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ABSTRACT: The aim of this study is the improvement
of process stability and film properties of various matrix
polymers by the addition of long chain branched (LCB)
polypropylene (PP) in the blown film process. Three com-
mercially available PP grades were dry-blended with two
different high melt strength (HMS) PP grades with vary-
ing weight content in the range of 5, 10, and 20%. Maxi-
mum solid output was determined on a Hosokawa blown
film line with a film thickness of 50 lm. Thickness was
adjusted by proper relation between output and take-up
ratio (TUR). The blow-up ratio (BUR) was varied from 1 :
2 to 1 : 3 and 1 : 4 in connection to the output rate and
HMS-PP content. Research showed an increase of the out-
put due to the additon of HMS-PP in various matrix poly-
mers and different processing conditions. Influences on
mechanical properties related to process parameters con-
cerning stiffness and impact energy were found. Due to

the addition of HMS-PP in a heterophasic PP-copolymer
(PP-I) the maximum solid output increases up to 50% as
well as tensile properties were enhanced. Stiffness of the
blown film is independent of the output and the BUR
both in machine direction (MD) and transverse direction
(TD). In contrast a reduction of the process stability and
solid state properties were determined with homo-PP (PP-
H) and random-PP (PP-R) mixtures. Decreasing impact
energy of the heterophasic copolymer was determined
with increasing HMS-PP content. In comparison to the
enhanced stiffness, toughness decreases which refers to a
higher brittleness due to the addition of HMS-PP. VC 2010
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INTRODUCTION

Besides the calender- and chill-roll-process, blown
film extrusion is the most frequently used processing
method for film production in plastics industry. The
enourmous product range varies from very complex
to simple low profit applications. Two of the main
criteria for manufacturers are the maximum output
rate with a stable process and a consistent perform-
ance to meet quality requirements with regard to
mechanical and optical properties.1,2 These parame-
ters depend on material choice concerning chemical
composition, bulk properties, rheological,3 thermal,
and mechanical behavior as well as morphological
structure development during the manufacturing
process.4-6 In this context extensional flow is particu-
larly important for film blowing processes and
depend on extrusion rates, draw distance as well as

temperature guidance. Comparing the melt strength
of various polymers used for blown film leads to an
assessment of the optimal extrusion and process pa-
rameters.7 Polypropylene (PP) as a multipurpose
thermoplastic material is established in many differ-
ent commercial applications. The wide variety of
melt flow rates and the compatibility with a multi-
tude of additives and fillers makes it suitable for
selective adjustment concerning all processing tech-
niques.8 Blown film innovations with PP are still
possible, even in the field of well-known applica-
tions of flexible and rigid films for packaging.9,10

New developments in the design of PP materials
concerning process stability, which is comparable
with the one of established low-density polyethyl-
ene products. These LCB PPs show related strain
hardening and melt strength with simultaneous
influences on different quality parameters.11 Pro-
spective developments in blown film applications
must implicate an optimization in processing and
material design. These factors provide high reduc-
tion of cost, enhance quality criterias and lead to
lower ramp-up times.
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In this work the improvement of process stability
and solid state blown film properties of various ma-
trix polymers by the addition of long chain branched
(LCB) PP are investigated. The aim of this study is
to increase the maximum solid output rate up to
50% by the addition of high melt strength (HMS) PP
while reaching consistent mechanical properties in
the solid blown film. An essential study of Raetzsch
et al.12 describes ways of manufacturing processes
for LCB PP and moreover the specific properties for
this materials group. Successful applications are
found in the area of foaming, thermoforming and
extrusion coating.13,14 LCB-PP is characterized by a
degree of long chain branching of 0.05–0.15
branches/1000C and a polydispersity higher than 4.
The biggest advantage with this product class in
comparison with linear PPs is strain hardening,15

increased melt strength and high drawability.

