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ABSTRACT: Linear low-density polyethylene (LLDPE)
with different fillers such as silica, mica, and soy protein
isolate were compounded using a single screw extruder and
blown into films by a Konark blow-film machine. The filled
LLDPE films were characterized for physicomechanical and
optical properties. Barrier properties such as water vapor
transmission rate and oxygen transmission rate of the filled
LLDPE films were also reported. Microcrystalline parame-

ters such as crystal size ((N)) and lattice distortion (g in %) of
the filled LLDPE films were estimated from the wide-angle
X-ray scattering method using Hosemann'’s paracrystalline
model. © 2003 Wiley Periodicals, Inc. ] Appl Polym Sci 90:
2938-2944, 2003
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INTRODUCTION

Plastic packaging has aroused enormous interest in
the field of packing technology for a wide spectrum of
advantages they offer over traditional packing mate-
rials like wood, paper, and metal, for instance. Ther-
moplastic materials, especially because of their supe-
rior properties, have been posing a strong challenge to
conventional packing materials."> Among thermo-
plastic materials, polyolefins are extensively used in
packing industries because of easy availability, pro-
cessability, flexibility, and excellent optical and seal
strength. In addition, no other ingredients are re-
quired during processing of polyolefins. This has
paved the way for investigations on these thermoplas-
tic materials in terms of physicomechanical, barrier,
and other properties by incorporating various fillers,
blending, and copolymerization.*”® Several investiga-
tors have studied the effect of different fillers like
mica, silica, calcium carbonate, titanium oxide, and
alumina on performance of these materials.*'' The
effect of KMnO, on properties of low-density polyeth-
ylene (LDPE) films for packaging of fresh fruits and
vegetables was reported by Ramakrishna et al.'?

To select the polymer material for suitable packing
application, in-depth knowledge of structure-prop-
erty relationships of modified polymers is required
from materials technologists. However, the effect of
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fillers on barrier properties and wide angle X-ray scat-
tering (WAXS) studies of linear low-density polyeth-
ylene (LLDPE) films have not been the focus of much
research. In this investigation fillers like mica, silica,
and soy protein isolate (SPI) were incorporated into
LLDPE using a twin-screw extruder. Some of the
physicomechanical and optical properties of filled
LDPE and LLDPE films were published in our earlier
study."" In continuation of our previous work this
study deals with the structure-property relations of
filled LLDPE films.

EXPERIMENTAL
Materials

LLDPE (specifications: density, 0.92 g/cm?; melt flow
index, 2 g/10 min; melting point, 115-125°C) used in
this investigation was obtained from M/s. IPCL,
Baroda, India. The fillers used were mica [practical
(P)], mica [commercial (C)], silica, and SPIs, obtained
from M/s. Ranbaxy Laboratories, New Delhi, India,
and were used without further purification. All the
fillers had an average particle size of about 15 um.

Compounding and film blowing of filled LLDPE

LLDPE was compounded with the fillers using a
Haake twin-screw extruder (CTW 100; Bersdorff, Ger-
many) with L/D ratio 33 : 1. A temperature profile of
156-180°C was maintained during the process. The
compounded LLDPE was then blown into 75-um-
thick films using a Konark single-screw extruder with
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L/D ratio 22 : 1. Film blowing was done at a temper-
ature profile of 170-190°C.

Techniques

Mechanical properties like tensile strength and per-
centage elongation at break were measured using an
Instron universal testing machine (Model 4302; In-
stron, Canton, MA) according to ASTM D-882. El-
emendorf tear strength was determined according to
ASTM D-1922. A minimum of five samples were
tested at room temperature for each composition and
the average values reported. Optical properties like
percentage transmission of light and haze were mea-
sured according to ASTM D-1003 using a Suga test
hazemeter (Model 206). The water vapor transmission
rate (WVTR) and oxygen transmission rate (OTR)
were measured according to ASTM D-96 and ASTM
D-1434-66, respectively.

X-ray recording and profile analysis

X-ray diffraction data on films were collected on a
Stoe/Stadi-P powder diffractometer (Bragg—Brento
geometry) with germanium monochromated radiation
of Cu-K,, (A = 1.5406 A) in a transmission mode, using
a curved position-sensitive detector in the 260 ranges
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 the Stokes decon-
volution method."

