
Available online at www.sciencedirect.com
EUROPEAN

M
A

C
R

O
M

O
L

E
C

U
L

A
R

N
A

N
O

T
E

C
H

N
O

L
O

G
Y

European Polymer Journal 44 (2008) 270–286

www.elsevier.com/locate/europolj

POLYMER
JOURNAL
Macromolecular Nanotechnology

Low density polyethylene–montmorillonite nanocomposites
for film blowing

Jan Golebiewski a, Artur Rozanski b, Janusz Dzwonkowski a, Andrzej Galeski b,*

a Institute for Plastics Processing METALCHEM, Marii Sklodowskiej-Curie 55, 87-100 Torun, Poland
b Centre of Molecular and Macromolecular Studies, Polish Academy of Sciences, Sienkiewicza 112, 90-363 Lodz, Poland

Received 23 July 2007; received in revised form 17 October 2007; accepted 2 November 2007
Available online 17 November 2007
Abstract

Low density polyethylene nanocomposites were prepared using differently modified montmorillonite (MMT) and dif-
ferent compatibilizers. The best results were obtained for MMT with largest gallery distance. The most exfoliated system
was further optimized for superior mechanical properties by varying the compounding condition. The criteria were
mechanical properties of nanocomposites and X-ray proofs of exfoliation. The optimized nanocomposites were used
for film blowing. The effect of blow ratio on mechanical properties and oxygen permeation of films was evaluated for
two best nanocomposites and two films blown from pristine polyethylene. The texture of crystalline phase of blown films
was analyzed by X-ray pole figure technique, SAXS and AFM. Two components of texture were detected, the first com-
ponent related to the molecular orientation of polyethylene by film blowing and take-up and the second connected with the
formation of free surfaces of the film. The crystallinity degree from DSC and long period determined from SAXS of poly-
ethylene component were nearly independent of the additives. It indicated that the compatibilizer was preferentially
located around clay platelets and did not enter the amorphous layers of polyethylene. Also the orientation of clay platelets
was determined by FTIR using 1080 cm�1 band characteristic for Si–O bonds. A clear correlation of oxygen permeativity
of blown films with clay platelets orientation and degree of exfoliation was evidenced.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The market for polymer nanocomposites is esti-
mated now for more than 200 million USD with
18% annual growth. It is expected that it will reach
0014-3057/$ - see front matter � 2007 Elsevier Ltd. All rights reserved
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55 � 104 Mg by 2009 [1]. The main application
fields are automotive industry, aero-spatial applica-
tions, packaging, household goods, building indus-
try and sporting. Barriers in a broader application
are the technological difficulties that arise when a
desired level of improvement is expected at a low
costs. Many experimental studies are undertaken
in order to elucidate best ways of nanocomposite
preparation and determine their application. Most
.
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of explored nanocomposites are based on platelet
nanoclays and thermoplastics, prepared by melt
blending using extruders [2–7].

Montmorillonite (MMT) is most often applied
because of its high specific surface and large ion
exchange capacity [8,9]. However, a barrier for easy
dispersion of clay platelets in most of thermoplastics
is hydrophilic character of MMT. Modification of
MMT is necessary in order to decrease the surface
tension, decrease the wettability and making
MMT organophilic [10]. Quaternary ammonium
salts of fatty acids are most often used to replace
the cations in the galleries [11,12]. The main weak-
ness of those modifiers is their low thermal resis-
tance, usually not exceeding 200–220 �C. At higher
temperature a thermal decomposition of ammo-
nium salts results in a decrease of interlayer distance
and a loss of exfoliation possibility [9]. Intercalation
or exfoliation occur under condition of negative
change of free energy, DF, of the intercalation pro-
cess, i.e. the penetration of polymer macromolecules
into galleries and expanding the interlayer distance
from h0 to h. Energy difference DF can be written as

DF ¼ F ðhÞ � F ðh0Þ ¼ DE � TDS < 0 ð1Þ

where DE is the intrinsic energy change resulting
from intermolecular interactions of all components
of the system, DS is the entropy change connected
with changes in configuration of polymer macro-
molecules, particles of a modifier and MMT plate-
lets while T is the temperature. The entropy
change due to translation of MMT platelets is neg-
ligibly small because of their volume stability. Con-
finement of polymer chains in a space between
MMT platelets which is less than the diameter of
macromolecule gyration limits the freedom of con-
formational changes and possibility of relaxation,
hence, the polymer intrinsic energy is changed.
The entropy change is then negative and decreases
further when the value of h increases. The entropy
change of molecules of a modifier is positive for
the range of h comparable with double distance of
extended modifier chain length. It appears that for
Dh = h � h0 > 0.8 nm total entropy change is nega-
tive and intrinsic energy change decides about the
intercalation/exfoliation success [9,13,14]. The en-
ergy changes can be expressed in the following
way [9]

DE ¼ Sk
m–p � km–p þ Sk

md–p � kmd–p

þ ðSk
m–md � Sp

m–mdÞ � km–md ð2Þ
where Sk
m–p is the surface area of polymer-clay inter-

action after intercalation, km–p is a change in energy
connected with the replacement of MMT–MMT
platelets interaction for MMT-polymer interaction,
Sk

md–p is the surface area of interaction between mod-
ifier molecules and polymer after intercalation, kmd–p

is the energy change resulting from replacement of
interaction modifier–modifier and polymer–polymer
for interactions between modifier and polymer,
Sk

m–md, Sp
m–md are the surface area of interaction be-

tween MMT and a modifier before and after inter-
calation, respectively, km–md is the change in energy
resulting from a replacement of interactions of
MMT–MMT and modifier–modifier for interaction
MMT-modifier.

