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Abstract

The phase morphology of blends of low density polyethylene (PE) with low molecular weight copolyamide (CPA) was investigated in films
having 50-100 pm thickness. Films were prepared by compression moulding between two surfaces with different polarity, namely teflon and
aluminium sheets, in a parallel plate heating press. The film surface characterization and surface energy deduction were performed by FT-IR/ATR
spectroscopy and contact angle measurements, respectively. Moreover, the morphology and phase distribution were investigated by scanning
electron microscopy both on the surfaces and on the cryogenic section of the films.

The copolyamide resulted to be the dispersed phase in all compositions (90/10, 95/5, 97.5/2.5 and 99/1 PE/CPA) and the shape, dimension and
distribution of the domains depending on temperature, pressure, time and nature of the surfaces used during the compression stage.

The experimental evidences were discussed with respect to the different surface energies of the type of moulding material during the film

preparation and related compatibility of the components.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The bulk and surface phase morphology in multicomponent
materials, such as blends, alloys and laminates usually depends
on interface interactions among the phases and affects the final
performances such as stiffness, fracture resistance, shockproof
properties and stability to delamination [1-3]. On the other
side, the morphologic properties such as the dispersion and
dispersed phase diameter in blends are affected by the
processing conditions, e.g. rotor speed or mixing time, adopted
to produce the blend [4]. The kind of processing can affect the
morphology in correspondence of object surface as observed in
HDPE/PA6 blends where the dispersed phase was highly
oriented in the subskin and assumed a spherical shape in the
core as an effect of the different shear flow [5]. Moreover, the
minor phase (HDPE) appeared absent in the skin in good
agreement with the surface composition of PP/PET blends
compression moulded between polyimide surfaces [6]. In the
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latter case, the preferential PP displacement into the bulk in a
PET matrix blend was attributed to a poor affinity of the
dispersed phase for the moulding surface.

A morphology evolution of the labeled EPR (HY-EPR) by
spinodal decomposition similar to those usually observed in
very thin films (thickness<0.1 pm) was reported for PE/P-
P/EPR ternary blend films with a thickness of 100 pm annealed
at 175°C between surfaces at different polarity [7,8]. A
lamellar morphology was found in films annealed for long time
between surfaces made by stainless steel or PP with the
draining of the HY-EPR/PE core shell phase from the PP
interface. The phase separation evolved by hydrodynamic
channels and was driven by the wetting of the stainless steel
moulding surface. A similar behavior was reported for a PP/
EPR blend [9] and for films made by a polybuthene/
polyisoprene blend [10]. In particular a percolating phase
morphology parallel to the surface was observed in films
annealed on glass plates and having a thickness of 0.5 pm [10].

Several papers deal with the influence of surface on
establishing the miscibility between blend components and
the derived morphology in thin films, included the dewetting
phenomena ruled by the interface interactions [11-25]. The
thin films features can not be predicted only on the basis of the
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bulk properties [11,12] as the surface is not negligible and
modifies the thermodynamic equilibrium of the whole system
[18,26,27]. This chain confinement is felt at distances bigger
than a single chain length and gives rise to phase separation and
surface segregation that are not usually observed in the bulk
[13]. In other cases, the interaction of a blend component with a
surface makes miscible polymers otherwise immiscible [11].
The component of a binary blend having the lowest surface
energy usually segregates preferentially at the polymer—air
interface. This effect increases as the difference in the surface
energy between the components becomes larger in spite of the
decreasing component compatibility. This is not always true
for films obtained by solvent casting or spin coating because
the surface enriches in the most compatible solvent component
[28,29]. The segregation is strongly influenced by the
molecular weight of the polymers [1], because the surface
energy increases as this parameter increases, and by the
presence of crystallisable polymer chains because of the
competition among the amorphous phase segregation, the
crystallisation and the phase separation [30,31].