We estimated parameters such as crystal size ((N))
and increase in strain (lattice disorder, g in %) by
simulating the X-ray profile by employing the proce-
dure described in previous studies'*™"” for Bragg re-
flections at 26 ~ 21.3 and 23.6°.

The 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)=1Iy(s) + I (s) (1)
where

Iy (s) = 2Re((1 = I""1)/(1 = ])
+[Iv/d1 - D*KININQA - D +1]-1H" (2)
where 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

1 2ay, .
Iy (s) = W exp(iDs)

X {1 — ays[2D(ays) + I(m)?exp( — a3s?)] (3)
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where a?\, = Nw?/2, w 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 cells counted in a direction per-
pendicular 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 expres-
sion, and 4 is related to the standard deviation w is the
lattice distribution function. The experimental profile
between sy and s, + 5,/2 (or s, and s+ B24, if there is
truncation of the profile B < 1 and B = 1, when there
is no truncation, d = d, ;) is matched with correspond-
ing simulated order of reflection between the calcu-
lated and experimental normalized intensity values.
SIMPLEX is a multidimensional algorithm'® used for
minimization. This method gives reliable values of (N)
and g and was also used recently for estimating the
microstructural parameters for materials in a round-
robin test conducted by IUCr, UK.

Using this procedure, values of the crystal size ((N))
and lattice strain (g) were obtained for X-ray reflec-
tions at 26 of 21.3 and 23.6°. Here dy,, is the perpen-
dicular distance from the origin to the hkl plane and
is the standard deviation of the probability distribu-
tion associated with the distortion of the lattice [relat-
ed to the strain by ¢* = (w/d)*]. Here, s = (sin )/ and
sp is the scattering vector corresponding to the peak of

the X-ray profile. Here, the surface-weighted (D)
crystal size is given by the integral *°
J LP(L) dL
0
Dsurf = 11_7 (4)
J P(L) dL
0
and
P(L)a[8°A(n)/8L%] (5)

RESULTS AND DISCUSSION
Physicomechanical properties

The physicomechanical properties of all the filled LLDPE
films are given in Table I. Some of these data were
previously published elsewhere.'! It is clearly evident
from the table that with the incorporation of fillers, the
tensile strength of the film decreased in accordance
with reported observations.>**! The percentage elon-
gation at break value decreases from 157% for unfilled
LLDPE film to 112% for 3% mica (commercial)—filled
LLDPE film.

Tear strength is a significant property for high-ca-
pacity pouches, bags, and other industrial applica-
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TABLE 1
Physicomechanical and Optical Properties of Pure LLDPE and Filled LLDPE Systems
Percentage
Elongation Percentage
Tensile strength at break * Tear strength Burst strength Transmittance Haze
Sample * 2% (kg/cm?) 2% (%) + 2% (g) * 1% (kg/cm?) *+ 2% (%) + 2%
LLDPE 270 157 108 0.62 49.7 38.7
LLDPE + 0.75% silica 218 142 156 0.93 38.0 44.0
LLDPE + 2% mica (P) 166 129 362 0.60 37.2 25.1
LLDPE + 2% mica (C) 151 123 215 0.42 28.5 66.2
LLDPE + 3% mica (P) 159 118 319 0.58 422 489
LLDPE + 3% mica (C) 135 112 202 0.38 30.2 58.8
LLDPE + 1% SPI 138 144 92 0.52 31.0 45.7

tions. LLDPE has an average tear strength of 108 ¢ and
it increases with the addition of filler except for 1% soy
protein isolate. This is attributed to the fact that the
fillers act as obstructions for tear propagation.”

Optical properties

Optical properties—percentage transmittance and
haze values—of the filled LLDPE films are given in
Table I. LLDPE had an average percentage transmit-
tance of 49.7% and haze value of 38.7. As expected,
percentage transmittance of the LLDPE films de-
creased with the incorporation of fillers from 49.7 to
28.5%. It may also be observed that haze values in-
creased with the addition of fillers from 38.7 to 66.2,
which is attributed to the scattering of light by partic-
ulate fillers.>*

Barrier properties

In food-packaging industries, permeability to water
vapor and gases (particularly oxygen) critically de-
cides the protective property of the plastic films. Var-
ied permeability values are also desired in certain
applications like modified-atmosphere packing. LLDPE
had an average WVTR of 7.60 g/m? and OTR of 6450
cm’®/m?. The changes in WVTR and OTR values after
incorporation of different fillers are presented in Table
II. It may be observed from Table II that WVTR de-
clined in filled films compared to unfilled LLDPE film,
which may be attributed to the weakening of intermo-
lecular forces in the polymer with the incorporation of
fillers. However, the value remains the same as that of
pure LLDPE for the 3% mica (P) system. From this we
may say that a water-sensitive product can be stored
in a 3% mica—filled system to achieve high self-life of
the product. The OTR value for filled films increased
from 6450 to 7450 cm®/m®.