The condition of DE < 0 requires an increase of
polar interactions, mainly base-acid on the account
of non-polar. For that purpose modifiers containing
such polar groups and non-polar tail are applied. In
addition a dopant may be required, which should
be compatible with a polymer and modifier
[15,16]. A compatibilizer may have a detrimental
effect on the stability of a nanocomposite as it usu-
ally decreases the thermooxidative resistance of a
polymer (case of polypropylene, see [17]). For the
purpose of increasing the surface area of interaction
an intensive shear mixing is usually applied. Screw
extruders and twin screw corrotating extruders
are preferably used [7,10,18]. Longer residence
time is advantageous for more efficient intercalation
and/or exfoliation. The importance of shearing in
intercalation and exfoliation of MMT was con-
firmed by several research groups and also the
dependence of exfoliation efficiency on screw config-
uration [7].

Polymer nanocomposites with MMT have usu-
ally superior mechanical, thermal and barrier prop-
erties over pristine polymers. Improved barrier
properties especially are important for packaging
materials. Reduction of gas permeativity in platelet
nanocomposites is usually explained as the result of
a significant increase in a diffusion path because gas
molecules cannot permeate through MMT platelets
[9,19,20]. According to the above statement the bar-
rier properties of a nanocomposite is influenced by:
permeativity of a polymer matrix (P0), volume con-
centration of MMT in nanocomposite, c, aspect
ratio of MMT platelets, p, orientation of MMT
platelets with respect to gas diffusion direction
described as an angle H between diffusion direction
and platelets plane. Permeativity PNC of a nano-
composite is then described by the formula [9,20]
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P NC ¼ P 0 �
1� c

1þ c � p � ðS þ 1=2Þ=3
ð3Þ

where

S ¼ 3hsin2 Hi � 1

2
ð4Þ

When MMT platelets are perpendicular to the diffu-
sion direction then H = p/2 and S = 1 and the Eq.
(3) reduces to

P NC ¼ P 0
1� c

1þ c � p=2
ð5Þ

For a typical aspect ratio of MMT platelets of
500 and concentration of 3 vol.% an expected per-
meativity is eight time lower than the value for a
polymer alone. For the parallel orientation, i.e. for
H = 0, S = �1/2, we have a decrease in permeativi-
ty at the level of concentration of MMT only,
described by the following form:

P NC ¼ P 0ð1� cÞ ð6Þ
If the exfoliation of MMT is not full the aspect

ratio should be adjusted, respectively. The Eqs.
(3), (5) and (6) are for flawless systems, however,
usually the orientation is not perfect, there are
defects like bubbles, holes and quartz impurities in
MMT. Such imperfections are dramatically influ-
encing the barrier properties, especially for films
having the thickness comparable with sizes of
defects. Also the solubility of gas was not taken into
account in the above equations [21]. Nevertheless,
from the presented consideration it follows that
concentration of MMT, degree of dispersion and
orientation have significant influence on barrier
properties for gases of a nanocomposite. The pres-
ence of clay platelets and their orientation modify
also the supermolecular structure of a polymer.
Since crystalline polymer lamellae are impermeable
for gases their orientation is also very important.

The aim of the study was to investigate the effect
of clay platelet orientation and resulting supermo-
lecular structure of low density polyethylene
(LDPE) on oxygen permeativity. The preferred
means of orientation was film blowing. The brands
of MMT, type of a compatibilizer and blending con-
ditions were varied in order to optimise the compo-
sition for film blowing. Also the parameters of film
blowing were varied in order to establish their influ-
ence on supermolecular structure of polyethylene,
MMT platelets orientation and selected properties
of nanocomposite films.
2. Experimental

2.1. Materials and sample preparation

Low density polyethylene (LDPE) MALEN E
GGNX 23D022, MFR = 1.6–2.5 g/10 min (190 �C,
2.16 kg), stress at fracture 14 MPa (by BASELL-
Orlen Polyolefins Plock, Poland) was used through-
out the study. Several organomodified MMT
including:

(a) Cloisite 15A: d001 = 3.15 nm, CEC = 125meq/
100 g, density = 1.66 Mg/m3, modified by
quaternary ammonium salt of fatty acids by
Southern Clay Products,Gonzales, TX, USA,

(b) Nanocor I30P: d001 = 2.2 nm, CEC = 95 meq/
100 g, density = 1.9 Mg/m3, modified by qua-
ternary ammonium salt of fatty acids, by
Nanocor Inc., USA,

(c) Bentonite special: d001 = 2.1 nm, modified by
didecyl-dimethylammonium chloride, by
ZGH Zebiec, Poland,

were used.
The following compatibilizers were applied:

(a) Orevac CA18365; MFR = 2.5 g/10 min
(190 �C, 2.16 kg), by Arkema Inc.

(b) Fusabond EMB 226D; MFR = 1.5 g/10 min
(190 �C, 2.16 kg), by DuPont.

(c) Elvaloy AC 1820; MFR = 8.0 (190 �C,
2.16 kg), by DuPont.

A series of samples of nanocomposites and sam-
ples for comparison were prepared by melt blend-
ing. The amount of compatibilizer was set at
15 wt.% while the amount of MMT was maintained
at 5 wt.%. The list of samples is presented in Table
1.

Nanocomposites were compounded using a dou-
ble screw corrotating extruder (D = 20 mm and L/
D = 40) type BTSK 20/4 OD by Bühler Co. The
temperature profile 150, 160, 170, 170, 170 �C, screw
rotation speed of 250 min�1 and screw configura-
tion as in Fig. 1 are applied as in a previous study
[22]. For further optimization the temperature pro-
file, screw configuration and screw speed were var-
ied as described in Section 3. Montmorillonite was
dried for 3 h at 60 �C, then premixed with pellets
of polymer and compatibilizer and fed to the extru-
der. Extrudate was cooled down in air at 23 ± 3 �C
and at relative humidity 48 ± 3% and pelletized.



