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ABSTRACT: The photo-oxidative degradation of the
blends of polypropylene (PP) with metallocene linear low
density polyethylene (mLLDPE) were studied. The blend
samples were exposed to the ultraviolet radiation (UV) for
a period of 6 weeks. Tensile mechanical characteristics were
derived from stress–strain curves. The changes in crystallin-
ity during exposure were followed by X-ray diffraction
(XRD) and differential scanning calorimetry (DSC), whereas
the chemical degradation of the blend samples was eval-
uated by FTIR-ATR. In case of PP, tremendous decrease is
observed in tensile strength, elongation at break, and

increase is observed in tensile modulus with exposure time.
However, with the addition of mLLDPE, UV stability of PP
has significantly improved. A significant increase in crystal-
linity during UV exposure was noted for PP, whereas for
PP/mLLDPE (80/20) blend system the crystallinity did not
change much. Therefore low level of stabilizers may be
required for PP/mLLDPE blend systems. � 2007 Wiley Peri-
odicals, Inc. J Appl Polym Sci 106: 917–925, 2007
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INTRODUCTION

Polypropylene (PP) is a thermoplastic with a number
of desirable properties that make it a versatile mate-
rial. However, poor impact properties especially at
low temperature, poor stability towards ultraviolet
(UV) light limit some of its applications. To achieve
better properties impact modifiers have been added
to PP.

Blending of different plastic resins has long been
practiced to tailor make blends for specific process-
ing and performance requirements. About 30% of
total annual production of polymers is used in
blends, and about 80% of these blends are manufac-
tured to improve toughness of the matrix polymer.
Toughness of polymeric material is the decisive pa-
rameter used in material selection for a wide variety
of applications. In outdoor applications, all polymers
degrade no matter how strong or tough the materials
may be. Many of those parts, having been exposed
to UV light for long periods of time are heavily
photo-oxidized because of the relative high photo-
sensitivity, especially if they were made of PP; hence
changes are expected in the thermal behavior,

mechanical properties, and surface morphology of
the products.1–5

Photo-degradation of LDPE/PP blend,6 PC/PP
blend,7 blends of PP with recycled PP8 has been
studied. PP/LDPE blends compatibilized with rubber-
PP-graft copolymers or ethylene-propylene-diene-
monomer rubber (EPDM) copolymer have been re-
ported more susceptible to be photo-oxidized than
incompatible blends.9 The blending of LDPE and iPP
has been reported to increase the oxidative stability
of PP.10 Blends of PP with rubber such as butyl rub-
ber, polyisoprene, polybutadiene, and styrene-buta-
diene-rubber (SBR) decrease the oxidative stability of
PP.11 UV stability of PP decreased by blending with
LDPE, ethylene-vinylacetate copolymer (EVA),
EPDM, or their combinations.12

A number of studies have been devoted to the
degradation and stabilization of conventional poly-
mers; however, very few studies have been found to
the use of metallocene polymers and their blend sys-
tems.13–19 As metallocene catalyzed mLLDPE has a
low degree of unsaturation and a low level of metal
residue, it should exhibit a high intrinsic oxidative
stability.16

In present article, mechanical, thermal, and phys-
ico-chemical properties of PP/mLLDPE blends with
the variation of mLLDPE content from 10 to 20%
before and after photo-oxidative degradation have
been described. The aim of present work is to
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observe changes in crystallinity caused by photo-oxi-
dation and the extent of chemical degradation by
FTIR-ATR. The mechanical properties were also
investigated.

EXPERIMENTAL

Materials

1. PP Repol H110MA from Reliance Industries
Ltd., Hazaria (Gujarat) India, MFI-(2308C/2.16
kg)—11.0 g/10 min.

2. mLLDPE (Engage-8150) of Dow Chemicals
(USA), which contains 15% octene as a comono-
mer with ethylene. MFI-(1908C/2.16 kg)—0.5 g/
10 min.

