
J O U R N A L O F M A T E R I A L S S C I E N C E 4 0 (2 0 0 5 ) 621 – 627

The effect of metallocene-catalyzed linear
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Films comprising a metallocene-catalyzed linear low-density polyethylene (mLLDPE)
blended with either of two different low-density polyethylene (LDPE) materials were
prepared. The physicomechanical, optical and melt flow properties of the films were
measured. A novel adaptation of conventional radar plots was used to process the acquired
data to identify the level at which mLLDPE should be incorporated in either of the LDPEs to
produce optimal overall properties. In general, the addition of mLLDPE to LDPE improved
most of the properties considered and the LDPE material having the higher polydispersity
produced blends having superior properties. A level of mLLDPE of between 20–30% (w/w)
was required in order to achieve optimization.
C© 2005 Springer Science + Business Media, Inc.

1. Introduction
Linear low-density polyethylene (LLDPE) is produced
via the copolymerisation of ethylene with a small
amount of an α-olefin. Short side chains on the ethylene
backbone are thus introduced [1] which causes LLDPE
to have a melting temperature between that of low-
density polyethylene (LDPE, m.p. range 108–115◦C)
and high-density polyethylene (HDPE, m.p. range 130–
135◦C) [2]. It is claimed that the branches in LLDPE af-
fect its crystallinity [3, 4] and crystalline melting point
[1, 5] and improve other properties such as stiffness [6],
tensile strength [7, 8], chemical resistance [3, 9], tear
strength [10], fracture toughness [11, 12] and impact
toughness [13, 14].

The type and amount of α-olefin co-monomer de-
termines the physical and mechanical properties of
LLDPE [8, 15–17]. Variations in the co-monomer con-
tent, reactor conditions and catalysts used can improve
tensile strength, tear resistance and melt viscosity [10].
Several studies have suggested that the impact tough-
ness of LLDPE is due to the presence of a second rub-
bery phase resulting from the short-chain branching
[11, 12, 14], although another study [13] suggests that
the improved toughness is independent of the amount
of this second phase and that a rubber-toughening
effect is not responsible for the observed impact
behaviour.

The processability of conventional LLDPE is differ-
ent to that of LDPE [6, 18, 19] and therefore film blends
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of these materials may require different processing con-
ditions compared to pure LDPE films [20]. For resins
with the same melt flow index, LLDPE is tougher than
LDPE and therefore thinner films of LLDPE can have
equivalent mechanical properties to thicker LDPE films
[18]. The production of films from pure LDPE presents
minimal difficulties and good bubble stability is main-
tained throughout the extrusion process due to the long
chain branching content of the LDPE [18]. The high
melt viscosity of pure LLDPE, however, can cause melt
fracture if conventional LDPE extrusion equipment is
used [6, 21]. Increasing the extrusion temperatures
and widening the die gap can reduce the occurrence
of melt fracture but this reduces the bubble stability
[21].

Blends of conventional LLDPE with LDPE have
been widely reported in the literature [3, 6, 7, 21–29]
and it has been suggested that the addition of LLDPE
significantly improves various properties of LDPE. For
instance, the addition of LLDPE to LDPE to form a
binary blend enhances the crystallisation rate and im-
proves properties such as impact strength, optical clar-
ity, environmental stress-cracking resistance as well as
resistance to thermal embrittlement [7]. Furthermore,
blending LLDPE with LDPE can result in significant
improvements in film qualities including toughness,
mechanical properties and optical properties as well
as increasing the melt tension and the film bubble sta-
bility [3, 26]. The elongation viscosity of blends of
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LDPE/LLDPE is shown to vary in proportion to the
LDPE content and this is an important factor when
modelling processes such as blow moulding and film
blowing [25]. The toughness of LDPE and its bubble
stability during tubular extrusion blowing are also im-
proved by the addition of LLDPE [21, 23].