Fig. 1. Configuration of screws of the twin screw corrotating extruder denoted as K3.
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Samples for mechanical tests according to EN ISO
294-1 were injection moulded using Battenfeld type
PLUS 35/75, UNILOG B2 injection moulding
machine.

The study of film extrusion and blowing was per-
formed on a single screw extruder. The equipment
used was PlastiCorder PLV 151 by Brabender con-
sisting of a single screw extruder with screw diame-
ter of 19 mm, L/D = 25 and compression ratio of
3:1. The extruder was equipped with a blowing head
having an orifice of 14 mm in diameter. The other
parameters of the process were: the temperature
profile of the extruder: 150, 160, 175 �C, the temper-
ature of blowing head 165 and 175 �C, the tempera-
ture of cooling air: 22±2 �C, its relative humidity:
48 ± 3%. The extruder screw rotation speed was
varied: 30 or 45 min�1, the take-up velocity was
set to such a rate to maintain the longitudinal draw
ratio of 8:1 in either case and similar film thickness.
The blowing ratio was set to 3:1 or 6:1, respectively.

2.2. Sample properties and structure

Mechanical properties were determined accord-
ing to EN ISO 527 including tensile modulus, tensile
strength, stress and strain at fracture. The gauge
length of the samples was 50 ± 0.5 mm type 2.
TIRATEST 27025 tensile testing machine was used.

Melt flow ratio (MFR) according to EN ISO
1133 was determined using capillary plastometer
Dynisco, LMI 4003 at 190 �C, under load of
2.16 kg.

2.2.1. WAXS

Computer controlled X-ray diffractometer
equipped with a pole figure attachment, coupled
to a sealed-tube source of filtered CuKa radiation
k = 0.1541 nm, operating at 50 kV and 30 mA (Phil-
lips), filtered by Ni filter and electronically, was used
for X-ray measurements. Dispersion of MMT plate-
lets in LDPE matrix was determined by diffraction
in transmission mode within 2H angles from 1 to
9�. The divergence slit opening was 0.05�. Samples
of nanocomposites for dispersion determination
were grinded to a powder form in order to prepare
X-ray powder sample between two Capton thin
films. The details of the procedure are described
elsewhere [23].

The texture of blown films was studied using the
X-ray pole figure technique (for overview of this
technique see e.g. Ref. [24]). The specimens were
prepared by stacking of several 20 � 20 mm pieces
of a film to form a 0.5 mm thick sandwich. Each
film piece was aligned in plane to match exactly
the blowing and elongation directions. The (110),
(200) and (020) crystal planes of orthorhombic
form of PE were analyzed (diffraction maxima cen-
tered around 2H = 14.2�, 16.1� and 21.1�, respec-
tively) and the respective pole figures were
constructed. Experimental diffraction data were cor-
rected for background scattering, sample absorp-
tion and defocusing of the beam. All pole figures
were plotted with the POD program (Los Alamos
National Lab, NM). Other details of the experimen-
tal procedure were described elsewhere [23].

2.2.2. SAXS

Lamellar structure of raw and blown films was
probed by two-dimensional small angle X-ray scat-
tering (2D SAXS). The 1.1 m long Kiessig-type
camera was equipped with a tapered capillary colli-
mator (X-ray optical systems) combined with addi-
tional pinholes (300 lm in diameter) forming the
beam, and an imaging plate as a detector (Fuji).
The camera was coupled to a X-ray source
(sealed-tube, fine point CuKa, Ni-filtered radiation,
operating at 50 kV and 40 mA; Philips). Exposed
imaging plates (usually 3 h) were read with Phosphor
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Imager SI scanner and ImageQuant software
(molecular dynamics). Long periods (LP) in the
direction of interest were determined from appropri-
ate one-dimensional sections of 2D patterns. LP was
calculated using the Bragg’s law from the position
of the maximum of the curve adjusted for back-
ground and Lorentz correction.

Thermal properties were studied using thermo-
gravimeter STA 625 by Polymer Labs. Ten milli-
gram samples were heated from 20 to 600 �C with
the rate of 20 �C/min in air and in nitrogen. A dif-
ferential scanning calorimeter DSC model TA
2920 by TA Instr. was used for determination of
melting temperature and melting enthalpy. The
measurements were performed according to EN
ISO 11357-1 and 11357-3 within the temperature
range from 10 to 180 �C in nitrogen atmosphere
with the heating rate of 10 �C/min.

2.3. Atomic force microscopy

The inner surface of blown films was investigated
using a Nanoscope IIIa atomic force microscope
(Digital Instruments/Veeco) operated in a tapping
mode. Rectangular silicon cantilevers model
RTESP7 (Nanosensors, Wetzlar-Blankenfeld, Ger-
many) were used throughout the study. The AFM
was calibrated laterally using the standard calibra-
tion grid purchased from Veeco. Height calibration
was performed using freshly cleaved highly oriented
pyrolytic graphite (HOPG, SPI Supplies) surface
with thermally etched monolayer pits (step height
0.335 nm).

2.4. Fourier transform infrared spectroscopy

For the determination of orientation of nanoclay
platelets the infrared absorption spectra were
obtained with an ATI Mattson Infinity FT spec-
trometer system with a resolution of 2 cm�1. A sam-
ple of blown film was placed on a tilted stage and an
IR polarizer (KRS-5 wire grid polarizer by Graseby
Specac) was used to record the tri-chroic spectra.
The final spectra were averaged over 32 scans.

2.5. Blown films properties

Blown films were subjected to exhausting investi-
gations typical for packaging films including:

1. Tensile properties – samples prepared according to
EN ISO 527-3 oar-shaped type 5, gauge length
25 mm, total length 70 mm, experiments according
to EN ISO 527-1, tensile testing machine TIRA-
TEST 27025, the elongation rate 100 mm/min.

2. Tearing resistance – samples prepared according
to EN ISO 527-3, measurements according to
EN ISO 6383-2, tensile testing machine TIRA-
TEST 27025, the elongation rate 100 mm/min.