Preparation of blends

Blends of PP with mLLDPE at levels ranging from
10 to 20% were prepared by melt compounding on a
Berstoff ZE-25 twin screw extruder (L/D 5 40:1)
equipped with corotating screws. The granules of PP
and mLLDPE were dry mixed in appropriate ratios.
The mixture was then fed into the hopper of the ex-
truder. The blending was carried out at screw speed
of 200 rpm and a temperature profile of 200-230-240-
235-2258C from first zone to the die. The screw
speed was adjusted to attain a constant torque level
of 90 Nm in all cases. The strands obtained from the
extruder were cut into small granules in a granula-
tor. Designation and percent composition of various
blend systems are given in Table I.

The blends were then converted into standard
ASTM test specimens by injection molding on Wind-
sor SP180 machine and tested for mechanical proper-
ties. During injection molding, shot size of � 350 g,
clamping force of 180 tons, and screw speed of 56
rpm were adjusted.

Exposure conditions

The tensile bars and impact test pieces were sub-
jected to QUV (Q-Panel UVB-313 tubes) lamp cham-
ber for UV aging. The total intensity used was about
0.65 W/m2 in the wavelength region 290–320 nm.
Their output matches closed with solar radiation in
the ultraviolet range of the spectrum. The QUV

lamp chamber was operated according to the ASTM
D-4329-99 method, selecting 8 h UV irradiation at
(60 6 1)8C and 4 h condensation at (50 6 1)8C cycle
continuously.20 After the required aging time, the
samples were taken out of the QUV lamp chamber
for characterization. Impact test samples were used
for FTIR-ATR, X-ray diffraction (XRD), and differen-
tial scanning calorimetry (DSC) analysis.

Measurements

X-ray diffraction analysis

The XRD pattern was recorded at room temperature
with a Philips Analytical X-ray diffractometer
(PW3710). The radiation from the Cu target was
reflected from a graphite monochromator to obtain
monochromatic Cu Ka radiation with a wavelength
of 0.1541 nm. The generator was operated at 40 kV
and 20 mA. The diffractograms were determined
over a range of diffraction angle 2y from 108 to 408
with a step size of 0.028.

XRD is a primary technique to determine the
degree of crystallinity in polymers. From the rela-
tionship of the peak area to the total area, crystallin-
ity can be evaluated.

% Crystallinity ¼ Icr
Icr þ Iam

(1)

where Icr is an integral intensity of the crystalline
phase and Iam is integral intensity of the amorphous
phase.

The apparent dimensions of a crystallite Lhkl along
the direction perpendicular to the crystal plane hkl
can be determined using the Scherrer equation

Lhkl ¼ Kl
b0 cos y

(2)

where Lhkl is the crystalline size along the direction
perpendicular to reflection plane (hkl) in nanometers,
y is the Bragg angle, l is the wavelength of X-ray
used (0.1541 nm), b0 is the peak width of diffraction
beam used (rad), K is the shape factor of crystalline,
being related to the shape of a crystalline and defini-
tion of b0, when b0 is defined as the half-height
width of diffraction peak, K 5 0.9.

The relative content of b-form in PP were deter-
mined using the Turner-Jones equation21 on the
basis of a typical XRD diagram,

k ¼ Hb1

Hb1 þ ðHa1 þHa2 þHa3Þ (3)

where k is the amount of b form, Hb1 is the height of
the strong single b form (300), and Ha is the three
equatorial a-form peaks (110), (040), (130).

TABLE I
Compositional Details of Blends of Polypropylene

with mLLDPE

Blend code
Polypropylene

(wt %)
mLLDPE
(wt %)

PP/mLLDPE 100 0
PP/mLLDPE (90/10) 90 10
PP/mLLDPE (80/20) 80 20
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Differential scanning calorimetry