In this paper, with the aim at achieving polyethylene based
materials able to self stick onto polar surfaces just by heating, a
new experimental approach taking advantage of the phenom-
ena of surface segregation was exploited. The possibility of
influencing the distribution of the minor phase in moderate
thick films (50-100 pm) made of polyethylene/copolyamide
binary blends prepared by compression moulding was
investigated. Materials of different polarity, namely teflon
and aluminium, were used as moulding surfaces. The surface
characterization of all prepared films and the surface energy
evaluation of all used materials were carried out by FT-IR/ATR
spectroscopy and contact angle measurements. Moreover, the
effect of blend composition, processing temperature, time and
pressure on morphology, distribution and orientation of the
dispersed phase were investigated by scanning electron
microscopy both on the surfaces and on the cryogenic sections
of the films. The results are discussed on the basis of the
different interfacial energy of the material pairs.

2. Experimental

2.1. Material

Low density polyethylene (PE) pellets (density 0.925 g/cm®,
vicat softening point 98 °C, M,, 186,000, M, 41,000) was an
Exxon Mobil polyethylene LD 158 JD commercial product.
The so called copolyamide (CPA) is a commercial hot-melt
adhesive (Degussa, Vestamelt X1017/25) derived from the
copolymerization of e-caprolactame and w-laurolactame with a
minor amount of methyl branched units [CH,/CH; from '"H
NMR =56]. It is characterized by: melt index 250 g/10 min,
melting point 117 °C and (thermal stability at 7<400 °C)
degradation onset temperature of 415 and 435 °C in air and
nitrogen flow, respectively.
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Heated Plate-Steel
PE/CPA blend Aluminium
Teflon
Heated Plate-Steel
Fig. 1. Schematic drawing of the assembly used to obtain the compression

moulded films. In the picture the case is reported where two different rigid
sheets (teflon and aluminium) are used as moulding materials.

2.2. Films preparation

99/1, 97.5/2.5, 95/5 and 90/10 PE/CPA blends were
prepared in a Brabender Plastograph® with a 50 ml mixing
chamber at 170 °C by setting 50 rpm as rotor speed and by
blending for 10 min. The obtained blends were used to prepare
thin films (50-100 pm) by compression moulding of 1.40 g of
sample between two rigid sheets in a hydraulic press with plane
plates. For each blend three films were moulded: one between
two teflon sheets, one between two aluminium sheets and one
between a teflon and an aluminium sheet (Fig. 1). All films
were quenched at —20 °C in fridge just after the preparation.
The films preparation, if not otherwise specified, was carried
out at 180 °C, 125 bar for 5 min.

2.3. Characterization

The IR spectra were recorded with a Perkin Elmer Spectrum
GX equipped with an ATR accessory with SeZn crystal. All
ATR spectra were processed with the Spectrum software v. 3.2
and normalised with respect to the adsorption band at
1377 em ™.

The scanning electron microscopy (SEM) analysis of both
film surfaces and cryogenic fracture were recorded with a Jeol
JSM-5600 LV instrument.

DSC analyses of pure polymer and of their blends were
performed with a Mettler Toledo Stare System mod. 822e
instrument equipped with a Stare software and liquid nitrogen
cooling. Each sample (12-13 mg) were analyzed in the
—20/200 °C temperature range with scan rate of 20 °C/min.
A cycle simulating the thermal treatment undergone by the
blends during the film preparation were performed: the blend
was heated to 180 °C and kept at this temperature for 5 min,
then was cooled down to —20 °C temperature kept for 10 min
and then heated again to 200 °C. The analysis of the second
heating step was carried out.

TGA analyses were performed with a Mettler Toledo Stare
System mod. 822e instrument equipped with a Stare software
under nitrogen or oxygen atmosphere (80 ml/min) on
10-15 mg of each sample. The temperature range of analysis
was 25-700 °C and the scan rate of 10 °C/min.