X-ray profile analysis

Representative X-ray diffractograms of pure and filled
LLDPE systems are given in Figure 1 (a)—(d). It is

evident from Figure 1(a) that LLDPE film shows two
prominent sharp reflections at (26) 21.41° (110) and
23.7° (200), whereas that of the SPI-filled system shows
peaks at (26) 21.47° (110) and 23.63° (200), respectively.
It may also be observed from the diffractograms that a
gradual broadening and shifting of the peaks occurred
after incorporating fillers. This is attributed to the
rearrangement of the net plane structure, which is
controlled by the value of g, the lattice strain.”*>*’

For the sake of completeness we have reproduced in
Figure 2(a)—(d) the simulated and experimental pro-
files for both pure and filled systems. In fact the good-
ness of fit was less than 2% in all the samples, thus
showing that the model used here is quite reliable.

Various microcrystalline parameters like number of
crystal size ((N)), smallest crystallite size (p), width of
the crystal size distribution («), lattice strain (g in %),
enthalpy («*), interplanar distance (d,,,;), and surface-
weighted crystal size (Dg) were calculated using the
equations reported in the literature'' and are tabu-
lated in Table IIL

From Table III it may be seen that there are signif-
icant changes in the crystal size ((N)) values after the
filler loading, attributed to reorganization of the poly-
mer network. To put the results in a better perspective,
we projected these results to a common x- y plane,
using the relation

TABLE 11
Barrier Properties of Pure LLDPE and
Filled LLDPE Systems

WVTIR * 2%? OTR =+ 2%P
Sample (g/m?) (cm®/m?)
LLDPE 7.60 6450
LLDPE + 0.75% silica 6.20 7120
LLDPE + 2% mica (P) 6.90 7180
LLDPE + 2% mica (C) 7.20 7160
LLDPE + 3% mica (P) 7.60 7250
LLDPE + 3% mica (C) 6.85 7450
LLDPE + 1% SPI 5.90 7050

2 Conditions: 24 h at 38°C and 90% RH.
b Conditions: 24 h at 27°C and 65% RH.
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Figure 1 Wide-angle X-ray diffractrograms of (a) LLDPE, (b) LLDPE + 2% mica (P), (c¢) LLDPE + 2% mica (C), and (d)

LLDPE + 1% SPL
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and fitted the crystal size values of LLDPE into an
ellipsoid shape with D along the x-axis and y,;, was
obtained from an iteration procedure using the crystal
size data of all other relations observed in that partic-
ular sample. Here 6 is the angle between the two (hkl)
planes and D is the crystal size corresponding to the
particular (hkl) reflection. Figure 3 shows a compari-
son of ellipsoid shapes [(1)-(5)] of crystallites of pure
and filled LLDPE samples. According to Hosemann’s
model, these changes in crystal size values and ellip-
soid shapes are attributed to the interplay between the
strain present in the polymer network and the number
of unit cells coherently contributing to the X-ray re-
flection.

From the parameters like crystal size and lattice
strain, we can estimate the minimum enthalpy (o*),
which defines the equilibrium state of microparacrys-
tals in filled LLDPE films using the relation®’

o = (N)'/%g (7)

This o* value implies physically that the growth of
paracrystals in a particular material is appreciably
controlled by the level of g in the net plane structure.
The estimated values of enthalpy are also given in
Table III. The average value of o* for LLDPE is 0.23;
moreover, the nature of the filler incorporated into
LLDPE does not alter the value of o* (within experi-
mental error), implying the phase stabilization of the
filled system. This conclusion was drawn on the basis
of the minimum value of &* (0.23), the enthalpy that is
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Figure 2 Experimental and simulated profiles for (a) LLDPE, (b) LLDPE + 2% mica (P), (c) LLDPE + 2% mica (C), and (d)

LLDPE + 1% SPL

a measure of the energy required for the formation of
the net plane structure, and is in agreement with the
values reported by Hosemann®’ for polymers.

