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ABSTRACT: The mechanical properties of uncrosslinked and crosslinked linear low-
density polyethylene (LLDPE)/wax blends were investigated, using differential scan-
ning calorimetry (DSC), tensile testing, and melt flow indexing. A decrease in the
degree of crystallinity, as determined from the DSC melting enthalpies, was observed
with an increase in the dicumyl peroxide (DCP) concentration. The Young’s modulus
increased with increased wax portions, and there was a higher increase for crosslinked
blends. The yield stress generally decreased with increased peroxide content.
Crosslinking caused an increase in elongation at yield, but increased wax content
caused a decrease in elongation at yield. The stress at break generally increased with
increasing peroxide content, but it decreased with increased wax content. The elonga-
tion at break decreased with an increase in the DCP concentration. Melt flow rate
measurements indicated a mutual miscibility in LLDPE/wax blends. © 2001 John Wiley
& Sons, Inc. J Appl Polym Sci 81: 973–980, 2001
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INTRODUCTION

It is generally accepted that it is not always nec-
essary to synthesize new polymers to satisfy the
need for new materials. Blending of existing com-
modity or engineering polymers is often a more
rapid and less expensive alternative than the re-
alization of new polymer chemistry.1 Over the
years, numerous systems have been developed
and commercialized. These systems include me-
chanical blends of two or more components and a
chemical combination of different monomers,
grafted copolymers, and so forth.2 A big part of
this family of new materials is based on polyole-

fins, which are the most widely used polymers in
industry.3

In this article we discuss the static mechanical
properties such as the Young’s modulus, yield
point, and ultimate properties of uncrosslinked
and crosslinked linear low-density polyethylene
(LLDPE)/wax blends and their dependence on the
concentration of the crosslinking agent dicumyl
peroxide (DCP) and wax portion. The flow rates of
uncrosslinked blends are also discussed. LLDPE
has good mechanical properties and is often used
in industry. Grocery bags, heavy duty shipping
sacks, agricultural films, pipes, and liners for con-
sumers, landfills, and waste ponds are only a few
examples.4–6

Low-density PEs (LDPEs) are frequently
blended with LLDPEs. The superior mechanical
properties of LLDPE’s are retained in combina-
tion with the easier processability of LDPE,7

which results in a decrease of the melt tension.8
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Paraffins are a class of aliphatic hydrocarbons
that are characterized by straight or branched
carbon chains with the generic formula CnH2n12.
Their physical properties vary with increasing
molecular weight from gases to waxy solids. Par-
affin waxes (Fischer–Tropsch synthesis) are
white, translucent, tasteless, and odorless solids
consisting of a mixture of solid hydrocarbons of
high molecular weight. They are soluble in ben-
zene, ligroin, warm alcohol, chloroform, and car-
bon disulfide, but insoluble in water and acids.
Their density is approximately 0.880–0.915 g
mL21, their melting point is 47–65°C, and their
flash point is 198°C. Common properties are wa-
ter repellency, smooth texture, low toxicity, and
freedom from objectionable odor and color. They
are combustible and have good dielectric proper-
ties. Paraffins are used for the preparation of
candles, paper coatings, protective sealants for
food products and beverages, glass-cleaning prep-
arations, hot-melt carpet backing, biodegradable
mulch, lubricants, stoppers for acid bottles, elec-
trical insulation, and so forth.9

There are few polymer/wax blends reported in
the literature. One example is paraffin wax that
is flexibilized and strengthened by blending it
with an ethylene vinyl acetate copolymer.10

Crosslinking is a broadly used method for the
modification of polymer properties. This process
involves the formation of tridimensional struc-
tures (gels) that cause substantial changes in ma-
terial properties.11 Different procedures may be
used for the initiation of polyolefin crosslinking.
One of them is based on macroradical formation
via thermal decomposition of organic perox-
ides.12–14 A detailed description of the various
initiation procedures is given in a comprehensive
review by Lazar et al.15

The molecular weight of polymers increases
during crosslinking, and this is directly interre-
lated with the change of properties of the polymer
connected with the sample deformability. The
crosslinking leads to an increase in the viscosity
of the polymer melt, increased tensile strength,16

improvement of creep properties,17,18 and an in-
crease in the resistance to environmental stress
cracking.19 Crosslinking stabilizes the natural
molecular network (entanglements, crystallites),
and every system is potentially elastically opera-
tive and can contribute to the stress in tensile
experiments.20

The influence of crosslinking on the physical
properties of waxes was also investigated.21,22

DCP and potassium persulfate were used in those
studies. It was found that crosslinking increased

the elasticity of waxes and when the amount of
DCP was increased beyond 1.1 mol/mol hard wax,
insoluble and infusible hard brittle gels were ob-
tained.