A KSV, CAM 200, optical contact angle meter goniometry
was used to measure water and diiodomethane static contact
angle by forming 5 pl droplets on the surface of the film at a
rate of 0.2 pl/s and two different images were recorded for each
drop. An average value was obtained from 5 to 7 measurements
for each film sample. The surface energy (y) of the pure
materials was deduced using the geometric Eq. (1) and
assuming the values of 21.80m J/m* and 51.00m J/m* for the
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Table 1

Surface energy of the used materials

Materials ~P (mJ/m?) ¥4 (mJ/m?) ~* (mJ/m?)
PE 35 28.6 32.1

CPA 6.6 39.2 45.8
Teflon 0.5 13.1 13.6
Aluminium 16.0 235 39.5

* The surface energies were obtained as sum of the polar and dispersive
components.

dispersive (ydy) and polar (v!y) components of the surface
energy of water, respectively [32]. The corresponding values
assumed for diiodomethane were 48.50 and 2.30m J/m? [32].
The same experimental conditions previously described for the
preparations of blend films were adopted to obtain pure PE and
CPA films. Commercial blow moulded poly(ethylene tereph-
thalate) films having a flat surface were used as interfaces in
this case.

AFM height images were collected with a self-assembled
instrument equipped with a Burleigh Metris 200 controller.
Each sample having 9.2 X9.2 pm of area was analyzed at 1,2, 5,
and 10 enlargements in non-contact mode with a resonance
frequency of 320 kHz and a stabilized/free amplitude of 2/ 4u.a.

The molecular weight of PE was estimated with a Waters
GPCV 2000 with a differential refractive index detector
coupled with an online capillary viscometer. A four column
configuration was adopted: 3 Styrogel HT 6E and 1 Styrogel
HT3 columns (diameter=7.8 mm, length=300 mm, with a
10 um dispersed phase made by styrene—divinylbenzene). The
analysis temperature was 140 °C, 1,2,4-trichlorobenzene
(HPLC-grade) was used as eluent with a flux of 1 ml/min. A
calibration curve was established with monodisperse poly-
styrene standards.

3. Results
3.1. Surface energies of materials

The surface energy (y=~P+ v%) measurements of the blend
components (PE and CPA) and of aluminium and teflon sheets
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were evaluated through contact angle measurements performed
on films with water and diiodomethane. The polar (y?), the
dispersive (y?) components of the surface energy values of
each material were calculated according to the geometric Eq.
(1) (Table 1) [32].

) 12 12

+2(v"riy) M
where !y and viy are the tabulated polar and dispersive
components of the surface energies (yLy = yiy + viy) of the
solvents, respectively [32].

CPA has both polar and dispersive components higher than
PE and then it has higher surface energy compared to PE.

yiv(1 + cos 0) = 2(yyiy

3.2. Surface analysis of pure PE films

A rough surface was observed by SEM analysis in all PE
films prepared by compression moulding, independently of the
kind of moulding material used and surface of the pressing
plate. In Fig. 2 the images of the two sides of a PE film
compression moulded between teflon and aluminium are
compared. The former seems to exhibit a less flat and uniform
surface than the latter.

The AFM analysis of the same surfaces provided the
distribution of the roughness depth reported in Fig. 3. The data
confirmed the SEM observation and showed a higher average
value of the roughness depth on teflon than on aluminium side.
In particular the average height value and the peak to peak
distance of the teflon side are two times larger than the values
obtained for the aluminium side (Table 2).

3.3. Blend characterization

The final torque recorded at 10 min value during the
blending of PE and CPA decreased with the increasing of the
percentage by weight of CPA (Fig. 4) according to its very low
viscosity in the mixing conditions.