From Table III it may be observed that there is a
marginal increase in lattice strain (g in %) value after
incorporation of filler to LLDPE. The reason for such a

TABLE III
Microcrystalline Parameters of Pure LLDPE and Filled LLDPE Systems

Sample 260 (°) (N) p o g (in %) ot dyy (A) D, (A)

LLDPE 21.41 46.36 = 0.91 46.35 — 3.35+ 0.1 0.23 4.15 192.40
23.70 30.16 = 0.5 23.47 0.150 486 = 0.1 0.27 3.75 146.58

LLDPE + 0.75% silica 21.33 25.77 0.2 13.90 0.084 474 £ 0.7 0.24 4.16 107.20
23.60 2777 =05 19.05 0.113 431 £0.1 0.23 3.77 105.15

LLDPE + 2% mica (P) 21.29 19.64 £ 0.2 10.68 0.112 540 = 0.1 0.24 4.17 81.90
23.75 28.84 = 0.3 28.75 — 5.01 £0.1 0.27 3.74 107.86

LLDPE + 2% mica (C) 21.33 26.75 = 0.3 26.71 — 512 +0.1 0.26 4.16 111.18
23.63 30.17 = 0.5 23.45 0.149 4.05 = 0.1 0.22 3.75 113.14

LLDPE + 3% mica (P) 21.41 2713 = 0.2 14.67 0.080 414 £ 0.1 0.22 4.15 112.59
23.72 3223 0.5 32.21 — 492 +0.1 0.28 3.75 120.86

LLDPE + 3% mica (C) 21.32 2442 + 0.3 2442 0.060 542 0.1 0.27 4.49 101.59
23.63 23.52 = 0.1 11.72 0.085 3.79 £ 0.1 0.18 3.75 88.24

LLDPE + 1% SPI 21.47 43.88 = 0.7 43.87 0.090 457 £ 0.1 0.30 414 181.47
23.63 2213 = 0.2 14.84 0.137 6.49 + 0.1 0.31 3.75 83.00
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Figure 3 Ellipsoid shape of crystallites of (1) LLDPE + 1%
SPI, (2) LLDPE, (3) LLDPE + 0.75% silica, (4) LLDPE + 2%
mica (C), and (5) LLDPE + 2% mica (P).

change can be attributed to indiscriminate filler gran-
ules in the matrix of LLDPE, which generally tends to
lower the short-range interaction between the layers of
LLDPE leading to an increase in disorder of the lattice.
These changes result in increased broadening of X-ray
reflections. It may also be observed from the table that
the reduction in crystal size ((N)), smallest crystal unit
(p), and surface-weighted crystal size (D) values after
incorporation of filler to LLDPE. This can be attributed
to the organizational changes in the polymer network.

Table III also indicates that there are no significant
changes in o* and d,,, values for both Bragg reflec-
tions after incorporation of fillers. Width of the crys-
tallite distribution function () changes with the incor-
poration of fillers, indicating reorganization of the
polymer network. Even though we have quantified
the changes in the LLDPE-filled system using X-ray
profile analysis, we were able to obtain only an aver-
age picture of the relation between the mechanical
properties with the structure.

On a macroscopic scale mechanical properties such
as tensile strength and percentage elongation at break
show a marginal reduction where crystal size, the
smallest crystal unit, and Dg values are very low.
Variations of these properties with crystal size are
given in Figure 4(a)—(c), where the straight line is a
consequence of statistical analysis carried out to ascer-
tain the nature of changes in physical parameters with
crystal size; it may be observed that there is a very
weak correlation between these two variables in this
context.
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CONCLUSIONS

The following conclusions can be drawn from this
study:

« Incorporation of different fillers into LLDPE re-
sulted in a decrease of tensile strength and per-
centage elongation at break, which may be attrib-
uted to the reduction in intramolecular interaction
between the polymer networks.

» Slight decreases in water vapor transmission rate
and a marginal increase in oxygen transmission
rate were observed after incorporation of fillers
into the LLDPE system.
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2944

« X-ray profile analysis of filled LLDPE reveals that
the changes in the physical properties are essen-
tially attributable to rearrangement of the poly-
mer network, with a new set of microstructural
parameters computed using broadened profiles.

« Different fillers, which alter the shape of the crys-
tallite and hence the polymer networks, lead to
changes in physical properties.
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