MATERIALS AND METHODS

Mechanical properties and processing parameters
are affected by blending different PP polymers with
high-melt-strength PPs. The three matrix polymers
used in this study were supplied from Borealis Poly-
olefines, Austria. First is a PP random copolymer
(PP-R) and especially developed for biaxial oriented
heat shrinkable films. The good processability and
mechanical properties make it suitable for food
packaging and over wrap applications. Second is a
polypropylene homopolymer (PP-H) and employed
for manufacturing biaxially oriented PP film. The
characteristical good processability on high speed
blown film lines in connection with good optical
and mechanical properties make it applicable for a
wide range of applications in packaging industry.
Third is a polypropylene heterophasic copolymer
(PP-I), which is suitable for chill-roll and blown-film
processes. High tenacity and good mechanical per-
formance are achieved by a reactor blended ethyl-
ene-propylene-rubber (EPR) phase. Applications
range from food packaging to monoaxial oriented
films. The characteristic properties of selected matrix
polymers are listed in Table I. HMS-grades are suita-
ble to achieve improved process stability in proc-

esses with high elongational flow. Therefore two dif-
ferent LCB PPs from Borealis Polyolefines (DaployV

R

HMS grades) were used to investigate stability and
solid state properties of the polymer blends. A non-
commercial polypropylene homo-HMS-PP (H-HMS-
PP) with a MFR of 6 g/10min as well as a polypro-
pylene random-HMS-grade (R-HMS-PP) with a MFR
of 4 g/10min. The melt flow index was measured
according to ISO 1133 with a load of 2.16 kg at
230�C. The degree of crystallinity has been deter-
mined from measuring the melt enthalpy (measured
via DSC), using the theoretical melt enthalpy at
100% crystallinity of 207.1 J/g.16 The ethylene-con-
tent of the random copolymer PP-R has been esti-
mated according to Gahleitner et al.17 by measuring
melting temperature. The heterophasic copolymer
contains a certain amount of EPR which can be iden-
tified by measuring xylene cold-insoluble PP-con-
tent. Subsequently, the ethylene content is detected
by using temperature rising elution fractionation
(TREF).
The three matrix polymers were dry-blended at a

varying percentages in weight in the range of 5, 10,
and 20% with the two HMS-grades and homoge-
nized in a mixing machine. The different films were
produced via direct processing on a Hosokawa Al-
pine HS35HT blown film line with a length to diam-
eter ratio of 18. Screw configuration shows a
grooved barrel in the feeding zone, a barrier part
and a mixing element. Temperature regulation on
the extruder is regulated over three heating tapes (1,
2, and 3) and two cooling fans. Further equipment
shows a six channel spiral mandrel and a 60 mm die
in the blowing head with a die gap of 1 mm and
four tempering adjustments (4, 5, 6, and 7). Outside
bubble cooling is supplied over an air ring through
an external cooling fan with an inlet for ambient air.
Temperature settings were determined in prelimi-
nary tests with each polymer and are listed in Table
II. The nip speed is unemployable and the haul-off
is not vertically adjustable. The design of experi-
ments effects three main parameters, the evaluation
of a maximum solid output, the content of LCB
HMS-PP and the variation of the blow-up ratio
(BUR) for each polymer blend. Film thickness has to

TABLE I
Properties of PP Matrix Resins

Property Unit PP-I PP-R PP-H

Melt flow rate g/10 min 0.3 1.9 3.2
Melting temp. (DSC) �C 167–169 138–140 163–164
Calc. crystallinity (DSC) % 32 29 40
Calc. CH2 content

16 wt % w/EPRa � 5 0
Cryst. temp. (DSC) �C 109 90 115

a To be determined by the amount of xylene cold solu-
bles (XCS) and TREF.

TABLE II
Temperature Settings for Blown-Film Manufacturing

Temperature settings

1 2 3 4 5 6 7

PP-I 200 220 230 240 240 240 230
PP-R 160 180 180 190 190 190 180
PP-H 170 190 190 190 210 210 180

1, feed section; 2, transition section; 3, metering section;
4, head system with filterelement; 5 and 6, spiral mandrel;
7, die.
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be identical at 50 lm whereas the take-up ratio
(TUR) was adjusted with increasing output. A devia-
tion variable of 5 lm was defined as measurement
tolerances. Quantification of the bubble stability is a
difficult matter of identification and depends on a
variety of different parameters.1,18 The criteria for
determination of the maximum solid output for this
study is a stable duration of at least 10 min before
samples were taken during the running operation.