The DSC and the SEM analysis of all studied blends
indicated that PE and CPA are incompatible as expected
because of the large difference in surface energy. Despite the

Fig. 2. SEM micrographs of the surfaces of the PE film compression moulded between aluminium and teflon: (a) teflon faced side, (b) aluminium faced side.
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Fig. 3. AFM analysis of the height distribution of the surface roughness of a PE film compression moulded between teflon and aluminium: (a) teflon faced side; (b)

aluminium faced side.

superimposition of the melting peaks of pure PE and CPA the
DSC curve of the 90/10 blend showed a small peak
corresponding to the exothermic transition of pure CPA
crystallization (Fig. 5). The presence of this peak indicated
the possible existence of separate domains of CPA in the blend.
The SEM analysis of the cryogenic fracture of the bulk left to
cool down in air after the mixing (Fig. 6) confirmed the
hypothesis. Indeed dispersed domains of the CPA minor phase
having spherical shape and low adhesion to the PE continuum
phase were clearly identified. The dimension of the dispersed
phase decreased with lowering the CPA amount in the blend in

Table 2
AFM characterisation of the PE pure film compression moulded between
aluminium and teflon sheets

Side Zoom  Height Average Peak to peak  Average peak
factor  (um)*  height distance to peak
(um)* (um)* distance
(um)”
Aluminium 5 0.89 0.79+0.13 143 1.74+0.47
2 0.70 1.77
2 0.66 1.36
2 0.91 2.4
Teflon 5 2.70 2431049 3.1 3.23+0.73
5 278 3.65
2 2.53 391
2 1.71 225

% Average values in a single analysis.
® Values averaged out of four successive analysis.

accordance with the requirement of the system to minimise its
free internal energy [33].

The TGA analysis of PE, CPA and of their blends evidenced
that the onset temperatures of degradation were higher than
400 °C for all studied materials under the investigated
conditions. This result indicated that no degradation process
were expected in the experimental conditions adopted during
both the mixing in the plastographer and the film compression
moulding at 180 or 210 °C.
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Fig. 4. Final torque value against percentage of CPA in the blend.
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Fig. 5. Comparison between the DSC heating graphic of 90/10 PE/CPA blend
and of pure components (PE and CPA).

3.4. IR analysis

The surface concentration of CPA as a function of the nature
of the material faced during the compression moulding was
analyzed by IR spectroscopy. The ratio between the normalized
values of the area of the carbonyl absorption peak at
1638 cm ™' recorded in reflection and transmission mode
were assumed as a measure of the surface concentration of the
CPA phase with respect to that in the bulk. The height of the
peak at 1377 cm ™!, which corresponds to the bending mode of
the aliphatic chains, was chosen as normalizing value for the
spectra recorded both in reflection and transmission in order to
delete the ATR and IR spectra dependence on the degree of
penetration of the IR ray and on the film thickness, respectively
[34,35]. The resulting ratios between the calculated normalized
areas of the carbonyl bands in the ATR and FT-IR spectra are
then given by Eq. (2), which takes into account the overlapping
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of CPA and PE bands.

AATRN
ApT-IRN
1639 71639 s 1377 1377 s 1377 1377 s
~ ((el5nd" P Cepa) [ (ehad " Cepp + epi 'd7 Cg))

B ((eSRICS) [ (eGTICES s + b TICK))

_ d((Cepa)/ (ecPAClea + &bt Chr)) _ g Ceea
((C&a)/ (R CEA + &t CiE)) N
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where d'®*° and d'*"7 are the penetration depths of the ray at
1639 and 1377 cm ™', respectively, and d is the ratio between
them. [ is the film thickness. Ccpyn and Cpgp are the
concentrations (expressed as fractions) of the blend com-
ponents at the surface (indicated by the superscript ‘s’) or in the
bulk (indicated by the superscript ‘tot’). el5s and el are the
extinction coefficients at the wavelengths reported as super-
script and for the substance indicated as subscript. The R
parameter, which the equation of is given in (3), depends on the
values of the extinction coefficients (¢(5, and eb’’) and on the

PE concentration at the surface and in the bulk.

