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ABSTRACT: Series of low density polyethylene (LDPE)
films filled with different fillers such as silica, mica, soya
protein isolate, potassium permanganate, and alumina were
processed using a single screw extruder. The filled LDPE
films were characterized for physicomechanical properties
like tensile strength, percentage elongation at break, and tear
strength, optical properties like percent transmission and
haze. The barrier properties such as water vapor transmis-
sion rate and oxygen transmission rate of the filled LDPE

films have also been reported. Microcrystalline parameters
such as crystal size ((N)) and lattice distortion (g) of the filled
LDPE films obtained using wide angle X-Ray scattering
method have been reported. © 2006 Wiley Periodicals, Inc.
J Appl Polym Sci 100: 2781-2789, 2006
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INTRODUCTION

Plastics packaging has aroused enormous interest in
the field of packaging technology for the advantages
they offer over traditional packaging materials like
wood, paper, metal, etc. The thermoplastics especially
owing to their superior properties have been posing a
strong challenge to the conventional packaging mate-
rials. This has paved the way for the research works
leading toward the improvement of these thermoplas-
tic materials in terms of physicomechanical, barrier,
and other properties by incorporating various fillers/
blends/copolymers to make them suitable for differ-
ent application areas. Several works have been re-
ported, wherein different fillers like mica, silica, cal-
cium carbonate, titanium oxide, and alumina have
been incorporated and their effects on physical prop-
erties have been extensively quantified. Earlier inves-
tigators have studied films of low density polyethyl-
ene (LDPE) and its modified films to find their appli-
cability to store food products (increasing the shelf
life) and also for biodegradable aspects.'™”

However, the effect of fillers such as mica, silica, soya
protein isolate, potassium permanganate (KMnO,), and
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alumina (ALO;) in LDPE films on microstructural
changes and hence on the physical properties have not
been addressed so far. Some of the physicomechanical
and optical properties of filled LDPE and LLDPE films
have been published in our earlier publication.'® In con-
tinuation, we report here the physicomechanical, optical
and barrier properties, and microstructural parameters
by wide angle X-ray scattering studies of the filled LDPE
films.

EXPERIMENTAL
Materials

Low density polyethylene (LDPE) used under this
investigation was obtained from IPCL (India). Mica
practical (P) and commercial (C) grades, silica, soya
protein isolate (SPI), potassium permanganate
(KMnQOy,), and alumina (Al,O;) were obtained from
Ranbaxy Laboratories Ltd. (India). All the fillers had
an average particle size of about 15 um.

Compounding and film blowing of LDPE films

LDPE was compounded with the fillers mentioned,
using Haake twin screw CTW 100 extruder (Germany)
with L/D ratio 33/1. A temperature profile of 156—
180°C was maintained during the process. The com-
pounded LDPE was then blown into films of thickness
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TABLE I
Physicomechanical and Optical Properties of LDPE and Filled LDPE Films
Tensile Elongation Tear Burst
strength at break strength strength Transmittance
Sample (MPa) (%) (kg) (MPa) (%) Haze (%)

LDPE 12.42 187 0.13 0.04 76.8 18.5
LDPE + 0.75 % Silica 12.46 266 0.16 0.06 68.9 221
LDPE + 1 % Silica 16.87 280 0.16 0.06 67.2 20.0
LDPE + 1% Mica (P) 10.00 226 0.13 0.06 68.2 17.6
LDPE + 1% Mica (C) 10.40 214 0.13 0.05 71.7 16.2
LDPE + 2 % Mica (P) 15.11 217 0.19 0.08 67.2 222
LDPE + 2 % Mica (C) 17.95 238 0.14 0.06 68.6 23.6
LDPE + 3 % Mica (P) 14.13 208 0.21 0.08 53.0 46.5
LDPE + 3 % Mica (C) 16.87 210 0.14 0.06 53.5 51.3
LDPE + 1 % SPI 16.19 219 0.09 0.10 64.2 18.8
LDPE + 2 % KMnO, 12.26 300 0.13 0.14 88.5 382
LDPE + 1 % Al,O4 8.34 298 0.12 0.17 90.2 24.2

75 um, using KONARK single screw extruder (India)
with L/D ratio 22/1. Film blowing was carried out
maintaining a temperature profile 170-190°C.