3. Oxygen permeativity – according to ASTM D
1434-1988 method V (volumetric), capillary
0.5 mm, temperature 20 ± 0.5 �C, pressure differ-
ence 100 � 95 psi, the results were rescaled to
normal conditions, i.e. 0 �C and atmospheric
pressure 1 atm, the equipment CS 135C by Cus-
tom Scientific Instruments.

4. Free surface energy – by direct determination of
the wetting angle, the following liquids were
used: double-distilled water, glycerol and methy-
lene diiodide, the goniometer used was type G10
by Krüss GmbH, volume of the droplet was each
time 3 mm3, the free surface energy was calcu-
lated from wetting angle applying van Ossa-
Gooda (see for example Ref. [25]) method.

5. Degree of crystallinity was determined by DSC
by heating with the rate of 10 �C/min.

3. Results

3.1. Selection of nanoclay and compatibilizers

The results of determination of mechanical prop-
erties of the set of samples from Table 1 are col-
lected in Table 2. Tha analysis of the data from
Table 2 leads to the following statements:

– Most of nanocomposites samples exhibit lower
melt flow index than pristine LDPE subjected
to the same rheological treatment. The smallest
change is for composites with Elvaloy AC 1820
compatibilizer which results probably from its
high melt flow index (8 g/10 min).

– Differences in tensile properties are not large for
all nanocomposites, except for PE7 for which the
tensile strength and the tensile modulus are 20%
and 40% larger than for the reference sample
PE1, respectively. Together with low value of
melt flow index and high strain at fracture it is
suggestive that the dispersion of MMT platelets
is most effective in that nanocomposite (PE7).

– All samples containing MMT Cloisite 15A show
improved tensile properties (PE3, PE4, PE7,
PE10).



Table 1
Composition of samples and their codes

Sample
code

LDPE FABS
23D022 (wt.%)

Compatibilizer
(wt.%)

Montmorillonite
(wt.%)

PE1 100 – –
PE2 85 15 (Orevac) –
PE3 95 – 5 (Cloisite)
PE4 80 15 (Orevac) 5 (Cloisite)
PE5 80 15 (Orevac) 5 (Nanocor)
PE6 80 15 (Orevac) 5 ZGH Zebiec)
PE7 80 15 (Fusabond

EMB 226D)
5 (Cloisite)

PE8 80 15 (Fusabond
EMB 226D)

5 (Nanocor)

PE9 80 15 (Fusabond
EMB 226D)

5 (ZGH Zebiec)

PE10 80 15 (Elvaloy AC
1820)

5 (Cloisite)

PE11 80 15 (Elvaloy AC
1820)

5 (Nanocor)

PE12 80 15 (Elvaloy AC
1820)

5 (ZGH Zebiec)
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Degree of MMT platelets dispersion in compos-
ites was probed with X-ray diffraction. The results
are presented in Fig. 2. All the curves exhibit a
shoulder on the increasing slope at 2H � 2.0–2.9�.
The curves for PE6, PE7, PE8 and PE9 samples
have significantly lower shoulders. It indicates that
the exfoliation of MMT platelets is rather high in
those samples. For other samples the shoulder on
the slope is much larger suggesting low penetration
of compatibilizer and/or PE between MMT plate-
lets and low level of exfoliation.

All samples were subjected to screening investiga-
tion of thermogravimetric properties. The exem-
plary curves for the samples PE1, PE7, PE8 and
PE9 are plotted in Fig. 3. The onset temperatures
Table 2
Mechanical properties and melt flow index of nanocomposites

Samples MFR (g/10 min)
190 �C, 2.16 kg

Tensile strength
(MPa)

Stre
(MP

PE1 2.4 18.5 17.6
PE2 1.9 20.0 18.8
PE3 2.1 20.1 18.0
PE4 1.5 20.7 19.5
PE5 1.6 19.0 17.1
PE6 1.7 19.2 18.1
PE7 1.4 21.9 18.4
PE8 1.8 18.7 17.6
PE9 2.6 18.3 17.2
PE10 2.3 17.5 16.7
PE11 2.1 17.4 17.0
PE12 2.7 17.7 17.0
of thermooxidative degradation (determined as the
loss of 5% of weight of a sample) are varying largely
and the highest onset temperature is for sample PE7
(LDPE-80 wt.%, Fusabond EMB 226D-15 wt.%
and Cloisite 15A-5 wt.%) which is 62 �C higher than
the onset temperature for pristine PE (PE1,
359.5 �C). Such large difference results from a signif-
icant reduction of oxygen penetration and a reduc-
tion of release of volatile degradation products in
PE7 nanocomposite as compared to pristine LDPE
(PE1). For other samples the increase in the degra-
dation onset temperature is lower varying between
10 and 32 �C which may indicate lower degree of
MMT exfoliation.

3.2. Influence of compounding conditions on structure

and properties of nanocomposites

The aim of this part of work was to study the influ-
ence of the compounding parameters and variations
in extruder configuration on the structure and prop-
erties of nanocomposites. PE7 composition (LDPE-
80 wt.%, Fusabond EMB 226D-15 wt.%, Cloisite
15A-5 wt.%) was chosen for further studies because
the preliminary investigations showed that PE7
nanocomposite shows the best mechanical proper-
ties, highest temperature of the onset of thermooxi-
dation and also X-ray diffraction indicates the best
exfoliation of MMT among other composites tested.