Blends of LLDPE with LDPE have been found to
be miscible in the melt and do not segregate into sepa-
rate phases provided they are cooled quickly from the
melt [22]. The slow cooling of molten LDPE/LLDPE
blends, however, results in the formation of indepen-
dent crystalline phases that can be associated with the
two constituent polymers [3, 27, 30]. The melting be-
haviour of conventional LLDPE and blends with LDPE
has been widely studied [3, 13, 27, 30–37]. In most
cases the melting endotherms show two distinct melt-
ing peaks corresponding to constituent polymers [27].
It has been suggested that the blend is volume filled by
LLDPE and that LDPE crystallises separately within
the crystalline domains of the LLDPE component
[27].

The use of metallocene catalysts in the production
of LLDPE results in polymers with different properties
compared to conventional LLDPE resins made using
similar co-monomers [38–43]. The short-chain branch-
ing in metallocene-catalyzed LLDPE (mLLDPE) is
more evenly distributed along the PE chain and typi-
cal resins are produced with much lower densities than
conventional LLDPE [1, 42, 43]. Film-grade mLLDPE
has improved impact strength [44], tensile properties
and optical clarity [41] compared with conventional
LLDPE. It also exhibits lower melting temperatures
[43] and improved heat seal strength [39] than con-
ventional LLDPE.

It has been found that blending mLLDPE with LDPE
produces a film that has improved properties compared
with the pure LDPE film [44–48] and that such blends
can also be processed significantly better than blends
of conventional LLDPE with LDPE [44]. In view of
the potential of mLLDPE to enhance the physicome-
chanical properties of LDPE the current paper examines
certain binary blends of mLLDPE with LDPE in order
to identify any blends that have optimal and desirable
characteristics.

2. Experimental section
2.1. Materials
Two LDPE resins (LDPE1 and LDPE2) and one
mLLDPE resin (with butene comonomer) were used
to prepare the blends that were studied. The character-
istic properties of these resins are given in Table I.

T ABL E I Characteristic properties of LDPE1, LDPE2 and mLLDPE
resins

Density/ MFI/ MW/
Resin kg m−3 dg min−1 m.p./◦C Dalton PD

LDPE1 921 0.2 109 20,000 8.0
LDPE2 921 0.9 111 14,000 11
mLLDPE 901 0.6 93 30,000 2.3

2.2. Blend preparation
Blends containing 10, 20, 50, 75 and 90% (w/w)
mLLDPE with LDPE1 or LDPE2 were prepared by dry
blending the polymers for 15 min. Each blend was then
compounded in a Gonninan extrusion compounder and
the extrudate was immediately cooled in a water bath,
dried and pelletised.

A sample of each compounded blend was collected
for film extrusion and physical property measurements.
Each of the compounded blends, as well as each of the
respective resins, was blown into a film using a Glouch-
ester film extruder. The screw speed used in the produc-
tion of each film was 90 rpm except for those compris-
ing 50, 75, 90 and 100% (w/w) mLLDPE, where the
speed was 50 rpm to account for the increased viscosity
of these melts. The die gap for each film was 1 mm ex-
cept for the 50, 75, 90 and 100% mLLDPE films, which
was 2 mm.

2.3. Measurement of physical properties
The melt flow index (MFI) of each blend of mLLDPE
with LDPE1 or LDPE2 was measured using a Daven-
port melt rheometer in accordance with ASTM method
D-1238 using both a 2.16 kg load and a 21.6 kg load, at
a melt temperature of 190◦C. Density measurements
were performed in accordance with ASTM method
D-2839.

2.4. Measurement of film properties
Tensile testing of the film samples was performed us-
ing an Instron tensile testing machine in accordance
with ASTM method D-882. A crosshead speed of
500 mm min−1 and a sampling rate of 10 points s−1

were used. The impact strength was determined us-
ing a free-falling dart impact tester in accordance with
ASTM method D-1709. The tear resistance measure-
ments were conducted using an Elmendorf tear strength
tester in accordance with ASTM method D-1922. The
percent haze of each film sample was measured in ac-
cordance with ASTM method D-1003 using a Gard-
ner haze meter and the percent gloss of each sample
was measured in accordance with ASTM method D-
2457 using a Pacific Scientific Glossgard II 45◦ gloss
meter.