1377 ~tot 1377 ~tot
ecpa C + epp ' C
R CPA ~CPA PE PE (3)

T 1377 s 1377 s
ecpaCopa T epe Cpp

If d and R are constant values in the condition of analysis, the
value of the ratio of Eq. (2) would be proportional to the
relative surface concentration of CPA. Indeed, the contribution
of CPA to the normalizing band is not zero and then R is not a
true constant. By taking into account that the sum of the CPA
and PE concentrations must be always equal to 1 both at the
surface and in the bulk and by introducing the constant k

Fig. 6. SEM micrographs of the cryogenic fracture surface of the bulk of PE/CPA blends: 90/10 (a) and 99/1 (b) PE/CPA composition.
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defined as k= e /(e&) — eby’T), Eq. (3) becomes (4):

oo Gk @
CSCPA —k

If the value of 1 for d and the rough value of —10 for &,
which was determined from the IR spectra of pure PE and CPA
films, are assumed the relative surface concentration of CPA
(Cipa/CSA) can be calculated from Eq. (5) and the normalized
ATR and FT-IR experimental absorbance values.

AATRN _ 1+ (10/C&a) (CEPA) )
AFT-IRN (Cepa/CSa) + (10/CEL) \Cpa

The effect of total concentration on the relative surface
concentration of CPA in films pressed between two aluminium
sheets (Al/Al), or one teflon/one aluminium sheet (Al/T) or two
teflon sheets (T/T) was examined (Fig. 7). In the first case the
increase of CPA content in the blend is accompanied to a
monotonic decrease of the effective CPA surface concentration
(Cipa/CSA)- The same trend seems to be substantially valid on
the aluminium side of the Al/T pressed films apart the 95/5
blend which shows a very high value probably afforded by
same experimental errors. The Cgpa/Cpas values are higher
than for the corresponding blends Al/Al pressed. Accordingly
the T face of the Al/T series shows also a substantial monotonic
decrease with increasing CPA content and the Cgp,/CSp4 are
smaller than in the two previous cases. In the T/T series the
films show a higher similar Cips/CS5 from 1 to 5% CPA,
while drops to the lowest value of all those obtained in the case
of the 90/10 PE/CPA blend. Apart from some value
irregularities for each blend, the results seem to show that in

Fig. 7. Relative surface concentration of CPA determined by using Eq. (5) with
the values of — 10 for &, 1 for d the normalised absorbance at 1638 cm ™ !in the
ATR and FT-IR spectra of the films compression moulded between aluminium
(Al) and/or teflon (T). The PE adsorption at 1377 em™! was used as
normalising band.
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Table 3
Water contact angle of films from PE/CPA blends

Materials® PE/CPA blend composition
90/10 95/5 97.5/2.5 99/1 100/0
Contact angle [degree]
Aluminium/aluminium 107 95 93 99 98
Aluminium/teflon; 108 98 95 105 101
aluminium side
Aluminium/teflon; 113 98 102 110 107
teflon side
Teflon/teflon 116 107 98 107 108

* Nature of the materials faced with the films during their preparation by
compression moulding.

average the highest relative surface concentration of CPA is
achieved on the aluminium side of the Al/T series.

3.5. Contact angle measurement

The contact angle values (Table 3) were higher on teflon
than aluminium side surfaces. In any case, all values were
higher than 90°, which is the value usually found for
hydrophobic flat surfaces like polyolefin films prepared by
spin coating [36]. This may be related to the presence of the
micro roughness observed by the SEM and AFM analysis on
the PE film surfaces (Fig. 3), which are known to increase the
surface hydrophobicity (see as example Ref. [37]).

In order to compare the surface hydrophilicity of the films
made of blends at different CPA content it was assumed that
the patterns of film surfaces faced with equal material during
the compression moulding were the same. As a consequence
any differences in contact angle values between a blend and a
pure PE film faced with equal material can be tentatively
assigned to their surface composition.

