity relation-
ship between linear and branched polyethylene shown in
Fig. 2 is given an explanation in Fig 7: f> shows a continuous
change with the volume fraction of liquid-like component in
the penetrable fraction (v{) for both linear and branched
polyethylene. The data obtained by method I ICC, IL and L
are penetrable phases) showed less scatter than those
obtained by method II (IL and L are penetrable phases).
The balance between liquid-like and interfacial components
at a given crystallinity was thus different for linear and
branched polyethylene; branched polyethylene had a higher
proportion of liquid-like component. Method I provided a
reasonably unified description of the data obtained for the
different groups of materials (Fig. 7(a)). The significant
scatter was not due to low accuracy in the determination of
f>.- It was shown in a previous paper [9] that the uncertainty
in the assessment of f, associated with the uncertainty in the
determination of phase composition by Raman spectroscopy
is negligible. The scatter in the data presented in Fig. 7(a)
and (b) was due to the fairly large uncertainty in the
assessment of v} : the error in v{ has a maximum at low 1] :
10-15% (relative error) and 5-10% in the high v{-range.
The scatter in the data presented in Fig. 7(a) is well within
these limits. The scatter in the data presented in Fig. 7(b) is,
however, greater than predicted by the error analysis.

Method I, assuming ICC, IL and L to be penetrable phases,
thus seems to give the most consistent data.

Although it is possible to find a unique relationship
between f> and the composition of the penetrable phase
according to Raman spectroscopy for a wide range of
polyethylenes, including linear and branched polyethylene,
the composite model is not yet proven to be correct.

4. Conclusions

Morphological data for a series of homogeneous
poly(ethylene-co-octene)s obtained by differential scanning
calorimetry and electron microscopy used as input data in
the Fricke model to calculate the geometrical impedance
factor showed the same trend with increasing crystallinity as
the data obtained from n-hexane desorption. The high
geometrical impedance factor shown by the low crystal-
linity samples was due to the presence of crystals with an
unusually high crystal width-to-thickness ratio. The differ-
ence between linear and branched polyethylene with regard
to fractional free volume—crystallinity data was due to a
different balance between interfacial and liquid-like com-
ponents in the two groups of material. A unified relation-
ship, including data for both linear and branched
polyethylene, was found between fractional free volume
and phase composition of the penetrable phase including
liquid-like, interfacial liquid and interfacial crystal core
components.
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Fig. Al. Definition of Cartesian coordinate systems xyz and XYZ.
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Appendix A. Conversion of average width of crystal
lamellae in the image plane to the true average width of
the crystal lamellae

Two Cartesian coordinate systems denoted Xyz (unit
vectors along the axes denoted i, j and k) and XYZ (unit
vectors are I, J and K) are defined according to Fig. Al. The
two coordinate systems have the same origin and y=Y. The
x and z axes can take different angles (denoted «) with
respect to X and Z (Fig. Al). The xy plane is defined as the
sectioning plane. The orientation of the crystal lamella is
defined by the XYZ coordinate system: X is along the
growth direction (crystallographic b axis). The lamella can
‘rotate’ about the X-axis; n represents the true width of the
crystal lamella as a vector. Hence, the two orthogonal
vectors I and n represent the fold surface. The angle
between n and J is denoted (.

The vector m is defined as the projection of n on the
plane xy along X. Hence, |m| represents the length of the
edge-on view of a lamella with width |n|. The angle
between n and m is denoted . Hence:

In| = |m|-cos y (A1)

The following expressions from standard mathematics
relating the unit vectors of the two coordinate systems are
useful in the derivation:

n = cos 3-j +sin §-K (A2)

K = —sin a-i +cos a-k (A3)

Combination of Egs. (A2) and (A3), yields the following
expression:

n = cos 3-j + sin B-(—sin a-i + cos a-K) (A4)
Similarly, for vector m:

m = cos y-n —sin y-I (AS)

I =cosai+sinak (A6)
Combining Egs. (A4—-A0), yields:
m = cos y-(cos 3+j + sin §-(—sin a-i + cos «-k))