Tensile strength and tear strength tests were per-
formed in both the machine direction (MD) and trans-
verse direction (TD) for each sample of film.

2.5. Theoretical manipulation
of data—radar plots

The physicomechanical and optical data can be most
conveniently handled simultaneously by means of a
“radar” plot in which these parameters are plotted on a
percentage scale on separate radial axes that issue out-
wards from an origin and the axes are equiangular with
respect to each other. In the current work the radials on
each radar plot are calibrated in 20% increments with
zero being at the center of the plot and 100% at the
outermost limit. Standardization of each quantity ap-
pearing on the plot was achieved by, firstly, identifying
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the maximum value of that quantity that was observed
over all experiments, and secondly, expressing the
corresponding datum as a percentage of that value. The
haze data are represented on the radar plots as the dif-
ference between the maximum percent haze value and
the particular percent haze value, in order to provide a
quantity whose value increases as the haze decreases.
Thus, an improvement in the overall properties of a ma-
terial will be indicated on the radar plot by dilation of
the resultant polygon towards the outer extremities of
the plot and a concomitant increase of the area of the
polygon.

The total area of a polygon on a radar plot is the sum
of the areas of its triangular segments.

The area, Ai , of the i th triangular segment defined by
the ordinate (ri , ri+1, 0) on a radar plot having n such
segments is given by Equation 1:

Ai =
n−1∑

i

1/2 [riri+1 sin(2π/n)] (1)

Since rn = r1, then the total area, AT of the polygon is
given by:

AT = An +
n−1∑

i=1

Ai

= 1/2 [rn−1r1 sin(2π/n)]

+
n−1∑

i=1

1/2 [riri+1 sin(2π/n)] (2)

The melt flow ratio (MFR) parameter that is derived
from MFI and hence reflects processability [19, 49],
was not included on the radar plots as this parameter
can be plotted as a function of the blend composition
and superimposed on a graph of the radar plot area ver-
sus composition in order to identify an optimal blend
composition. Such a blend would presumably have op-
timal physicomechanical and optical properties along
with optimal processability.

3. Results and discussion
3.1. Physical properties
The MFI of a polymer is related to its molecular weight
distribution and is often used to characterize process-
ability [19, 49]. A plot of MFI versus blend composition
for LDPE1/mLLDPE and LDPE2/mLLDPE blends is
shown in Fig. 1a. The MFI for blends of mLLDPE with
LDPE1 increases approximately linearly whereas the
MFI for blends with LDPE2 show a downward trend
over the range of compositions. A plot of the corre-
sponding MFR (MI21/MI2) versus blend composition
for each of these blends is shown in Fig. 1b. From
this plot it is evident that the MFR for each of the
blends is less than additive and that the MFR of pure
mLLDPE is significantly lower than that of pure LDPE1
or LDPE2. These data are consistent with the notion
that metallocene-catalyzed PE (mPE) resins have nar-
row molecular weight ranges which is reflected by their
low MFR values [39, 41, 43]. Furthermore, the data in

Figure 1 Plots of: (a) MFI versus blend composition and (b) MFR ver-
sus blend composition for mLLDPE/LDPE1 blends (open circles) and
mLLDPE/LDPE2 blends (filled circles).

Figure 2 Plots of density versus blend composition for (a)
mLLDPE/LDPE1 blends and (b) mLLDPE/LDPE2 blends.

Fig. 1b suggest that the polydispersity of LDPE1 is
greater than that of LDPE2.