EXPERIMENTAL

The following materials were used: LLDPE (3.5
3 1023 kg/10 min melt flow index; 9.38 3 105 kg
m23 density; 90% of the particle size less than 600
mm); hard, brittle, straight-hydrocarbon chain
paraffin wax from Schümann–Sasol (C28–C120
carbon distribution, 7.85 3 1021 kg mol21 aver-
age molar mass, 9.4 3 105 kg m23 density, 104°C
melting point); and DCP from Sigma Aldrich Co.
Ltd.

All blends were mechanically mixed for a few
minutes and then pressed for 10 min at 180°C.

Differential scanning calorimetry (DSC) was
carried out on a Perkin–Elmer DSC7 thermal an-
alyzer in a nitrogen atmosphere. Samples were
heated from 25 to 140°C at a heating rate of 10°C
min21 and then cooled at the same rate. The
specific enthalpy of melting was determined from
the second scan by using a sigmoidal baseline to
account for any differences between the heat ca-
pacities before and after melting.

The mechanical properties were tested on a
J. J. Lloyd 5-kN tensile tester at room tempera-
ture. The crosshead speed was 50 mm min21.

The flow rates of the molten blends were deter-
mined in a Ceast Melt Flow Junior apparatus at
190°C and under a 1-kg mass.

RESULTS AND DISCUSSION

The measurements of the degree of crystallinity
are summarized in Table I. The x/y/z numbers in
the sample columns in the table indicate the
weight concentration ratio of LLDPE/wax/DCP in
the blends.

The degree of crystallinity was calculated via
the total enthalpy method, according to eq. (1):

Xc 5 DHm/DHm
1 (1)

where Xc is the degree of crystallinity, DHm is the
specific enthalpy of melting, and DHm

1 is the spe-
cific enthalpy of melting for 100% crystalline PE.
We used a DHm

1 value of 288 kJ kg21.23 A decrease
in the degree of crystallinity with an increase in
DCP content was observed (Table I). Therefore, it
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seemed as if crosslinking reduced the polyolefin
crystallinity. Crosslinks play the role of defect
centers, which impede the folding of macromolec-
ular chains and thus decrease the sizes of the
lamellar crystals.15

The influences of the wax portion and
crosslinking on the Young’s modulus of the blends
are shown in Figure 1. The modulus of the wax
was somewhat higher than the modulus of the
LLDPE, because the modulus of the blends was
slightly increased with an increase in the wax
portion. This increase was higher for crosslinked
blends than for uncrosslinked blends. There were
differences between the modulus of pure LLDPE
and the moduli of the blends that contained 40%
wax (maximum concentration used) for un-
crosslinked and crosslinked blends. This differ-
ence can be calculated from eq. (2):

DE 5 $@Eb~40%! 2 EPE#/EPE% 3 100% (2)

where EPE is the modulus of LLDPE and Eb(40%)
is the modulus of blends that contained 40% wax.
We obtained the following values: 10.1% for
blends that were crosslinked with 0.5% DCP,
35.5% for blends that were crosslinked with 2%
DCP, and 76.0% for blends that were crosslinked
with 3% DCP. This behavior further supported
the conclusion that the crosslinking caused a de-
crease in the crystallinity of the LLDPE, because
the modulus of the crystalline phase was higher
than the modulus of the amorphous phase and
the wax did not crosslink at such low peroxide
concentrations. Because there was a decrease in
the crystallinity of the unblended LLDPE with an
accompanying decrease in modulus, and because
the wax in the blends did not crosslink, it was
expected that the difference in modulus between
the unblended LLDPE and the samples blended

with 40% wax would increase with increasing
peroxide concentration. The proportionality be-
tween the crystallinity and modulus is also illus-
trated in Figure 2, where a (nonlinear) decrease
in modulus is shown for a decrease in crystallinity
for all (crosslinked and uncrosslinked) LLDPE/
wax blends.