Beforehand, output variations were detected in
screening series at one screw speed. Output varia-
tions were consistently detected below 0.1 kg/h and
therefore regarded as constant. In light of the experi-
mental setup (single-screw extruder) and the excel-
lent lot consistency of the materials, such minor ex-
perimental error is not surprising. No error bar is
given in the according charts.

To cover effects on mechanical and processing
properties based on varying blow up ratios (BUR), a
range of 1 : 2, 1 : 3, and 1 : 4 was set. Amongst
others, influences of TUR and BUR on polyethylene
films are described in a study from Ganeh-Fard.18

The collected data from neat materials act as a ref-
erence for the evaluation of the maximum solid out-
put. In consideration of material characteristics the
frost line height (FLH) has been observed to cause
strong effects on process and material properties.19,20

The interrelationships between FLH and properties
of PP resins blended with LCB HMS-PP were not
investigated in this study. FLH was recorded while
determining the maximum solid output but was no
criterion to abandon an experiment until it reaches
500 mm in height.

Influences due to secondary crystallization were
accounted for by storing the samples for minimum
10 days after the production process before acquisi-
tion of mechanical properties. Tensile test specimen
of the blown film were cut in machine direction
(MD) and TD where thickness was measured

through a digital gauge under consideration of the
standard testing method ISO527-3. Specimens were
tested in a Zwick Z 005 apparatus with a rubberized
jaw chuck until yield stress–strain. The free-falling
dart drop method was used to represent biaxial
stress which can not be measured in an uniaxial ten-
sile test and delivers additional information. Stand-
ardized methods depend on different configurations
of the instruments. ISO7765-2 is the reference for
this test where energy can be directly read because
of a load cell integrated in the impact head. Speci-
mens were measured with a Coesfeld apparatus
until failure. Breakthrough can occur in local buck-
ling, incipient crack, total crack and brittle fracture.
Materials with isotropic behavior show high impact
resistance in most cases, while anisotropic film tend
to be splitty.

RESULTS AND DISUSSION

The results in Figure 1 show an increasing output
due to the additon of H-HMS-PP on PP-I blends. As
an interesting fact process conditions of the neat ma-
trix polymer at a blow up ratio of 1 : 4 were not sta-
ble enough to reach the predetermined duration
time of 10 min. By raising the amount of H-HMS-PP
up to 20 wt % a decrease output can be observed at
blow up ratios of 1 : 3 and 1 : 4 in contrast to blends
with a BUR of 1 : 2. Visual observation of the bubble
during processing displays best cooling efficiency in
conncetion with a BUR of 1 : 3. The highest output
in a stable process was given at a loading level of 10
wt % H-HMS-PP and a BUR of 1 : 4.
Blends with PP-R and HMS-PP are displayed in

Figure 2. At blow up ratios of 1 : 2 and 1 : 4 the pro-
cess was hardly effected by bubble cooling and H-
HMS-PP content. More camparable conditions could
be obtained with an addition of 20 wt % H-HMS-PP
on all blow up ratios, whereas max. solid output

Figure 1 Influences of H-HMS-PP content on max. solid
output (a) and BUR (b) in PP-I blends.

Figure 2 Influences of H-HMS-PP content on max. solid
output (a) and BUR (b) in PP-R blends.
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showed relatings similar to the polymer blends with
PP-I. With higher contents of H-HMS-PP and
increasing BUR’s thickness variations in taken sam-
ples were detected. The decrease in throughput is
noticeable at a blow up ratio of 1 : 4 of the neat
polymer as well as the mixtures with 5 wt % and 10
wt %. Maximum solid output was measured with 10
wt % H-HMS-PP and a BUR of 1 : 3.

Results with varying contents of H-HMS-PP in a
PP-H matrix show increasing output at blow up
ratios 1 : 2 and 1 : 3 (Fig. 3). With the neat polymer
and blends with 5 wt % H-HMS-PP respectively no
solid output could be reached at BUR 1 : 4.