Techniques

The filled LDPE films have been tested for tensile
strength and percentage elongation at break, using
INSTRON 4302 (USA) Universal Testing Machine
(UTM) as per ASTM D-882. Elemendorf tear strength
has been determined according to ASTM D-1922. Min-
imum of five samples were tested at room tempera-
ture for each composition and the average values have
been reported. The optical properties like percent
transmission of light and haze were measured as per
ASTM D-1003, using Suga test hazemeter (Model 206,
Japan). The water vapor transmission rate (WVTR)
and oxygen transmission rate (OTR) were measured
as per ASTM D 96 and ASTM D 1434-66, respectively.

X-ray recording and profile analysis

eter with germanium monochromated radiation of Cu
K, (A = 1.5418 A) in a transmission mode, using a
curved position sensitive detector in the 26 range from
5° to 30° at a scan rate of 4°/min. The intensity was
corrected for Lorentz polarization factors and also for
instrumental broadening, using Stokes deconvolution
method.*

We have estimated crystal imperfection parameters
such as crystal size ((N)) and lattice strain (g in %) by
simulating the profile described earlier*** and using
Bragg reflection at 26 ~ 21° and 23°. Here (N) repre-
sents the average number of unit cells counted in a
direction normal to the Bragg planes and at the end of
that number of unit cells, one finds a deviation of
lattice constant by g%.

Simulation of intensity profile was carried out on
the basis of Hosemann’'s one-dimensional linear
paracrystalline model and the equations used for this
purpose are given below.**

The scattered intensity is

I(s) = In-i(s) + In(s) (M
X-ray diffraction data on LDPE and filled LDPE films
were collected on a STOE X-ray powder diffractom-  where
TABLE 11

Barrier Properties of LDPE and Filled LDPE Films

Sample

WVTR (g/m2/24 h at
38°C/90 RH)

OTR (g/m2/24 h at
38°C/90 RH)

LDPE

LDPE + 0.75% Silica
LDPE + 1% Silica
LDPE + 1% Mica (P)
LDPE + 1% Mica (C)
LDPE + 2% Mica (P)
LDPE + 2% Mica (C)
LDPE + 3% Mica (P)
LDPE + 3% Mica (C)
LDPE + 1% SPI
LDPE + 2% KMnO,
LDPE + 2% ALO,

8.1
6.8
7.2
7.1
7.2
7.4
7.8
7.9
7.4
6.7
7.3

7560
7654
7840
7581
7120
7653
7850
7740
7646
7830
7682
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Figure1 Wide angle X-ray diffractograms of LDPE films. (a) LDPE (unfilled), (b) LDPE + 0.75% Silica, (c) LDPE + 1% Silica,
(d) LDPE + 1% Mica (P), (e) LDPE + 1% Mica (C), (f) LDPE + 2% Mica (P), (g) LDPE + 2% Mica (C), (h) LDPE + 3% Mica
(P), @) LDPE + 3% Mica (C), (j) LDPE + 1% SPI, (k) LDPE + 2% KMnO,.

Ii(s) = 2Re[(1 — I"*Y) /(1 = I) + {Iv/d(1 — DPH{IN[N(1
—D+1-11 ()
with v = 2ia’s + d, [ = I,(s) = exp (—a’s* + ids), and a
= w?/2.
I\(s), the modified intensity for the probability peak
centered at D is given by,

(2ay) .
IN(s) = D)7 exp(iDs)[1 — ays{2D(ays)

+i(m)'lexp( — axSHI (3)

where a3, = Nw?/2, o is the standard deviation of the
nearest neighbor probability function®*>* and D(ays)
is the Dawson’s integral or the error function with
purely complex argument and can be computed. (N) is
the number of unit cell counted in a direction perpen-
dicular to the (hkl) Bragg plane, g is the lattice strain
given by Ad/d (=w/d), d is the spacing of the (hkl)
planes, ‘Re’ refers to the real part of the expression, a
is related to the standard deviation, w of the lattice
distribution function. The experimental profile be-
tween s, and s, + s,/2 (or s, and s, + B/2d, if there
is truncation of the profile B <1 and B = 1, when there
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Figure 1 (Continued from the previous page)

is no truncation, d = d,;) is matched with correspond-
ing simulated order of reflection between the calcu-
lated and experimental normalized intensity values.
SIMPLEX, a multidimensional algorithm?® is used for
minimization. This method gives the best values of (N)
and g.