The influence of the wax portion and crosslink-
ing on the yield stress of the blends is shown in
Figure 3. Previous studies showed that there
were several PEs for which the tensile yield
strength of chemically crosslinked PE decreased
with increasing crosslinking agent concentra-
tion.24,25 This decline in yield stress stemmed
from the decreasing degree of crystallinity.26 In
our case only a small decrease in the yield stress
was observed for crosslinked LLDPE at DCP con-
centrations of 0.5 and 2%. If 3% DCP was used,
the decrease in yield stress was larger (19.0 MPa
for uncrosslinked LLDPE vs. 14.4 MPa for
crosslinked LLDPE). The influence of the wax on
the yield stress was strange. It seemed as if there
was very little change in the yield stress for un-
crosslinked blends. An increase in yield stress
with an increase in wax content was observed for
crosslinked blends. The higher the peroxide con-
tent, the more the yield stress increased with
increasing wax content.

The influence of the wax portion and crosslink-
ing on the elongation at yield of the blends is
shown in Figure 4. The elongation at yield in-
creased with crosslinking at all the wax concen-
trations investigated. An increase in the wax por-
tion caused a decrease in the elongation at yield.
This was expected, because the wax was harder
than the LLDPE.

The influence of the wax portion and crosslink-
ing on the stress at break of the blends is shown
in Figure 5. Generally, the tensile strength at

Table I Degrees of Crystallinity of LLDPE/Wax/DCP Blends

Sample
wPx 5 0%

Xc

(%)
Sample

wPx 5 0.5%
Xc

(%)
Sample

wPx 5 2%
Xc

(%)
Sample

wPx 5 3%
Xc

(%)

LLDPE 58.8 99.5/0/0.5 52.8 98/0/2 42.1 97/0/3 36.0
98/2/0 58.4 97.5/2/0.5 51.8 96/2/2 42.0 95/2/3 38.1
95/5/0 60.2 94.5/5/0.5 49.9 93/5/2 43.6 92/5/3 39.1
90/10/0 59.8 89.5/10/0.5 50.2 88/10/2 52.1 87/10/3 42.3
80/20/0 66.0 79.5/20/0.5 53.1 78/20/2 48.0 77/20/3 47.4
70/30/0 68.1 69.5/30/0.5 54.9 68/30/2 52.4 67/30/3 48.0
60/40/0 61.1 59.5/40/0.5 61.5 58/40/2 51.7 57/40/3 49.0
Wax 74.0 — — — — — —

wPx, weight percentage peroxide in samples.
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break depends on the polymer structure in a more
complicated way. The tensile strength is strongly
affected by the drawability of the polymer prior to

failure. The PEs that undergo strain hardening
during stretching have higher strength at break
than PEs that do not undergo strain hardening.
Narkis et al. observed that crosslinking had much
more of an effect on the reduction of the strength
at break of polymers that underwent strain hard-
ening, because crosslinking reduced their draw-
ability (elongation at break).24 We observed that
crosslinking had a small influence on the stress at
break of pure LLDPE and the blends at DCP
concentrations of 0.5 and 2%. However, there was
a larger decrease in the stress at break in the
presence of 3% DCP (27 MPa for uncrosslinked
LLDPE vs. 20 MPa for crosslinked LLDPE). An
increase in the wax content caused a decrease in
the stress at break at all DCP concentrations.

The influence of the wax portion and crosslink-
ing on the elongation at break of the blends is
shown in Figure 6. An increase in the wax portion
resulted in a decrease in the elongation at break
for the uncrosslinked and crosslinked blends.
This decrease was higher for crosslinked blends,
especially for DCP concentrations of 2 and 3%.
Generally, a decrease of the elongation at break
with an increase in DCP concentration for the
crosslinked LLDPE and blends was observed be-
cause crosslinking reduced the PE drawability.24

One of the most important factors influencing
the final properties is the mutual miscibility of
the components. Most polymeric substances are
not miscible with each other.2,7 A few methods
can be used to investigate the miscibility: DSC,
dynamic mechanical thermal analysis, transmis-
sion electron microscopy, and others.7 In our pre-
vious article27 we showed that the DSC curves
for uncrosslinked and crosslinked LLDPE/wax
blends had only one endothermic peak, despite

Figure 2 The Young’s modulus as a function of the
crystallinity of the LLDPE and LLDPE/wax samples.

Figure 1 The Young’s modulus as a function of the
weight percentage of wax in uncrosslinked and
crosslinked LLDPE/wax blends.
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the fact that pure wax has three peaks (two of
them significant). A probable explanation is that
LLDPE and wax are miscible in the crystalline
phase.28

The term compatibility is often used instead of
miscibility in the literature. This term generally
means that immiscible or partially miscible poly-

Figure 4 The elongation at yield as a function of
the weight percentage of wax in uncrosslinked and
crosslinked LLDPE/wax blends.