Thereby a drastical step up by rising the amount
of H-HMS-PP to 10 and 20 wt % takes place, which
refers to the high extensibility of LCB PP. The high-
est max. solid output rates of PP-H blends were
determined with 20 wt % mixtures and blow up
ratios of 1 : 3 and 1 : 4. Demonstrative for PP-H
processing is a higher FLH in accordance to the
other polymerblends since bubble cooling leads to
helical instabilities.

Results of processing with blends of PP-I and R-
HMS-PP are shown in Figure 4. Maximum solid out-
put increases by the addition of R-HMS-PP besides
PP-I blends with 10 wt % and a blow up ratio of 1 :
4. The neat polymer and the mixtures with 5 wt %
R-HMS-PP could not be processed under predeter-
mined conditions with a BUR of 1 : 4. However, sta-
bility of the process is effected similarly in compari-
son with H-HMS-PP grades whereas the highest
reachable output rate is determined with a propor-
tion of 10 wt % and a BUR of 1 : 3. No noticeable
problems occured by shifting process parameters
which indicates a high process stability. Blends with
PP-R and R-HMS-PP (Fig. 5) demonstrate a stable
process on reaching the 10 wt % R-HMS-PP area. A
strong dependence on process conditions with the
neat polymer as well as the 5 wt % mixtures are
actually given. In comparison to the H-HMS-PP
blends no decreasing output could be determined
with 20 wt % and a BUR of 1 : 3. The highest solid
output can be found with 20 wt % R-HMS-PP and a
BUR of 1 : 4. As a matter of fact visual observation
of the process shows high interaction with adjusted
parameters, therefore cooling adjustment and TUR
are of primary interest.
Neat PP-H and blends with 5 and 10 wt % R-

HMS-PP display strong effects on cooling rate with
blow up ratios of 1 : 4 and therefore no stable output
could be achieved. An interesting fact is the decreas-
ing output at a loading level of 5 wt % and blow up
ratios of 1 : 2 and 1 : 3 in comparison with the neat
polymer (Fig. 6).
Highest possible solid output rates occur with

mixtures with 20 wt % which is the same as in
results with H-HMS-PP blends.
Maximum solid output could be increased by 6

kg/h with PP-I and PP-R by adding 10 wt % H-
HMS-PP with blow up ratios of 1 : 3. Mixtures of 20
wt % H-HMS-PP and PP-H with BUR 1 : 3 actually

Figure 3 Influences of H-HMS-PP content on max. solid
output (a) and BUR (b) in PP-H blends.

Figure 4 Max. solid output rate of PP-I/R-HMS-PP blends
against varying percentage of weight (a) and BUR (b).

Figure 5 Max. solid output rate of PP-R/R-HMS-PP
blends against varying percentage of weight (a) and
BUR (b).

158 AUINGER AND STADLBAUER

Journal of Applied Polymer Science DOI 10.1002/app



show a rising of the output by 8 kg/h. Polymer-
blends with R-HMS-PP and blow up ratios of 1 : 3
show an increase of the maximum solid output of
PP-I by 7 kg/h, PP-R by 2 kg/h and PP-H by 3 kg/
h. Evaluation of the stability showed most stable
processing with a percentage of 10% by weight for
both HMS-PP grades and blow up ratios of 1 : 3 in
accordance to the neat materials, where an increase
in production rate of 50% was determined. Never-
theless bubble cooling, FLH, TUR, and BUR are of
primary relevance. Furthermore effects of melt rheol-
ogy and blend compatibility can not be dismissed in
accordance to process parameters.

Due to the addition of H-HMS-PP all polymer-
blends show an increasing modulus in MD as well
as in TD (Fig. 7). The mixtures of PP-H with higher
H-HMS-PP content show a more anisotropic behav-
ior than the PP-R blends while the differences
between Young’s Modulus are significantly high.