The relative differences (A¥=(Vpg— Fpiena)/Vpr) of the
99/1 and 95/5 PE/CPA blends indicate a similar wettability
(within the experimental error) to PE films (Fig. 8). On the
other side the 90/10 and the 97.5/2.5 PE/CPA blends result to
be less and more wettable than PE, respectively. No significant
difference in wettability was observed for blends having the
same PE/CPA ratio moulded between any kind of facing
material. The only exceptions are the 97.5/2.5 PE/CPA blend
film moulded between two teflon sheets and the teflon side of
the 95/5 PE/CPA blend film moulded between teflon and
aluminium. This difference is not easy to explain and probably
due to possible experimental errors.

3.6. SEM investigations

The low CPA concentration near the film surfaces found by
IR analysis of the 90/10 blend was confirmed by the SEM
observation of the films, which evidenced an average distance
of the observable CPA domains larger than the ATR ray
penetration (1/1.5 pm) independently of the treatment. The
morphology of the films studied by SEM analysis on cryogenic
section of PE/CPA 90/10 blend compression moulded for
5 min at 180 °C and 125 bar is shown in Fig. 9 and indicates a
strong influence of the polarity of the sheets used for the films
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Fig. 8. Relative variation of the contact angle values at the film surfaces of the blends with respect to PE film compression moulded between aluminium (Al) and/or

teflon (T)' AY= (0PE - 19blend)/0p5.

preparation. In particular the distribution of the dispersed phase
in the film compression moulded between aluminium sheets
was homogeneous along the section with a average diameter
value of the dispersed phase particles of 6 um and a maximum
value of 20 um. Non-homogeneous distribution was found if

one or two teflon sheets were used for the film preparations. In
particular, an enrichment of the CPA phase in the middle of the
film section and a gradient distribution with an enrichment of
the dispersed phase near the aluminium side was produced in
the teflon—teflon and aluminium-teflon compression moulded

Fig. 9. SEM micrographs of the cryogenic fracture surface of the film made of 90/10 PE/CPA blend compression moulded at 180 °C and 125 bar for 5 min betweem
two aluminium sheets (a) between a teflon and a aluminium sheets (b) and between two teflon sheets (c).



11318

M. Bertoldo et al. / Polymer 46 (2005) 11311-11321

Fig. 10. SEM micrographs of the cryogenic fracture surface of the film made of 90/10 PE/CPA blend compression moulded at 180 °C and 125 bar for 10 min (a)

30 min (b) and 60 min (c).

films, respectively. The dispersed phase exhibited a spherical
shape when the films were prepared in symmetric conditions
(two teflon or two aluminium sheets) with largest particle
diameters (8 um) when teflon was used instead of aluminium.
Otherwise, dispersed phase having an elliptic or lamellar shape
was observed (in films compression moulded in asymmetric

5

P e

e

Teflon

X458 - SBum

condition between teflon and aluminium). In addition, the CPA
domains were larger in asymmetric conditions than in
symmetric ones and their diameter reached even values of
26 um. The faced material influenced also the minimum
distance of the CPA domains from the surface: the value of
10 um with teflon was reduced to 0.5 um with aluminium.

Fig. 11. SEM micrographs of the cryogenic fracture surface of the film made of 90/10 PE/CPA blend compression moulded for 5 min 180 °C and 50 bar (a) or

200 bar (b).
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Fig. 12. SEM micrographs of the cryogenic fracture surface of the film made of 90/10 PE/CPA blend compression moulded at 125 bar for 5 min by keeping the
temperature of the press plates at: (a) 210 °C the teflon side and 150 °C the aluminium one; (b) 150 °C the aluminium side and 210 °C the teflon one.

The asymmetry in the dispersed phase distribution along the
film section did not depend on the position of teflon or
aluminium over or below the moulded film.