Two temperature profiles of the twin screw extru-
der were used (T1 = 150, 160, 170, 170, 170; and
T2 = 170, 180, 190, 190, 190 �C), two screw speeds
N1 = 250, N2 = 400 min�1, and two screw configu-
rations: K2 described previously in [22] and K3 pre-
sented in Fig. 1. Configuration K3 consists one more
set of shearing elements than configuration K2. The
ss at fracture
a)

Strain at fracture
(%)

Tensile modulus
(MPa)

131 246.1
189 220.3
104 323.6
210 281.5
191 252.6
162 229.2
137 344.4
112 306.7
100 253.8
143 260.5
125 232.9
109 216.6

M



Fig. 2. 2H X-ray diffraction curves of powdered nanocomposites from PE4 to PE12. Curves are shifted in the vertical direction to visualize
better the changes.

Fig. 3. The loss of mass plotted against the temperature for samples PE1, PE7, PE8 and PE9. Heating rate 20 �C/min in air.
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additional shearing elements are placed immediately
before the first degasing zone. Right before addi-
tional shearing elements there is a back-pumping
segment. All these causes that the composite is sub-
jected to stronger shear in configuration K3 than in
configuration K2. Sample codes and compounding
condition of the samples prepared are listed in Table
3.



Table 3
Compounding conditions, melt flow index and tensile mechanical properties data for samples from PE13 to PE15a

Sample
code

Temp. profile
(�C)

Screw
configuration

Screw speed
(min�1)

MFR (g/10 min,
190 �C,2.16 kg)

Tensile strength
(MPa)

Stress at
fracture
(MPa)

Strain at
fracture
(%)

Elastic
modulus
(MPa)

PE13 T1 K2 N1 0.53 19.7 18.0 108 349
PE14 T1 K2 N2 0.58 19.0 17.3 110 342
PE15 T1 K3 N1 0.54 18.5 17.0 122 312
PE16 T1 K3 N2 0.58 18.5 16.3 126 322
PE13a T2 K2 N1 0.47 22.3 20.4 132 369
PE14a T2 K2 N2 0.59 21.0 19.1 139 344
PE15a T2 K3 N1 0.45 22.7 20.8 117 356
PE16a T2 K3 N2 0.49 21.3 19.7 152 336
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Tensile mechanical properties data of the nano-
composites from PE13 to PE15a are also reported
in Table 3. Analysis of the data from the table leads
to the following statements:

– Samples prepared applying the temperature pro-
file T2 (temperatures higher by 20 �C in each
heating zone of the extruder than for the T1 pro-
file) are characterized by lower MFR values and
better mechanical properties (higher tensile
strength, higher strain at fracture and higher ten-
sile modulus).

– All sample prepared while applying the tempera-
ture profile T2 show similar mechanical properties
(tensile strength, strain at fracture and tensile
modulus), the differences do not exceed 10%.
Fig. 4. X-ray diffraction profiles of the samples compounded according
and from PE13a to PE15a). Curves are shifted vertically for better visu
– For samples prepared applying the same temper-
ature profile better properties are for lower screw
speed, for example the samples prepared apply-
ing temperature profile T2 and lower screw speed
N1 show the best mechanical properties and low-
est MFR (samples PE13a and PE15a).

– For samples prepared with the same temperature
profile and the same screw speed the screw con-
figuration has little effect on the properties – the
differences are less than few percent (compare
samples PE13a and PE15a with PE14a and
PE16a, respectively).

The exfoliation of the samples from PE13 to
PE15a was studied by X-ray diffraction. The respec-
tive diffraction profiles are presented in Fig. 4. The
to protocols as presented in Table 4 (samples from PE13 to PE15
alization of the changes in diffraction.
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X-ray diffraction curves in Fig. 4 do not show any
shoulder on the increasing slope, except for the sam-
ple PE15. The general conclusion at this point is
that changing the compounding protocol one may
achieve significant improvement in the exfoliation
of MMT. The counterpart of sample 15, which is
sample PE15a, prepared with the same screw config-
uration K3, same screw rotation speed N1 but at a
different temperature profile T2, instead of T1,
exhibits the highest degree of exfoliation with a
smooth X-ray diffraction curve.

The samples from PE13 to PE15a were subjected
to screening investigation of thermogravimetric
properties. For this set of sample the onset temper-
ature of thermooxidative degradation are varied
within 13 �C range only. However, the samples
PE13, PE14 and PE15, compounded at the lower
temperature profile T1, are characterized by lower
onset temperatures of thermooxidative degradation
than the respective samples PE13a, PE14a and
PE15a, the highest being for the sample PE15a.
These results are in a good correlation with mechan-
ical properties and MFR data from Table 3: highest
thermooxidation resistivity for the sample PE15a
coincides with its best mechanical properties and
lowest melt flow index.

The melting and crystallization of the samples
from Table 4 indicate that the melting temperature
and degree of crystallinity do not depend signifi-
cantly on the compounding protocol: melting tem-
perature being similar as for pristine PE at around
112–113 �C, while the degree of crystallinity slightly
higher at 48–50 wt.% of PE component in the nano-
composite than in pristine PE 46 wt.%.

3.3. Processing LDPE nanocomposites by film
blowing

For further study of film forming we chose three
materials: PE15a as the best nanocomposite which
Table 4
The results of mechanical properties investigation of blown films of pr
directions with respect to sleeve take-up direction

Film codes Tensile strength (MPa) Stress at fracture (MPa)

Longitudinal Transverse Longitudinal Transve

FPE01.3 30.4 18.3 28.4 17.8
FPE15.3 25.9 17.5 23.4 16.3
FPE15a.3 29.0 14.2 25.1 11.4
FPE01.6 20.0 28.1 19.4 27.1
FPE15.6 19.0 22.4 16.8 18.5
FPE15a.6 19.8 21.4 11.9 15.9
we were able to develop, PE15 – its counterpart
obtained applying the lower temperature profile
T1 and pristine LDPE MALEN E GGNX
23D022 (PE1). As the method of processing a film
blowing was used as it is most commonly used in
industry.