—sin y-(cos a-i + sin a-k) (A7)
The vector m is in the Xy plane and its z component should,
therefore, be zero. Hence:
cos a-sin B-cos y — sin «+sin y = 0 (A8)
which can be rearranged to:

cos «-sin

tan y = (A9)

sin «

Combining Egs. (A1) and (A9) yields:
In| = |m]|-cos (arctan (M)> (A10)

sin «

Eq. (A10) relates |n| and |m| for a particular set of angles «
and 8. In order to obtain the relationship between the
average projection (assuming all possible values of « and
8), Eq. (A10) is integrated on « € [¢; 7v/2] with ¢ approach-
ing O (this is to avoid the singularity at «=0) and
B €[0; /2]

0= 4
=
T0/2 TC Lot
X lim J J cos (arctan (M) ) dadf
=0 Jo=r Jg=0 sin «
= 0.74245

(Al1)

The integral was numerically solved using Mathematica®.
The average lamellar width ((W)) is obtained from:

(W) = (Leo)- O (Al2)

where Lgg is the average length of the edge on view of the
lamella.

Appendix B. Deriving a relationship between fractional
free volume and fractional time spent at interfacial sites
(trapped state)

The diffusivity (D) is related to the square of the net
average travelling distance {r®) of a penetrant molecule in a
material matrix according to Einstein [37]:

b

& B

where ¢ is the time of the diffusive travel. Let us assume a
system consisting of the following two components:

(1) a liquid-like phase in which the penetrant molecule
moves relatively fast. The penetrant motion is charac-
terized by the zero-concentration diffusivity chlio;

(ii) a phase, here denoted the interfacial component, which

allows very little penetrant motion. The penetrant

diffusivity in the interfacial phase is set to zero.

The zero-concentration penetrant diffusivity of the
liquid-like phase is according to Eq. (B1) given by:

2
i, =) (B2)
6tiq

where (rz)liq is the travelling distance during time #;q. The
same travelling distance in the two-phase system requires a
longer time: #q+tin, Where #, is the time spent in the
interfacial component. The effective zero-concentration
penetrant diffusivity (chlio) in this two-phase medium
becomes:



938 A. Mattozzi et al. / Polymer 46 (2005) 929-938

liq __ (l‘2>1iq

pia —_ T/a
0 6(tig + ting)

(B3)

The following expression is obtained by combining Egs.
(B2) and (B3):

Do _ g
DM i + 1 &
>0 liq int

It is assumed that the penetrant molecule spends the great
majority of its time in the interfacial component (trapped
state), i.e. fin > fjiq. Eq. (B4) can then be simplified to:

DEffO 1 I —

—0 _ 19 _ nt

pl==__ (B5)
D fint Tint

c—0
where t=tq+1y, is the total time for diffusion. The
fractional time () that the penetrant molecule spends in the
interfacial component, i.e. in the trapped state, is defined:

tin
ty = Tt (B6)

The following expression is obtained by inserting Eq. (B6)
in Eq. (B5) and by considering that £, > #;q:
Dty

Dliq

c—0

=1—t (B7)

The zero-concentration diffusivity (D._,) is according to
the Cohen—Turnbull-Fujita model [4—6] given by:

K
Deg = — X exp(—Bylfy) (BS)

where K is a constant independent of the degree of
crystallinity, 7 is the geometrical impedance factor, By is a
constant that depends only on the size and shape of the
penetrant molecule and f; is the fractional free volume of the
polymer. Note that A= K/7, cf. Egs. (B8) and (2). The zero-
concentration diffusivity of the liquid-like phase (chlﬂ,o) is,
since 7=1 according to the definition (Eq. (1), given by:
D%, = K Xexp(—By/f,") (B9)
where f)9 is the fractional free volume of the liquid-like
polymer. The effective diffusivity disregarding the geo-
metrical impedance factor is then given by:

Dy = Deg X7 = K X exp(—Bylfs) (B10)
Combining Egs. (B9) and (B10) yields:

Dt —Byl/ 11
o o Xl (LT (B11)
liq lig d g

D, exp(—B4lf,") 2 h

By combining Eqgs. (B7) and (B1ll), the following
expression is obtained:

1 1

exp Bd Tq _f_‘ =1- b (B12)
2 2
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