This can be explained by the presence of an ethyl-
ene phase in the PP-R copolymer which causes dif-
ferent morphological phases in PP and mechanical
properties decrease. As can be seen in Figure 7 com-
pounds with PP-I arise consistent and lead to a flat
top with increasing H-HMS-PP content while direc-
tional properties are as well influenced. Reinforce-
ment of the Modulus increases in accordance to the
higher density of entanglements in LCB H-HMS-PP.
Measurements with R-HMS-PP are nearly opposite.
The blends with PP-I and PP-H do not show any
modification regarding to the neat polymer. Com-
paring these results to H-HMS-PP mixtures, despite
of the 5% wt PP-R blends, there is no further rein-
forcement with increasing R-HMS-PP content neither
in MD nor in TD.
Figure 8 shows the dependence of the BUR on the

Young’s Modulus of the manufactured blown film.
Shifting the BUR does not affect the Young’s Modu-
lus in all compositions of matrix polymers and both
HMS-PP grades. Mixtures with PP-H exhibit a
higher anisotropy with H-HMS-PP compared to
blends with R-HMS-PP where no maximum solid
output could be determined at a BUR of 1 : 4. In
general values of PP-I and PP-H blends vary in the
area of 200–300 MPa whereas no changes were
apparently observed with PP-R mixtures.
Increasing the output with a BUR of 1 : 3 has det-

rimental effects due to the influence of process coni-
ditions where cooling efficiency and therefore FLH
as well as the nip speed were located as primary pa-
rameters. PP-H blends with H-HMS-PP show a
decreasing modulus in both directions which refers
to an insufficient bubble cooling (Fig. 9). On the con-
trary to this the mixtures with R-HMS-PP show
strong influences of process parameters compared
with helical instabilities of the bubble and therefore
maximum solid output could only be measured at
two issues. PP-I/H-HMS-PP mixtures show an

Figure 6 Max. solid output rate of PP-H/R-HMS-PP
blends against varying percentage of weight (a) and
BUR (b).

Figure 7 Effects of the HMS-PP content at maximum
solid output on the Young’s Modulus of 50 lm PP/HMS-
PP blended film with a BUR of 1 : 3 in machine direction
(MD) and transverse direction (TD). (a) H-HMS-PP and
(b) R-HMS-PP.

Figure 8 Effects of the BUR at maximum solid output on
the Young’s Modulus of 50 lm PP/HMS-PP blended film.
(a) 10 wt % H-HMS-PP and (b) 10 wt % R-HMS-PP.
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increase of the modulus and mixtures of PP-I/R-
HMS-PP depict no loss in stiffness compared with
an increasing output rate.

Results of tensile tests show that there is a benefi-
cial effect due to an increased loading level of both
HMS-PP grades regarding the Young’s modulus.
Maximum stiffness could be achieved with blends of
PP-H and H-HMS-PP whereas the decreasing elon-
gation at yield is disadvantageous. In contrast to this
H-HMS-PP in a PP-I matrix provide increased stiff-
ness at same elongation compared to the neat mate-
rial refering to the embedded EPR-Phase. No consid-
erable effect by varying the BUR occurs but
differences between HMS-PP grades were found.
The maximum solid output depends on the HMS-PP
grade whereas mixtures with PP-I obtain the best
process stability. Another aspect was investigated
with the dart drop method which performs biaxial
stress to the specimen. PP-I blends show a decreas-
ing impact energy with increasing HMS-PP content
on both grades, where the R-HMS-PP displays better
performance (Fig. 10). In situ EPR phase of the block
copolymer PP-I leads to a flattening of the curve
with R-HMS-PP which refers to the random distrib-
uted ethen content. No influence on impact energy
could be determined with PP-R and PP-H/H-HMS-
PP mixtures. This differs again from R-HMS-PP and
PP-R blends that show an increase on impact energy
with 5 wt % but maximum solid output remains sta-
ble at higher contents.

Figure 11 illustrates the influences of 10 wt % on
blow up ratio with maximum solid output. It is visi-
ble that the process as well as the HMS-PP grade
affects the impact energy.