The following blown films were prepared:
FPE01.I films from pristine LDPE FABS 23D022,
FPE15.I films prepared from nanocomposite PE15
and FPE15a.I films from nanocomposite PE15a.
The symbol I assumes the value of the applied film
blow ratio: 3 or 6. The films were subjected to
exhausting investigations typical for packaging films
including: tensile properties, tearing resistance, oxy-
gen permeativity, free surface energy, degree of crys-
tallinity, atomic force microscopy and MMT
platelets orientation by FTIR spectroscopy.

Mechanical properties of the films are presented
in Table 4 for blowing ratios of 3:1 and 6:1, respec-
tively. The film thickness in each case was
0.022 ± 0.002 mm in spite of different blow ratios
due to setting a different extruder screw rotation
speed: 30 min�1 for blow ratio 3:1 and 45 min�1

for blow ratio of 6:1.
The data analysis leads to the conclusion that

independently of the blow ratio all films from nano-
composites exhibit worse mechanical properties in
both directions than the film from a pristine LDPE.
Films obtained with lower blow ratio show lower
tensile properties in the transverse direction, while
with higher blow ratio lower tensile properties are
in the longitudinal direction. However, indepen-
dently of the blow ratio the tearing resistance is
higher for all films prepared from nanocomposites.

The results of measurements of oxygen perme-
ativity are collected in Table 5. Oxygen permeativity
of the films depends significantly on the blow ratio
and is lower for higher blow ratio. The lowest oxy-
gen permeativity has the film prepared with the high
blow ratio 6:1 and from the nanocomposite PE15a.
istine LDPE and nanocomposites in longitudinal and transverse

Strain at fracture (%) Tearing resistance (N)

rse Longitudinal Transverse Longitudinal Transverse

147.0 547.5 1.41 0.54
104.0 457.0 1.64 0.96
105.0 424.1 1.60 0.97
398.3 337.8 0.28 0.94
242.3 367.5 0.67 0.51
175.6 205.8 0.70 0.77



Table 5
Melting temperature, degree of crystallinity as determined by DSC measurements, free surface energy as determined from wetting angle
and long period from SAXS for the blown films

Sample
codes

Mean film
thickness (lm)

Oxygen permeativity
(cm3mm/m2 24 h atm)

Degree of
crystallinity
(%)

Melting
temperature
(�C)

Free surface
energy
(mJ/m2)

Long period along
take-up direction
(nm)

Long period along
blow direction
(nm)

FPE01.3 22.8 386 49.4 114.73 35.8 10.8 10.1
FPE01.6 23.8 264 48.4 114.40 37.1 11.0 10.8
FPE15.3 23.7 301 48.8 114.48 35.4 11.2 10.4
FPE15.6 21.6 216 47.1 114.55 36.7 11.0 10.9
FPE15a.3 21.6 190 47.1 115.11 36.8 11.2 10.4
FPE15a.6 22.0 152 48.1 114.47 36.3 10.8 10.8
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The permeativity of this film is 40% less than the
permeativity of a film from pristine LDPE and also
30% less than a similar film prepared from the nano-
composite PE15. It means that the permeativity is a
direct function of the exfoliation degree.

The melting temperature and the degree of crys-
tallinity for the blown films were determined based
on DSC measurements. The data are in Table 5.
As it is seen from the table different blow ratios
and addition of differently exfoliated MMT do not
influence markedly the film melting temperature
and the polyethylene crystallinity in nanocomposite
films. Also the free surface energy is not influenced
in a significant way either by blowing or by incorpo-
ration of MMT, and it is similar to the free surface
energy of pristine LDPE given in the literature
35.7 mJ/m2 [25].

The supermolecular structure of blown films was
studied by means of atomic force microscopy in a
tapping mode. The exemplary AFM images are pre-
sented in Fig. 5. Spherulitic aggregates were not
detected either on inner or outer surface of the films.
The main feature seen on surfaces of all films are
crystals that are elongated, narrow and thin, the
thickness being in the range of 10–12 nm. The shape
of crystals is ribbon-like rather than lamellar. One
can hardly distinguish stacks of crystals. The above
observation agrees with earlier results concerning
ribbon-like crystals of low density polyethylene
[26–31]. Similar results were also obtained by others
using AFM [32–37], except that in some cases, when
the blow ratio was low, spherulitic morphology was
observed (e.g. [33]). The structure of ribbon-like
crystals is similar to polymer lamellar crystals with
chain folding except that their width is reduced
nearly to their thickness. Only on the surface of
FPE01.3 film a shish-kebab structure can be distin-
guished (note the elongated structure on the right
side in Fig. 5a), other crystals seem to have similar
chain packing as in un-oriented LDPE films. It
should be noticed that on AFM images of the sur-
face of FPE15a.6 there are often seen platelets of
MMT (see Fig. 5c). All of them are exfoliated and
separated from MMT stacks which confirm the con-
clusion based on X-ray diffraction (see Fig. 4) of full
exfoliation of nanocomposite PE15a. The crystal-
line structure seen on surfaces of films from pristine
LDPE (FPE01.3 and FPE01.6 (Fig. 5a and b) does
not differ significantly from the respective crystalline
structure of LDPE in nanocomposite (FPE15a.6,
Fig. 5c).

The crystal orientation of blown films was
probed by X-ray pole figure analysis and SAXS.
The data are presented in Fig. 6. From the pole fig-
ures it is possible to deduce the preferential orienta-
tion directions of crystallographic planes while from
SAXS the information on crystal packing is
obtained. Both combined information should be
sufficient for the description of the texture of films.
In the film prepared from pristine LDPE with the
blow ratio 3:1 there are two populations of PE crys-
tals: first is oriented with (020) planes parallel to the
film surface and second with (200) planes distrib-
uted widely over large range of beta angles (see
Fig. 6a). The first population of crystals gives a faint
diffused ring in the SAXS pattern. It is evident from
AFM images (Fig. 5) that the ribbon-like crystals do
not form very regular stacking, however, the crystal-
amorphous packing shows some periodicity. The
long period calculated from a weak diffused ring is
then 10.1 nm.