The crystallization and melting behavior of the blend
samples were studied by DSC using a Perkin-Elmer
DSC-7 in a nitrogen atmosphere in the heating and
cooling rate of 208C/min. In the first heating and
cooling scans, the samples were heated from 50 to
2208C, held at that temperature for 1 min to elimi-
nate thermal history, and then the nonisothermal
crystallization process was recorded from 220 to
508C, and a standard status of crystallization was
created. Second heating was done at the same scan-
ning rate as the first heating, whereby the melting
characteristics of the samples were recorded. The
crystallinity Xc was calculated by relative ratio of the
enthalpy of fusion per gram of samples (DHobs

f ) to
the heat of fusion (DH0

f ) of PP crystal (209 J/g).22

% Crystallinity Xc ¼
�
DHobs

f =DH0
f

�
� 100 (4)

Fourier transform infrared–attenuated total
reflectance analysis (FTIR-ATR)

FTIR-ATR analysis was carried out for degraded
samples to measure the extent of chemical degrada-
tion. Infrared spectra were obtained in transmission
with a Perkin Elmer FTIR-ATR. The equipment was
set to operate in the range 600–4000 cm21. A car-
bonyl index was computed as the relative areas
under the carbonyl peak (1700–1800 cm21) and a ref-
erence peak, not affected by photo-oxidation (cen-
tered at 2720 cm21).

Tensile properties

The tensile properties were measured using a Lloyd
universal tester (model LR10K plus) at (23 6 2)8C
with dumbell shape specimens at a crosshead speed

of 50 mm/min and with an initial gauge length of
50 mm. Tensile modulus (E) and elongation at break
(Eb) was recorded.

RESULTS AND DISCUSSION

Crystallization behavior

Structural parameters of the crystalline regions
obtained by the X-ray diffractograms are summar-
ized in Table II. In Figure 1 the X-ray diffractograms
of PP photo-degraded for different times are com-
pared. As can be seen in Figure 1 ultraviolet radia-
tion did not cause any substantial change in the
position of the peaks. The significant change was
observed in the height of the amorphous back-
ground, which got reduced with exposure, reflecting
the increase in crystallinity. Both XRD and DSC pro-
vide measurements of change in crystallinity during
UV exposure. Figures 2 and 3 shows that percent

TABLE II
Crystalline Size and b-Form Crystal Content of Photo Degraded PP and Their Blends

Blend code
Exposure

time (weeks) L110 (Å) L040 (Å) L130 (Å)
b-form crystal
content (%)

PP (100/0) 0 3.880 3.504 3.90 16.86
1 4.366 3.890 5.85 14.30
2 4.980 3.890 7.00 13.52
3 5.720 4.852 7.02 12.8
6 6.980 14.018 7.02 6.2

PP/mLLDPE (90/10) 0 4.360 3.504 3.512 16.96
1 3.490 3.890 4.380 14.02
2 3.490 4.370 5.850 12.98
3 6.980 7.280 2.926 9.4
6 8.732 14.01 8.782 6.1

PP/mLLDPE (80/20) 0 3.880 7.788 8.78 14.81
1 4.365 8.760 7.02 11.25
2 6.980 10.01 7.02 9.59
3 8.730 10.04 8.78 8.33
6 11.64 23.66 11.64 4.1

Figure 1 XRD diffractograms of PP exposed for different
times.
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crystallinity (%X) of PP and PP/mLLDPE blend sys-
tems increases with UV exposure time.3 It is
observed that with the progress in photo-oxidation,
the number of chain scission events increased and so
did the degree of crystallinity. This process is called
chemi-crystallization.3 The highest values of percent
crystallinity (%X) are observed for the PP and the
smallest ones for PP/mLLDPE blend systems. This
indicates that the blending of PP and mLLDPE
increases the oxidative stability of PP, presumably
because of the dilution of tertiary alkyl radicals of
the PP by the domains of mLLDPE, which is in
agreement with Waldman and DePaoli.10

The important peaks characteristic of the a phase
can be found at the scattering angle 2y of 14.08 (110),
17.08 (040), 18.58(130), 21.08(111), and 22.08(131 and
041), whereas the b phase can be detected by peak at
168 (300). It can also be seen that for injection molded
PP and their blend samples there is some b-form,
which is usually found in PP samples that have been
subjected to mechanical deformation, for example, in
injection molded and extruded products. The relative
content of b-form and crystalline size are listed in
Table II. It can be seen from Table II that the b-form

Figure 2 Percentage crystallinity as a function of expo-
sure time, by XRD.