The density of PE is a function of the type and level
of long and short-chain branching within the polymer
[50]. Fig. 2 shows plots of density versus blend compo-
sition for blends of mLLDPE with LDPE1 or LDPE2.
From these plots it can be seen that the density of the
blend is additive with respect to the blend composition.
Such linearity has been shown to be the case for a num-
ber of polyethylene blends [20, 51–53] and suggests
that the presence of one type of crystal in the blend has
little effect on the ability of the other species to crys-
tallise from the melt [20]. The density of pure mLLDPE
component is lower than conventional LLDPE resins
which is another characteristic property of mPE resins
[39, 42, 43].
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Figure 3 Plot of yield strength in TD versus blend composition for
mLLDPE/LDPE1 blends (open circles) and mLLDPE/LDPE2 blends
(filled circles).

3.2. Slow-rate, small deformation
mechanical properties

The yield strength in the TD as a function of composi-
tion for the blends of mLLDPE with LDPE1 or LDPE
2 is shown in Fig. 3. From this plot it is evident that
the yield strength decreases with increasing levels of
mLLDPE from about 11 to 7 MPa, and that this de-
crease is non-linear. In contrast, the yield strength of the
film blends of conventional LLDPE with LDPE gener-
ally increases with the addition of LLDPE [26], which
may be due to the heterogeneous short-chain branching
distribution of LLDPE [7]. In the current work, there
was no yield strength measurable in the MD of any
of the 100% (w/w) films or, indeed, the blends. This
has also been shown to be the case for conventional
LLDPE/LDPE film blends [22, 54].

Plots of the break strength versus blend composition
for each blend in the MD and TD of the film are shown
in Fig. 4. In the MD (Fig. 4a), there is no significant
variation in the break strength up to and including levels
of ca. 50% (w/w) mLLDPE in either of the film blends.
Furthermore, the values of the MD break strength in this
range are similar for both of the blends, which may be

Figure 4 Plots of break strength versus blend composition for
mLLDPE/LDPE1 blends (open circles) and mLLDPE/LDPE2 blends
(filled circles) in: (a) MD and (b) TD.

Figure 5 Plots of percent elongation at break versus blend composition
for mLLDPE/LDPE1 blends (open circles) and mLLDPE/LDPE2 blends
(filled circles) in: (a) MD and (b) TD.

attributable to a similar extent of alignment of the chains
in each blend. For levels above 50% (w/w) mLLDPE,
it is not clear whether this trend continues. However, in
the TD (Fig. 4b) the variation in break strength appears
to follow an upward trend across the entire composi-
tion range. There is also a significant increase (ca. 25%)
in break strength in the TD after the addition of ca.
10% (w/w) mLLDPE. For film blends of conventional
LLDPE with LDPE, the break strength is shown to de-
crease with increasing levels of LLDPE [21].

The percent elongation at break versus composition
in the film blends is shown in Fig. 5. In the MD of the
film (Fig. 5a), the elongation at break increases with
increasing mLLDPE in the blend with the most signif-
icant increase occurring above levels of ca. 20% (w/w)
mLLDPE. In the TD of the film (Fig. 5b), the elon-
gation values are numerically much greater than those
corresponding to the MD and the increase in these val-
ues follows an immediate upward trend similarly to the
case of the break strength data. In contrast, the elonga-
tion values for conventional LLDPE/LDPE blends have
been shown to either decrease or increase only slightly
with blend composition [21].

3.3. Fast-rate, large deformation
mechanical properties

The dart impact test is a measure of the shock resis-
tance of a film sample [21, 41, 43]. A plot of the dart
impact strength versus blend composition for the film
blends is shown in Fig. 6. The 100% (w/w) mLLDPE
film has a much higher (ca. 90%) dart impact strength
than either 100% (w/w) LDPE1 or 100% (w/w) LDPE2.
The increase in dart impact strength with increased lev-
els of mLLDPE is non-linear and there is a signifi-
cant improvement in this property at levels above ca.
10% (w/w) mLLDPE [41]. The increase observed be-
yond this level may be due to the homogeneity of the
molecular structure of the mLLDPE [41, 43]. Studies of
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Figure 6 Plot of dart impact strength versus blend composition for
mLLDPE/LDPE1 blends (open circles) and mLLDPE/LDPE2 blends
(filled circles).