Figure 3 The yield stress as a function of the weight
percentage of wax in uncrosslinked and crosslinked
LLDPE/wax blends.
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meric pairs have usable (usually mechanical)
properties.2 Some authors follow the definition of
mechanical compatibility given by Utracki7: ”If

the mechanical properties of the blend conform to
a rule of mixture, or to positive deviations from it,
then the system is said to be mechanically com-

Figure 5 The stress at break as a function of
the weight percentage of wax in uncrosslinked and
crosslinked LLDPE/wax blends.

Figure 6 The elongation at break as a function of
the weight percentage of wax in uncrosslinked and
crosslinked LLDPE/wax blends.
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patible.” If the tensile strength and elongation at
break of the blends decrease dramatically, this
indicates that the components are immiscible by a
discrete phase separation.7 When applying the
additive rule to the results of the elongation at
break of uncrosslinked blends (Fig. 6, broken line)
and neglecting the elongation at break of the wax,
no unambiguous conclusions can be drawn.

The miscibility of blends is often characterized
by using the log-additive rule,29

log h 5 Oi wilog hI (3)

or the Hayashida et al. equation,30

1/h 5 O i wi/hi (4)

where h and hi are the melt viscosities of the
blend and the ith component, respectively, and wi
is the weight portion of the ith component. A
strong negative deviation from the log-additive
rule indicates that systems are not miscible in the
melt.28

We applied an equation to our flow rate mea-
surements. Because the flow rate and viscosity of
the melt are connected with each other, we can
apply eq. (3) in the following form:

log FR 5 wPElog FRPE 1 wwlog FRW (5)

where FR, FRPE, and FRw are the flow rates of the
blends, LLDPE, and wax, respectively; and wPE
and ww are the weight portions of LLDPE and
wax in the blends, respectively. As we can see in
Figure 7, the dependence of the FR on the ww is
perfectly linear. Linear regression of these data
gave the following parameters: log FRPE 5 0.076
6 0.015, log FRw 5 1.842 6 0.072, and R 5 0.996.
This indicated mutual miscibility of LLDPE and
wax in the melt.

CONCLUSIONS

The mechanical properties of uncrosslinked and
crosslinked LLDPE/wax blends and their depen-
dence on the concentration of the crosslinking
agent (DCP) and wax portion were investigated.
The flow rate of the melt for uncrosslinked blends
was also determined. We further investigated the
influence of the DCP concentration on the change
in the degree of crystallinity.

A decrease in the degree of crystallinity with
an increase in DCP concentration was observed.

The Young’s modulus slowly increased with an
increase in the wax portion. This increase was
higher for crosslinked blends than for un-
crosslinked blends. A small decrease in the yield
stress of crosslinked LLDPE was observed when
the concentrations of DCP were 0.5 and 2%. If 3%
DCP was used, the decrease in yield stress was
larger.

Crosslinking caused an increase in the elonga-
tion at yield at all concentrations. The increase in
the wax portion caused a decrease in the elonga-
tion at yield.

Crosslinking had only a small influence on the
stress at break for pure LLDPE and blends when
the concentrations of DCP were 0.5 and 2%. In the
presence of 3% DCP the stress at break increased
more. Increasing the wax content caused a de-
crease in the stress at break at all DCP concen-
trations.

An increase in the wax portion resulted in a
decrease in the elongation at break for the un-
crosslinked and crosslinked blends. This decrease
was higher for crosslinked blends, especially for
DCP concentrations of 2 and 3%. A general de-
crease in the elongation at break with an increase
in DCP concentration for crosslinked LLDPE and
blends was observed, because crosslinking re-
duced PE drawability.

We also investigated the miscibility or compat-
ibility of LLDPE/wax blends. In another article
we discussed the thermal properties of these
blends, and we concluded that LLDPE and wax
may be miscible in the crystalline phase.28 For
this study we applied the additive rule on the
results of the elongation at break of uncrosslinked
blends, according to the Utracki7 definition of me-

Figure 7 The logarithm of the melt flow index (log
FR) as a function of the weight percentage of wax (ww)
in uncrosslinked LLDPE/wax blends.
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chanical compatibility. Unfortunately, no unam-
biguous conclusions could be drawn.

The miscibility of blends is often characterized
by using the log-additive rule. Our measurements
of the flow rate of the melt of uncrosslinked
blends confirmed linear behavior. It seemed as if
the LLDPE/wax blends were mutually miscible in
the observed concentration region.
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