The energy of adhesion to the aluminium layer of the films
compression moulded between teflon and aluminium increased
by increasing the moulding time; it was then possible to detach
only the edge of the film after 60 min and no detachment was
possible after 4 h. The SEM images of the films which could be
separated from the aluminium sheet (Fig. 10) showed the
tendency of the CPA phase to move towards the aluminium
side and at the same time of assuming a lamellar shape while
increasing treatment time.

The SEM analysis of the film surfaces did not evidence the
presence of large CPA domains and only few cavities were
occasionally observed independently of the treatment. Deeper
investigation was prevented by the roughness replicated from
the surface of either teflon or aluminium sheets. A similar
effect was obtained by increasing the pressure during the
compression moulding as shown by the SEM picture of the
section of the film treated for 5 min at 200 bar between teflon
and aluminium (Fig. 11). Poor separation along the section was
achieved when 50 bar or no pressure were applied to the films.

A particular non-homogeneous dispersed phase distribution
along the section was observed in films compression moulded
between teflon and aluminium at 125 bar for 5 min by
introducing a temperature gradient. This was actually obtained
by keeping one face at 210°C and the other at 150 °C
alternatively (Fig. 12). In particular if aluminium was kept at
150 °C CPA concentrated near the aluminium faced side in
elliptic shape domains. On the contrary, if teflon was kept at
150 °C the CPA domains were concentrated mostly on the
middle of the film and had a lamellar morphology.

The differences in the phase distribution and morphology
observed among the 90/10 PE/CPA films compression
moulded between materials with different surface energy
were observed also in the films made from the 99/1, 97.5/2.5
and 95/5 PE/CPA blends. These last differed from the first ones
only for the number and dimension of the dispersed phase
which decreased as the amount of CPA in the blend decreased.

4. Discussion

ATR and contact angle data show that the films which show
the highest variation of the contact angle do not show the
highest CPA concentration at the surface by ATR analysis. In
order to explain this apparent contradiction it must be
remembered the difference in the depth of penetration of
ATR and contact angle measurements which are about 1.5 pm
and few angstroms for ATR and contact angle, respectively, at
least in the investigation conditions [35,38]. This was
confirmed by SEM analysis in the case of 90/10 PE/CPA
blend films, where the large amount of the CPA phase allowed
a clear identification of the dispersed domains. In this case a
linear increasing correlation was found between the average
distance of the CPA domains from the film/air interface and the
amount of CPA at the surface.

The calculation of the interfacial tension values by the
harmonic Wu Eq. (6) on the basis of surface tension data
(Table 1) show (Table 4) high value of interfacial tension
between PE and CPA, in agreement with the lack of
compatibility between the two polymers [40].

L
vy A+

49Dy
YD +P

o =v1+7v— (6)

The substantial preferential segregation of CPA on the film
surface faced to aluminium can be also explained considering
the interfacial tension values that are higher between teflon and
CPA than between aluminium and CPA. The tendency to
minimise the energy of the system can be responsible for the
asymmetric segregation of CPA. Anyway, the lower values of

Table 4

Interfacial tension values (o) calculated by the harmonic Wu Eq. (6)
Material 1 Material 2 o (mN/m)

PE CPA 4.3

Teflon PE 8.0

Teflon CPA 18.3
Aluminium PE 8.5
Aluminium CPA 13.9
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Fig. 13. Simplified scheme of phase morphology development along the film section of films moulded between aluminium (Al) and teflon (T) sheets.

interfacial tension observed between PE and both teflon and
aluminium allow to explain the slow CPA surface segregation
and the low improvement observed in surface wettability by
contact angle measurements. Moreover, the lowest value of
interfacial tension was observed for the PE/CPA system, in
good agreement with the retaining of the dispersed CPA phase
into the bulk during the compression moulding treatment,
especially in the blends with higher CPA content.