The second population of crystals is tilted at
some acute angle with respect to the take-up longi-
tudinal direction and having the (020) planes at
some acute angles (30–60�) with respect to the film
surface (see Fig. 6a). The (20 0) planes of those
ribbon-like crystals are tilted 20–30� away from
the equator of the pole figure (Fig. 6a) towards



Fig. 5. Exemplary AFM images of inner surfaces of blown film sleeves (a) film FPE01.3, (b) film FPE01.6 and (c) film FPE15a.6. The take-
up direction is vertical. Right image – phase mode, left image – height mode, z-axis scale joint for all height mode micrographs is on the
right.
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take-up direction. That population of crystals give
rise to a faint two-point SAXS pattern for the film
if illuminated perpendicularly to its surface. How-
ever, most of those crystals should scatter X-ray



Fig. 6. (a)–(f) Pole figures and SAXS patterns for blown films. Film codes are placed on the figures. Vertical direction is the take-up
direction while horizontal direction is the blowing direction. In (a) two other SAXS patterns are shown for the sample tilted around take-
up axis by 25� and 45�.
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Fig. 6 (continued)
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when the sample is turned around the take-up
axis by 25� and further by 45� (oblique X-ray illumi-
nation). Then more crystals with adjacent amor-
phous layers are oriented according to Bragg
condition and the two-point SAXS pattern becomes
more intense (see Fig. 6a). The long period
calculated from two-point SAXS pattern is then
10.8 nm.

As the blow ratio is increased to 6:1 (see Fig. 6b)
the first population of lamellae is increased giving a
strong diffused ring in SAXS pattern. The second
population of crystals is now low and reflected in
a weaker intensity of two-point SAXS pattern and
in a diffused population of (020) planes in the equa-
torial position over the a range from 30� to 80� in
the respective (020) pole figure. For both blow
ratios 3:1 and 6:1 the concentration of normals to
(110) planes in the pole figures confirm the above
conclusions.

The introduction of MMT into the films blown
with the ratio of 3:1 makes the texture less pro-
nounced: the first population of ribbon-like crystals,
quite large in pristine 3:1 blown film, is nearly gone
in FPE15.3 nanocomposite film. The clustering of
(200) normals in polar regions of the respective pole
figure (Fig. 6c) is less intense than on a similar pole
figure for 3:1 blown pristine LDPE film (sample
FPE01.3, in Fig. 6a) and limited to lower a angles.
The long period as calculated from the two-point
SAXS pattern is larger at 11.2 nm which apparently
results from a larger tilt angle of majority of ribbon-
like crystals with respect to the film surface and not
because there was a change in crystallinity.

When blowing the nanocomposite film with
higher blow ratio 6:1 the texture sharpens
(Fig. 6d). The texture of LDPE crystals is now sim-
ilar to the texture of pristine LDPE film blown with
the ratio of 6:1, also for the second population of
ribbon-like crystals that nearly disappeared. As
the result we do not observe the two-point SAXS
pattern and only a diffused ring. The long period
calculated is nearly 11 nm in both take-up and
blowing directions.

The texture of the film blown from nanocompos-
ite PE15a with the blow ratio of 3:1 is very similar to
the texture of pristine LDPE blown to the same
ratio 3:1, except for the lower first population of
crystals with (200) planes perpendicular to the film
surface (Fig. 6e). Also the SAXS pattern is very sim-
ilar, however, a diffused ring, connected with the
first population of crystals in the FPE01.3 film, here
is absent.

Blowing the film of PE15a nanocomposite to the
ratio 6:1 generates larger amount of crystals belong-
ing to the first population, as it is seen from pole fig-
ures in Fig. 6f. The two-point SAXS pattern is now
supplemented with a diffused ring characteristic for
the first population of crystals. In all above cases the
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long period is not significantly altered, as it is seen
from Table 5.

The general conclusion from the above study of
texture is that the two texture components are: the
first connected with the formation of a free surface
of films and the second connected with molecular
orientation due to blowing and take-up rate ratio
(8:1). Similar conclusion concerning dual texture
of pure un-filled high density PE blown films were
drawn by others [38,39], however, in contrast to
our LDPE blown films those HDPE texture compo-
nents were connected with lamellar stacks in
machine and transverse orientation directions due
to blowing and not to the formation of a free sur-
face of the film. Further observations shows that
in the film FPE01.3 the structures that can be iden-
tified as shish-kebab are occasionally identified.

The presence of nanoclay in films decreases sig-
nificantly the sharpness of texture of crystalline part
of LDPE. In addition, the crystallinity degree of
polyethylene component and long period deter-
mined from SAXS were nearly independent of the
additives, which means that the compatibilizer (Fus-
abond EMB 226D) is located preferentially around
nanoclay platelets and is not entering to the amor-
phous layers of LDPE.

The orientation of clay platelets was probed by
means of FTIR. We followed the techniques devel-
oped by Cole and others [40,41]. It relays on record-
ing of three IR spectra: with polarization along the
film take-up direction (SM), with polarization along
the blowing direction (ST) and the IR spectrum for
polarization in film blowing direction for the sample
tilted by a known angle around take-up direction
(STN). A ‘‘virtual spectrum” (SN) for the polariza-
tion, purely, along the thickness of the film is deter-
mined from the two spectra STN and ST. The
following formula is used to calculate the ‘‘virtual
spectrum”:

SN ¼ n
sin v

� �
� n2

sin2 v

� �
–1

� �1
2

� STN� n2

sin2 v

� �
–1

� �
� ST

where n is the refractive index of the material (for
PE n = 1.53).