Figure 7 Plots of tear resistance versus blend composition for
mLLDPE/LDPE1 blends (open circles) and mLLDPE/LDPE2 blends
(filled circles) in: (a) MD and (b) TD.

conventional LLDPE/LDPE blends [21] do not show as
significant an increase in dart impact strength over the
range of compositions as that observed in the present
work.

It is interesting to note that this fast-rate technique is
capable of differentiating between the two LDPE mate-
rials insofar as there is a significant difference between
both of the blends that can be detected at each of the
compositions studied. The ability of this technique to
differentiate between the two LDPE materials may be
explained on the basis that dart impact strength is rela-
tively independent of film orientation [55] and thus this
test will reflect molecular structural properties without
being influenced by the manner in which the sample
has been produced.

A plot of tear resistance versus blend composition for
both blends is shown in Fig. 7. In the MD (Fig. 7a), the
tear resistance of both blends shows a similar upward
trend with increasing mLLDPE content. In all cases, the
tear resistance of the LDPE2 blend in the MD remains
greater than that of the LDPE1 blend across the entire
composition range which is to be expected due to the
higher polydispersity of the LDPE2 [56].

In the TD (Fig. 7b) the scatter in the data make it diffi-
cult to identify any trend. Nonetheless, the observation

can be made that the overall tear strength in the TD is
greater than the corresponding tear strength in the MD
at all compositions. Clearly, this is to be expected due to
orientation effects resulting from the film blowing pro-
cess [55, 56]. Furthermore, the superior tear strength of
the LDPE1 compared with the LDPE2 is more appar-
ent from the 100% (w/w) LDPE data obtained from TD
experiments (Fig. 7a), than from the MD experiments
(Fig. 7b).

In contrast, blends of conventional LLDPE with
LDPE are reported to show a less than additive decrease
in the MD tear resistance with increasing LLDPE con-
tent [6, 7, 21]. The structural differences between con-
ventional LLDPE and mLLDPE are a possible reason
for the behaviour observed elsewhere [39, 43] and that
observed in the current work.

3.4. Optical properties
Fig. 8 shows plots of the percent haze and the percent
gloss versus composition for both of the blends. From
this plot it can be seen that the haze (Fig. 8a) increases
to a maximum of ca. 9% at a blend composition of ca.
50% (w/w) LDPE1. This cloudiness in the film may
be due to melt fracture that occurs in the blend as a
result of some blend incompatibility [21]. The blends
of mLLDPE with LDPE2 have overall less haze than
the blends involving LDPE1, and have a maximum of
ca. 6% haze. The blend containing LDPE2 shows a
dramatic decrease in percent haze to ca. 3% at levels
of mLLDPE greater than ca. 30% (w/w) whereas the
blend containing LDPE1 persists at a high level of haze
beyond that composition. The behaviour of the blend
containing LDPE2 is comparable to that exhibited in
blends of conventional LLDPE with LDPE which show
a significant reduction in haze [21] and improved film
clarity [6] with increased levels of LLDPE. The 100%
(w/w) mLLDPE film exhibits the lowest haze and this
reflects a characteristic property of mPE films resulting
from their low crystallinity [41, 43].

Figure 8 Plots of: (a) percent haze versus blend composition and (b)
percent gloss versus blend composition for mLLDPE/LDPE1 blends
(open circles) and mLLDPE/LDPE2 blends (filled circles).
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Figure 9 Radar plots of blends containing 10% (w/w) mLLDPE in
LDPE1 (open circles) and LDPE2 (filled circles).

The plots of the percent gloss data (Fig. 8b) com-
plement those data obtained for the percent haze in-
sofar as blends that possess a high percent haze have
a correspondingly low percent gloss and the optimal
blend composition appears to be close to 30% (w/w)
mLLDPE as previously indicated. The 100% (w/w)
mLLDPE film has a gloss of ca. 95% that indicates
its superior optical properties [41, 43].