In detail this means, the differences between PP-I
with H-HMS-PP increases impact energy with rising
BUR whereas PP-I with R-HMS-PP show an increase

with blow up ratio of 1 : 3 but no further increase
with 1 : 4. The BUR did not show any influence on
the impact energy of other blends. In the case of PP-
H, no further improvement of the output was possi-
ble, therefore no third set of parameters has been
able to investigate.
Impact energies of polymerblends with PP-H do

not differ in respect to maximum output regardless
of the choice of HMS-PP grade (Fig. 12). Mixtures of
R-HMS-PP and PP-R show no decrease of impact
energy with increasing output rate. Results of H-
HMS-PP and PP-I display data values in the range
of 3.5 J/mm at about 14 kg/h and 4.5 J/mm at 21
kg/h. Blends with PP-I and R-HMS-PP show con-
stant values on impact energy with higher output
rates of about 19 to 22 kg/h. Different structures of
PP, refering to statistical distribution or polymers
with two or more phases, influence crystallinity and
therefore stiffness and flexibility. Furthermore

Figure 9 Effects of the maximum solid output on the
Young’s Modulus of 50 lm PP/HMS-PP blended film
with a BUR of 1 : 3 in machine direction (MD) and
transverse direction (TD). (a) 10 wt % H-HMS-PP and
(b)10 wt % R-HMS-PP.

Figure 10 Effects of the HMS-PP content at maximum
solid output on the impact energy of 50 lm PP/HMS-PP
blended film with a BUR of 1 : 3 with (a) H-HMS-PP and
(b) R-HMS-PP.

Figure 11 Effects of the BUR at maximum solid output
on the impact energy of 50 lm PP/HMS-PP blended film
with (a) 10 wt % H-HMS-PP and (b) 10 wt % R-HMS-PP.
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chemical composition, arrangement of molecules in
the solid state and molecular mass distribution are
primary factors for solid state properties. Compati-
bility of polymers and thermal as well as rheological
behavior had major influence during processing.
Another aspect which is well-known is epitaxial
growth of lamellaes due to flow induced crystalliza-
tion effects and therefore changing on mechanical
properties.20,21

Highest reachable output rates could be deter-
mined at BURs of 1 : 3 and loading levels of 10 wt
% HMS-PP in accordance to the neat polymers (Fig.
13). In comparison BUR’s of 1 : 2 as well as 1 : 4 and
moreover rising HMS-PP content lead to insufficient
cooling and hardly effects processing stability. An
interesting fact is the decreasing maximum stable
output with higher amounts of HMS-PP.

However, with further increased concentrations of
LCB-PP, output rates start to decrease despite fur-

ther increased melt strength of the systems. This is
largely to be interpretated as a result of the
increased crystallinity due to the nucleation effect of
LCB-PP, expressed in higher crystallization tempera-
ture and higher crystallization enthalpy for systems
with LCB-PP (Table III). The faster the systems start
to crystallize, the more unstable the bubble becomes
in the blown film process. In a further relationship,
the mechanical properties are connected to the degree
of crystallinity, i.e. an increasing degree of crystallinity
in a system increases stiffness and reduces toughness.
These two effects, increase of melt strength on the

one hand, and increase of crystallinity on the other
hand, are working in opposite direction regarding
bubble stability. Whilst melt strength has a positive
effect, the increase in crystallinity has a negative effect.
Therefore, an optimum in bubble stability and output
is observed with a medium concentration of HMS-PP.

CONCLUSION

It was found that varying BUR and contents of
HMS-PP in different PP-grades have pronounced
influences on process stability and mechanical prop-
erties. Nevertheless maximum stable output could
be enhanced up to 50% due to the addtion of HMS-
PP in accordance to neat PP-grades.
The main reason for increasing the output rate is

the increase of the strain hardening index (SHI) by
the addition of HMS-PP-grades. This matter is sub-
stantially confirmed with results from Rheotens meas-
urements which show HMS and melt extensibility.22,23

Such synergistic effects of melt strength and bubble
stability in the blown film process are well-known.
Please confer, for example to Ghijsels et al.24 who
descirbed the interrelationship between melt strength
and bubble stability of mixtures of LCB and linear/
short-chain-branched polyethylenes with similar find-
ings. So, the increase in bubble stability with adding
small portions of LCB-PP is consistent with the
increase in SHI, melt strength and melt extensibility.
Besides the effects on process stability, also me-

chanical properties are largely influenced by the con-
centration of HMS-PP in the blends. Results of ten-
sile tests, for example, show an increase of the

Figure 12 Effects of the maximum solid output on the
impact energy of 50 lm PP/HMS-PP blended film with a
BUR of 1 : 3 with (a) 10 wt % H-HMS-PP and (b)10 wt %
R-HMS-PP.