Long range intermolecular forces can be invoked to explain
the observed segregation of CPA in proximity of the
aluminium layer. These interactions were reported to be
efficient across multilayer systems also over distances up to
125 nm [24]. Films in multilayer structures are destabilized and
pattern are formed at interfaces [24]. The same long range
forces can be invoked to explain the different blend
morphology observed in this study as result of the change in
the material of the layer faced above and below the films during
its preparation. As result of the presence of these forces the
largest destabilizing conditions are attained when asymmetric
multilayer geometries are adopted [39].

A complex phase morphology development (see simplified
scheme in Fig. 13) along the section of the PE/CPA films was
observed by SEM analysis performed on films prepared under
different conditions.

By taking into account the polarity and the low molecular
weight of CPA, we can assume to start from an immiscible
system in which CPA is dispersed as droplets in the PE molten
matrix at 180 °C (step 1). The presence of the teflon (T) and
aluminium (Al) sheets induces the preferential migration of
droplets towards the aluminium sheet on the basis of interfacial
tension values. This creates a pre-concentration of CPA in the
aluminium side of the film. In this region, the local composition
of CPA in the blend is higher and coalescence phenomena are
favoured also by the decrease of the local blend viscosity [41]
giving elongated domains. The presence of a shear rate, due to
the higher compression of the material in proximity of the solid
layers [6], favours the formation of elongated structure (Figs.
10 and 11). The lamellar and/or fibre-like interconnected
obtained after 1 h of moulding can be the consequence of the
attaining of the percolation threshold as the consequence of
CPA enrichment in the proximity of the Al layer [42].

An increase of mechanical pressure can favour the pre-
concentration, because of the higher shear stress, which allows
a faster morphology assessment. On the other side the presence
of a higher temperature on the teflon side favours the pre-

concentration step because it creates a gradient of viscosity
along the section. The migration of CPA domains in the teflon
side towards the Al side in a medium with lower viscosity is
thus favored. On the contrary a lower temperature on the teflon
side gives an opposite gradient. In this way the migration of the
CPA domains from the teflon side to the Al side is prevented.
Hence elongated structure are observed exclusively in the
asymmetric moulding system because only in this case a pre-
concentration step is possible due to long range intermolecular
forces. Moreover, the elongated structures formation can be
also favoured by the particular low viscosity and low elasticity
in the melt of CPA [43] and by the quenching step performed at
—20°C, which can allow a competition among PE crystal-
lization and CPA domains break-up [44].

5. Conclusion

The energy and the interactions at the surfaces of a
moderately thick film from a blend of linear low density
polyethylene and low molecular weight copolyamide produced
non-homogeneous phase distribution in the direction perpen-
dicular to the film main surface. In particular the polar
component CPA (the dispersed phase) enriches near the film
side contacted with a polar surface provided by an aluminium
sheet. An opposite effect is provided by teflon which has low
surface energy and then does not strongly interact with the
polar component of the blend.

The shape, the dimension and the distribution of the CPA
dispersed domains depended on treatment conditions such as
temperature, pressure, time and kind of surfaces used during
the compression in a parallel plate heating press. In particular a
spherical shape is allowed when two equal surfaces were used
(teflon or aluminium) whereas a lamellar shape were produced
with asymmetric surface interactions using teflon and
aluminium sheets. The dispersed phase was mostly concen-
trated in the middle of the film obtained between two teflon
sheets, whereas was homogeneously distributed along the
section of the film compression moulded between two
aluminium sheets. A gradient distribution along the section
was observed when two different surfaces (aluminium and
teflon) were used with a higher copolyamide concentration
near the aluminium side. The eliptical copolyamide domains
produced by asymmetric interactions resulted to evolve with
the treatment time to a layered morphology with the most polar
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blend component concentrated at the aluminium surface as
indicated by the increasing peeling strength.

The phase morphology development along the section can
be tentatively explained by a combination of different effects
such as long range intermolecular forces and shear stress
caused by the compression process. In conclusion the results
indicated here can be useful to design a possible strategy to
prepare self adhesive polyolefin based material by simply
mixing a low viscosity polar polymer to polyethylene during its
processing.
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