Using this procedure, the values of the crystal size
((N)) and lattice strain (g) are obtained for X-ray re-
flections at 26 ~ 21° and 23°. Here d,,, is the perpen-
dicular distance from the origin to the (ikl) plane, w is
the standard deviation of the probability distribution
associated with the distortion of the lattice and it is
related to the strain by ¢* = (w/d)*. Here, s is (sin 6)/A
and s, is the scattering vector corresponding to the

peak of the X-ray profile. Here, the surface-weighted
(D,) crystal size is given by D, = (N)d;.

RESULTS AND DISCUSSION
Physicomechanical properties

The physicomechanical properties of all the filled
LDPE films have been presented in Table I. Some of
these data have been published elsewhere.”” It is
clearly evident from the table that, with the incorpo-
ration of fillers, the tensile strength of the film has
decreased in accordance with the reported observa-
tions.'%1727 Also, with the increase in the filler content
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TABLE III
Microcrystalline Parameters of Filled LDPE Films

Sample 26 (N) g (%) D (%) ot dyyy (A) D, (A)
LDPE 20.30 19.30 2.30 0.90 4.37 84.34
23.80 32.50 6.50 1.50 0.2 3.73 121.23
LDPE + 0.75 % Silica 21.58 21.50 1.20 2.60 411 84.44
22.90 16.80 4.30 1.40 0.1 3.88 65.17
LDPE + 1 % Silica 21.97 20.30 1.40 2.90 4.15 84.25
23.70 14.50 4.20 1.20 0.1 3.75 54.38

LDPE + 1 % Mica (P) 21.30 — — — 417 —
23.30 18.20 12.10 1.10 — 3.81 69.41

LDPE + 1 % Mica (C) 21.30 — — — 417 —
23.34 18.20 12.10 1.10 — 3.81 69.41
LDPE + 2 % Mica (P) 21.40 13.40 6.40 1.59 4.15 55.28
23.30 13.70 6.20 1.78 0.2 3.81 52.25
LDPE + 2 % Mica (C) 21.30 15.60 3.40 1.20 417 65.05
23.50 14.50 3.50 1.80 0.2 3.78 54.81
LDPE + 3 % Mica (P) 21.40 20.30 2.30 0.76 4.15 84.20
23.50 11.30 8.40 0.66 0.2 3.78 42.73
LDPE + 3 % Mica (C) 21.30 18.60 1.10 0.66 417 77.51
23.50 15.70 2.90 1.01 0.2 3.78 59.37
LDPE + 1 % SPI 21.28 22.70 5.20 2.70 417 94.66
23.61 14.60 4.40 2.00 0.2 3.76 54.90
LDPE + 2 % KMnO, 21.37 20.30 2.20 1.80 4.15 84.25
23.69 16.30 3.40 0.90 0.1 3.75 61.13
LDPE + 2% Al,O4 22.50 13.80 6.80 1.72 3.95 54.47
24.10 14.10 6.40 1.73 0.3 3.69 52.01

in cases of silica and mica, an increase in tensile
strength is observed. This is because of the reinforcing
effect induced by these fillers."”*® However, at 3%
mica, a reduction in the tensile strength is observed,
indicating 2% mica content as the optimum level in the
LDPE film. The percentage elongation value for un-
filled LDPE film is 187% and has increased to a max-
imum of 300% for 2% KMnO,-filled LDPE film.

Tear strength is a significant property for high ca-
pacity pouches, bags, and other industrial applica-
tions. These values have increased with the addition of
filler except for SPIL. This is attributed to the fact that
the fillers act as obstructions for tear propagation.*

Optical properties

The optical properties viz., percentage transmittance
and haze of the filled LDPE films are reported in Table
I. As expected, percentage transmittance of the LDPE
films has decreased from 74.8 to 52% with the incor-
poration of the fillers. It is also observed that the haze
value lies in the range of 18.5-52.3 for filled films. The
increase in haze after incorporation of fillers is due to
the scattering of light by particulate fillers.*~*

Barrier properties

In food packaging industries, permeability to water
vapor and gases, particularly oxygen, critically de-
cides the protective properties of the plastic films.