3.5. Radar plots
Figs 9 and 10 show radar plots for the mLLDPE/LDPE1
and mLLDPE/LDPE2 systems at 10% (w/w) and 20%
(w/w) mLLDPE respectively. The plots reveal that these
systems have in general good haze, gloss, TD yield,
and tear strength, but have relatively low dart impact
strengths. The latter arises as a result of the normaliza-
tion process used to obtain the dart impact data where
the maximum dart impact was observed to be that corre-
sponding to 100% (w/w) mLLDPE. At blend composi-
tions in the range appropriate for, say, possible commer-
cial films the level of mLLDPE would be much lower
than this. Thus an arbitrary value of the maximum dart
impact would be considerably lower and so the per-
cent dart impact strengths would be correspondingly
higher. In any case, the arbitrary nature of the choice
in will not affect the overall comparisons between the
blends so long as this value remains constant within the
analyses.

The differences between the LDPE1 and LDPE2 con-
stituents are relatively small across most properties rep-
resented on the radar plot at 10% (w/w) mLLDPE (see
Fig. 9). On the other hand, more noticeable differences
between these two materials can be seen at the higher

Figure 10 Radar plots of blends containing 20% (w/w) mLLDPE in
LDPE1 (open circles) and LDPE2 (filled circles).

Figure 11 Plots of: (a) normalized radar plot area (open circles)
and normalized MFR (open squares) versus blend composition for
mLLDPE/LDPE1 blends and (b) normalized radar plot area (filled cir-
cles) and normalized MFR (filled squares) versus blend composition for
mLLDPE/LDPE2 blends.

level of 20% (w/w) mLLDPE (see Fig. 10). On the basis
of the radar plot areas associated with these figures, it
can be shown that blends containing the LDPE2 mate-
rial have overall superior properties than those contain-
ing the LDPE1. However, it should be noted that with
regard to dart impact strength (i.e. the high-rate defor-
mation test) the radar plots reveal the blends containing
LDPE1 to be superior to those containing LDPE2. As
expected, this observation supports the data previously
presented in Fig. 6 where LDPE1 is shown to be con-
sistently superior to LDPE2 in this regard.

The normalized areas associated with the radar plots
for all blend compositions studied has been calcu-
lated and is presented in Fig. 11a and b for the
mLLDPE/LDPE1 and mLLDPE/LDPE2 systems re-
spectively. As expected, the normalized area increases
with increasing mLLDPE content in each of the blends.
The normalized MFR values for each of the blends have
been superimposed on these plots and, as expected, the
values decrease with increasing mLLDPE content in
the blend (see Fig. 1b). Since a relative decrease in
the normalized MFR parameter reflects a reduction in
processability [19, 49] and an increase in the normal-
ized radar area indicates an improvement in the over-
all film properties, then the point at which these two
plots intersect will be indicative of a blend with opti-
mal physicomechanical and optical properties as well
as optimal processability. For blends of mLLDPE with
LDPE1 (Fig. 11a), the optimal blend composition is ca.
30% (w/w) mLLDPE whereas for blends of mLLDPE
with LDPE2 (Fig. 11b), the optimal blend composition
is ca. 20% (w/w) mLLDPE.

4. Conclusions
Two series of film blends of mLLDPE with LDPE were
prepared and the physicomechanical and optical prop-
erties were systematically and successfully studied. The
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melt flow properties of these blends were also studied
in order to assess the ease at which the blends can be
processed. It was found that the addition of mLLDPE to
LDPE improves most of the properties under consider-
ation in this work and that the LDPE material having a
higher polydispersity produces blends that have gener-
ally superior properties. A novel adaptation of conven-
tional radar plots, involving the calculation of the area
enclosed by the polygon on such a plot, enables one to
identify a level at which mLLDPE can be incorporated
in LDPE to produce optimal overall properties. In the
case of the LDPE materials used in the current study, a
level of mLLDPE of between 20–30% (w/w) appears
to be that required to achieve optimization.
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