STN spectrum is recorded for polarization along
the film blowing direction and with the film tilted
toward the IR detector in such a way that the angle
between blowing direction and the IR beam was v.
We chose v = 45�. Finally, the spectrum of a sample
possessing no preferred orientation of MMT plate-
lets, SF, is calculated as a mean value of three other
spectra: SM, ST and SN.

We analyzed the peak (II) at 1080 cm�1 which
corresponds to Si–O bonds vibrations perpendicu-
lar to the surface of the MMT platelets. The other
three peaks at 1120(I), 1048(III), 1025(IV) cm�1

correspond to the other Si–O bonds from the
bilayer forming the tetragonal structures. If the
MMT platelets are strongly oriented within the
film then the IR spectra with polarization in plane
of MMT platelets will show rather strong peaks I,
III and IV while the peak II will be weak. The
virtual spectrum with polarization perpendicular
to the platelets will show strong peak II while
peaks I, III and IV will be weak. The Hermans
orientation factor can be obtained from the IR
spectra by subtracting from spectrum SN the
spectrum SF multiplied by a factor, f, of such
value as to minimize the peak II. The Hermans
orientation factor is obtained from the formula:
fHermans = ½(f � 1). The meaning of that value is
a clustering of orientation determined as a devia-
tion from random angular distribution of normals
to the platelets; it is defined as ½(hcos2 Hi�1)
where the angle H is measured for each platelet
between the normal to a platelet and normal to
the film surface. In Fig. 7 the FTIR spectra of
ST, SM, SN SF and an exemplary subtracted
SN-f*SF are presented for the polyethylene nano-
composite film FPE15.3.

The obtained Hermans orientation factors for
the blown films are +0.61, +0.64, +0.66 and
+0.68 for FPE15.3, FPE15.6, FPE15a.3 and
FPE15a.6 films, respectively. The values are
between 0.61 for the nanocomposite FPE15.3 film
with the blow ratio of 3:1 and 0.68 for nanocom-
posite film FPE15a.6 with the blow ratio 6:1.
Those values indicate some orientation of platelets
but rather far from a perfect one for which the
Hermans orientation factor should be 1.0. In the
paper by Cole, Perrin-Sarazin and Dorval-Dou-
ville [41] the Hermans orientation factor was at
the level of 0.74–0.80 for blown films of polypro-
pylene nanocomposite. However, the take-up ratio
in Cole et al. experiments was 24 while in our case
it was only 8. Those, rather low, Hermans orien-
tation factors correlate well with the measured
oxygen permeativity in Table 5. The correlation
confirms that the controlling process for perme-
ativity is a significant increase in a diffusion path



Fig. 7. FTIR spectra of ST, SM, SN, SF and an exemplary subtracted SN-f*SF for polyethylene film FPE15.3. The spectra are shifted
along the Absorbance axis for better visualization: ST by +1.0, SM by +0.6, SN by +0.2 and SF by –0.2. The factor, f, at which the peak II
was minimized, was equal to 2.22.
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because gas molecules cannot permeate through
MMT platelets.

4. Conclusions

1. The results of compounding of nanocomposites
indicate a significant role of a type of montmoril-
lonite and a type of a compatibilizer for the prop-
erties of polyethylene based nanocomposites. A
nanocomposite with MMT having larger gallery
distance (d001 = 3.15 nm) and with a compatibi-
lizer of low melt flow index (MFR = 1.5 g/
10 min) being close to the melt flow index of base
polymer are characterized by better exfoliation
and better mechanical and thermal properties.

2. Nanocomposite processed at higher temperatures
of all extruder zones (temperature profile T2) and
at lower screw rotation speed (N1 = 250 min�1)
shows the best mechanical properties and best
thermal stability – its degradation onset is 90 �C
higher than the onset temperature of pristine
polyethylene. Such improvement in thermal sta-
bility evidences a high degree of MMT exfolia-
tion. Those results are in agreement with earlier
observations that the longer residence time in
the extruder (lower screw rotation speed) and
higher temperature are preferred for enabling
the diffussion of polymer chains into the galleries.
The small difference in nanocomposite properties
if two different screw configurations are applied
results probably from the fact that both configu-
rations (K2 and K3) consist kneading elements
which are sufficient for de-agglomeration of
MMT particles.

3. Blown film properties depend very much on the
nanocomposite used and also on the blowing
process parameters. Films blown with higher
blowing ratio are characterized by slightly worse
mechanical properties but have improved barrier
properties as compared to films from pristine
polyethylene and to films blown at lower blow
ratio. Films exhibit similar crystallinity of poly-
ethylene component independent of the blow
ratio. The long period characteristic for polyeth-
ylene component is also not drastically altered.
From the independence of the long period (by
SAXS) and of the crystallinity of LDPE compo-
nent in nanocomposites it follows that the com-
patibilizer (Fusabond EMB 226D) is located
preferentially around nanoclay platelets and is
not entering to the amorphous layers of LDPE.
The texture of blown films consists of two
texture components connected: the first with the
formation of a free surface of films and the
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second with molecular orientation due to blow-
ing ratio (3:1 or 6:1) and take-up rate ratio
(8:1). The presence of nanoclay in films decreases
significantly the sharpness of the texture of crys-
talline part of LDPE.

4. Oxygen permeativity of blown films depends
clearly on the orientation of clay platelets and
the degree of their dispersion. Higher blow ratio
and better exfoliation clearly cause a decrease of
permeativity of films. These findings support
undoubtedly the concept of a significant increase
in a diffusion path in films with better exfoliation
of MMT and stronger orientation of platelets,
parallel to the film surface. Applied take-up ratio
and blow ratio limit the suppression of oxygen
permeation, however, for the best nanocomposite
film (FPE15a.6) the oxygen permeativity is
reduced 2.5 times in comparison to pristine
LDPE film (FPE01.3).

5. A kind of nanocomposite and processing condi-
tions have little effect on the free surface energy.
Apparently all the films require surface modifica-
tion before printing, painting or laminating.
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