Figure 3 Percentage crystallinity as a function of expo-
sure time, by DSC.

Figure 4 DSC thermogram for PP after selected exposure
time (a) first heating run, (b) second heating run.
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content decreases with increasing UV exposure indi-
cating that UV exposure induces the transformation
of crystalline form, namely b-form changing into a-
form. The transformation of the less stable b-form into
the a-form upon heating or annealing has been since
long known.23 Its possible explanation is that the mo-
lecular chains, which compose b-form relatively lose
compared with a-form and are prone to be photo-
degraded to shorter molecular chains, which rear-
range into relative stable a-form. It is also interesting
to note that the crystalline size increases with increasing

UV exposure, which is probably because of the
shorter molecular chains of photo-degraded samples
possessing higher mobility, which gather into bigger
crystallites, However, further prolonging irradiation
time leads to decrease of crystalline size because a
large number of chemical defects (e.g., carbonyl
groups) in the chains prevent further crystallization.

Thermal properties

DSC thermograms of PP and PP/mLLDPE blends
obtained during the first and second heating runs
are shown in Figures 4–6. It is believed that the

Figure 5 DSC thermogram for PP/mLLDPE (90/10) after
selected exposure time (a) first heating run, (b) second
heating run.

Figure 6 DSC thermogram for PP/mLLDPE (80/20) after
selected exposure time (a) first heating run, (b) second
heating run.
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second melting temperature reflects more precisely
the effect of degraded molecules on the crystalline
phase formation. The recrystallized material contains
molecules that are both smaller (because of the chain
scission processes) and defective (because of the pres-
ence of groups like carbonyls and hydro-peroxides);
hence a reduction in the Tm2 with exposure time has
been observed.4

From various thermograms it is clear that the
melting range is shifted to lower temperatures with
increasing degradation. A comparison can be made
with PP and PP/mLLDPE blend systems. It is
observed that melting point of PP during the first
and second heating run decreases significantly with
exposure time. However, melting point of PP/
mLLDPE (80/20) blend system remains unchanged
throughout the exposure time.

The decrease in melting temperature of PP is
probably because of the chain-scission, which causes
reduction in molecular weight. It can thus be
assumed that with the incorporation of mLLDPE in
PP, disentanglement of the polymer matrix during
photo-degradation would be much more difficult

because of the hindrance of hexyl branches, thus
slowing down the chain-scission event.

FTIR–ATR

Figures 7–9 shows the FTIR-ATR spectra of PP and
their blend systems with UV exposure of 3 and 6
weeks. The FTIR spectra of the unexposed samples
showed traces of carbonyl groups, probably attrib-
uted to thermal oxidation during processing. The
bands appearing at 1456 and 1376 cm21 in the unex-
posed sample are assigned to C��H bending vibra-
tion. Characteristic peaks of PP at 995 and 970 cm21

are also observed. The main products of degrada-
tion, carbonyls and hydro-peroxides, are easily
observed, respectively in the wavelength ranges
1700–1800 cm21 and 3300–3600 cm21 as shown in
the spectrum. These peaks tend to be fairly broad
because they are the result of absorption by different
products of degradation. In the UV exposed PP and
PP/mLLDPE blend systems, the generation of car-
bonyl group at 1731, 1595 cm21 and the broad back-
ground peak at around 1000–1300 cm21 is observed.

Figure 7 FTIR-ATR spectrum of PP unexposed and after exposure of 3 and 6 weeks.
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This broad background peak was thought to appear
as C��O stretching and O��H bending mode. It is
observed that PP degraded significantly than PP/
mLLDPE (80/20) blend systems.