Figure 13 Comparison of the neat polymers and blends
with 10 wt % HMS-PP and BUR of 1 : 3 at maximum solid
output rate determined.

TABLE III
Comparison of DSC Specific Crystallization

Temperature, Enthalpy and Degree of Crystallinity
of Neat PP-I and PP-I Blends with 10 wt % H-HMS-PP

and R-HMS-PP

HMS-PP
grade [�]

HMS-PP
content
[wt%]

Spec. cryst.
temperature

[�C]

Spec. cryst.
enthalpy
[J/g]

Calc.
crystallinity

DHm

DH0
m
� ½%�

None 0 112.2 61.8 32.2
H-HMS-PP 10 122.8 69.6 36.8
R-HMS-PP 10 118.8 64.8 33.2
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Modulus in MD as well as in TD of all matrix poly-
mers by increasing the H-HMS-PP level which corre-
sponds to the higher density of entanglements in
this grade.

In comparison, for the polymerblends with R-
HMS-PP no further reinforcement could be obtained,
neither in MD nor in TD. Shifting the BUR does not
affect the Young’s Modulus on all compositions of
matrix polymers and both HMS-PP grades. As a
matter of fact a BUR of 1 : 3 proves as most stable
parameter to prevent helical instabilities or draw res-
onance when increasing the output and nip speed.
This is surely in close relationship with processing
equipment and therefore cooling rate settings, FLH
and nip speed.

Maximum solid output with regard to the stiffness
depends on the selected HMS-PP grade. PP-H/H-
HMS-PP as an example show the highest modulus
but a decreasing elongation at yield. On the other
hand PP-I blends with H-HMS-PP provide increased
stiffness at the same elongation as the neat polymer.
Maximum solid output is a combination of melt and
processing temperatures and therefore process
depending whereas different melt flow rates and shear
thinning are consequences of the blend formulation.

An increase of modulus at given process parame-
ters result from self nucleation effects of long-chain
branched PP.12 Depending on the matrix polymer it
is crucial that different morphological phases and
degree of entanglements influence crystallinity.25

However, increased crystallization temperatures in
the blend formulations indicate nucleating effects
and therefore advanced stiffness.

Besides the self-nucleation, also elongation
induced crystallization needs to be considered.26 It is
known, that the number density of nuclei is a strong
function of the specific mechanical work applied to
the extended polymer melt. In elaborating the effects
of LCB-PP on microscopic level, the polymers intro-
duce strain hardening (HMS) to the melt and
enhance strain-induced crystallization during proc-
essing. Consequently, the effect of extension to the
polymer melt is that the number of nuclei and crys-
tallinity is increased, the film becomes stiffer and
more brittle.

Impact energy of PP-I blends decreases with
increasing HMS-PP content on both grades. In con-
trast to this impact energy increases with rising BUR
with the exception of PP-I/R-HMS-PP blends with a
blow up ratio of 1 : 4. In comparison with maximum
solid output, impact energy increases with increas-
ing output but similar to results with BUR 1 : 4 a
decrease of the impact energy occurs at highest sta-
ble output rate. Mixtures with PP-R and PP-H do
not show significant changes on impact behavior de-
spite the addition of HMS-PP, regardless of selected
grades.

Formation of tie molecules influence both impact
behavior and tensile properties. However, not only
the formation of tie molecules but also biaxial orien-
tation during the process affect solid state proper-
ties. These effects are more pronounced in a random
distributed PP than in a copolymer which results in
decreasing growth of lamellae.
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