Varied permeabilities are also desired in certain appli-
cations like modified atmosphere packaging. Water
vapor transmission rate (WVTR) and oxygen trans-
mission rate values obtained in the present study are
presented in Table II. It has been observed that WVTR
has markedly changed in filled LDPE films. The
WVTR lies in the range 6.7-7.9 g/ m?/24 h at 38°C/
90RH for filled LDPE films. The OTR for filled films
vary by 8% from the value observed for unfilled film
(7560 g/m?/24 h at 38°C/90RH).

Wide angle X-ray scattering analysis

Wide angle X-ray diffractograms for pure and filled
LDPE films are given in Figures 1(a)-1(k). Wide angle
X-ray scattering patterns of these films show that there
are two sharp reflections at (110) and (200) corre-
sponding to the Bragg angle 26 ~ 21.8 and 24°, respec-
tively. The micro structural parameters such as crystal
size (N), lattice strain (g), and enthalpy («*) are deter-
mined by matching the simulated intensity profile,
using egs. (1)—(3) with the experimental data for all the
samples studied here and the obtained results are
tabulated in Table III. For the sake of completeness, we
have reproduced in Figure 2 the simulated and exper-
imental intensity profiles for some of the filled LDPE
films.

From Table III, the following results emerge. They
are:
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Figure 2 Experimental and simulated intensity profiles of (a) LDPE (unfilled), (b) LDPE 1% Silica, and (c) LDPE + 2%
KMnO,.
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fillers in LDPE films.

1. Reduction of crystal size with the incorporation
of fillers has been observed. This indicated that
the addition of fillers increases the disorderli-
ness in the polymer network of LDPE. This is
due to the weakening of van der Waal's forces
between the polymer molecules.

2. This decrease in crystal size is in consonance
with the observed physical property like ten-

sile strength that has also decreased. The extent
of reduction in tensile strength is varying and
we observe from the results that it is more in
LDPE + 1% Al,O; and less in LDPE + 2% mica
(C) films. The variation of tensile strength with
crystal size in filled LDPE films is shown in
Figure 3. The tensile strength shows a slight
increase for LDPE + 2% mica (C), which may
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not be directly related to increase in crystalline

region.

3. Contrary to the above results, we observe that the
percentage of elongation at break increases with
fillers studied when compared with pure LDPE.

The reason for such a behavior lies in the fact that
the fillers act as interfacial adhesives between
two polymer layers. Infact, such observations
have been reported in LDPE films blended with
chromic acid.’ This particular physical property
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is independent of the variation of crystal size and
lattice strain values of LDPE films.

4. Barrier property changes with fillers in LDPE.
This is again attributed to the variation of crystal
size with the adding of fillers.

5. A graphical plot of crystalline-shaped ellipsoid
was obtained by taking one of the crystal size
values corresponding to (200) along X-axis and
the other parameter corresponding to (110) along
Y-axis for pure and filled LDPE films and it is
shown in Figures 4(a)-4(b). From this, it is evi-
dent that there are significant changes in the
crystalline-shaped ellipsoids depending on the
nature of fillers. The region of crystalline order of
pure LDPE film decreases with the incorporation
of fillers, which essentially implies increase in
amorphous region.

From the parameters like crystal size and lattice
strain, we can estimate the minimum enthalpy that
defines the equilibrium state of micro paracrystals in
filled LDPE films using the relation o = (N)!/%¢.**
This o* value implies physically that the growth of
paracrystals in a particular material is appreciably
controlled by the level ‘g ” in the net plane structure.
The estimated values of enthalpy are also given in
Table III The value of o* for unfilled and filled LDPE
films lie in the range of 0.1-0.3, which is in confirma-
tion with the observation of polymers by Hosemann.
This indicates that the amount of energy needed for
the formation of polymer network has changed with
fillers.

The reason for such changes can be attributed to
indiscriminate filler granules in the matrix of LDPE,
which generally tends to lower the short range inter-
action between the layers of LDPE, leading to increase
in disorder in the lattice. These changes result in more
broadening of X-ray Bragg reflections and hence, de-
crease in microstructural parameters. On a macro-
scopic scale, these affect the physical parameters like
tensile strength, percentage of elongation, and per-
centage of transmittance.

CONCLUSIONS

We observe that there are changes, both microscopi-
cally and macroscopically, in LDPE films when fillers
are incorporated. These are quantified in terms of
micro crystalline parameters and also physical param-
eters like tensile strength, percentage elongation, etc.

We have also examined the reasons for such changes
in terms of weakening of intermolecular van der
Waal’s forces.
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