The carbonyl indices obtained from the FTIR spec-
tra are used to characterize the degree of oxidation
of PP and PP/mLLDPE blend systems, as described
in the experimental section. Figure 10 shows the
changes in carbonyl region indices of PP and PP/
mLLDPE blend systems with UV exposure time. The
carbonyl index of PP and PP/mLLDPE blend sys-
tems increases apparently with UV exposure. How-
ever the carbonyl index of PP is higher than that of
PP/mLLDPE (90/10), whereas PP/mLLDPE (80/20)
displays the least carbonyl index, manifesting that
PP/mLLDPE (80/20) is the most stable against UV
exposure followed by PP/mLLDPE (90/10) and PP.

Mechanical properties

Measurement of mechanical properties provides an
excellent estimation of degradation from accelerated
aging test. Hence UV radiation resistance of polymeric

material can be evaluated by measuring elongation
at break and tensile modulus.

The tensile modulus (E) of PP and PP/mLLDPE
blend systems is found to increase during UV expo-
sure. For PP, the tensile modulus increased signifi-
cantly up to 3 weeks and after that it decreased. On
the other hand, the tensile modulus of PP/mLLDPE
(80/20) blend systems do not show much difference,
as indicated in Figure 11(a).

The stiffness of semicrystalline polymer is primar-
ily influenced by the degree of crystallinity (X). The
evolution of the tensile modulus should therefore,
correlate with the variation of percent crystallinity
(%X) as a function of UV exposure time. It is
observed that percent crystallinity (%X) of PP
increases with UV exposure time up to 3 weeks; fur-
ther prolonging the exposure time, the crystallinity
begin to decrease. The same trend is observed in ten-
sile modulus. The increase in X and E is believed to
be linked to degradation. The formation of new crys-
talline domains in UV degraded samples is often
ascribed to chemi-crystallization.3 This refers to the
oxidation-induced cleavage of tie-molecules or
entangled chains in the amorphous regions of the

Figure 8 FTIR-ATR spectrum of PP/mLLDPE (90/10) unexposed and after exposure of 3 and 6 weeks.
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polymer and the incorporation of the freed chain
ends or segments into new crystalline domains at
the lamellar surfaces or within the amorphous
regions.2,3

PP and PP/mLLDPE blend systems displayed a
highly ductile behavior in the unexposed state. The
PP samples, however, underwent a ductile–brittle
transition with UV exposure. Figure 11(b) shows the
elongation at break (Eb) for PP and PP/mLLDPE
blend systems over a period of 6 weeks. PP experi-
enced a decline in Eb, whereas there is not much
reduction in Eb in the case of PP/mLLDPE (80/20)
blends. It is very obvious that the decline in elonga-
tion at break of the samples, especially PP, is caused
by extensive chain scission in the samples, causing the
break down of tie chain molecules and entanglements,
which are especially detrimental to the ductility of the
polymer as it had been proved by several authors.4 In
case of PP/mLLDPE blends, it has to be kept in mind
that diffusional hindrance may retard volatization of
the PP degradation products from the molten blend
and give an apparent stabilization effect.

Figure 9 FTIR-ATR spectrum of PP/mLLDPE (80/20) unexposed and after exposure of 3 and 6 weeks.

Figure 10 Carbonyl index of PP and PP/mLLDPE blend
systems.
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CONCLUSION

PP blends with mLLDPE in different compositional
ratios prepared were exposed to QUV lamp chamber
for photo-oxidative degradation. The following con-
clusions may be drawn:

1. Crystallization behavior of PP and PP/mLLDPE
(80/20) blend systems was observed by XRD
and DSC. The highest values of percent crystal-
linity (%X) are observed for the PP and the
lowest ones for PP/mLLDPE (80/20) blend
systems.

2. The results from the measurements of FTIR-
ATR and mechanical properties have shown
that PP/mLLDPE (80/20) has the highest UV
stability, followed by PP/mLLDPE (90/10) and
then PP.

3. The blending of PP and mLLDPE increases the
oxidative stability of the PP because of the dilu-
tion of tertiary alkyl radicals of PP by the
domains of mLLDPE.
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