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SYNPOSIS

The evolution of crystallinity and mechanical properties of two different series of PP-
homopolymers (RE grades coming directly from the polymerization reactor and CR grades
priorly subjected to a defined degradation process) as influenced by the molar mass and
heterogeneous nucleation was investigated, including one highly isotactic material to check
the tacticity influence. In principle, the effects seem explainable by differences in the number
of nuclei and the spherulithic growth speed, which were determined separately. The nu-
cleation effects are similar for all materials, but strongly dependent of the molar mass of
the materials. Apart from the bulk material properties, also the development of shear-
induced structures is strongly influenced by molar mass and nucleation, contributing ad-
ditionally to mechanics. © 1996 John Wiley & Sons, Inc.

INTRODUCTION

In recent years, polypropylene has been able to
steadily increase its market share by entering new
application segments. The reasons for a further
continuation of this trend are a very advantageous
price/property relation and, even more important,
the possibility to modify this polymer to a wide range
of final properties.’”? In the most simple case of PP-
homopolymers, two factors apart from processing
conditions influence the mechanical properties of
the product: rheological behavior and soldification—
or crystallization—behavior, respectively. Both
factors are, in turn, determined by the molecular
structure, for instance, the chain structure or ste-
reoregularity and the chain length or molar mass
distribution (MMD).

In the course of tailor-made material develop-
ment, these correlations become increasingly im-
portant. A look at the respective literature, however,
reveals that such influences have so far rather been
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studied for the rheology®®—than for the crystalli-
zation-side”® of the problem. The effect of the dif-
ference between reactor grades (RE-PP) and per-
oxide-degraded grades (“controlled rheology” or CR-
PP) on the rheological behavior can, for example,
be easily explained by the narrow MMD of the latter,
but the differences in the mechanical properties of
these materials, which are already equally well
known for quite some time, have so far been missing
a satisfactory explanation.

In industrial practice, final properties of PP are
often further adjusted through the addition of nu-
cleating agents.!® One takes advantage here of the
slow course of solidification in polymers, which leads
to a separation of the nucleation and the spherulithic
growth process. Figure 1 (adapted from ref. 11) gives
an impression of this effect, which allows influencing
of the final crystallinity to a large extent. As ho-
mogeneous nucleation has its maximum at lower
temperatures than crystallite growth, the additional
heterogeneous nucleation allows taking advantage
of higher crystallization velocities, thus arriving at
a higher overall crystallinity and a finer morphology
on the spherulithic level. Here, again, theoretical
models are lacking; it is especially unclear which
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Figure 1 Separation of nucleation and crystallite
growth in the crystallization of polymers (adapted from
ref. 9); effective region of heterogeneous nucleating agents.

structural factors cause the nucleating effect of a
certain substance.

Additionally, the correlations found in practice
are even more complex than expected. The stiffness
(or Aexural modulus) of a material is influenced by
the degree of crystallinity as well as the transparency
(or light scatter). The application of various nu-
cleating agents, however, leads to different effects
on both quantities (see Fig. 2). Thereby, a classifi-
cation of the technically used nucleating agents into
(a) standard types (like talc, sodium benzoate, etc.),
(b) clarifying types (e.g., special derivatives of sor-
bit), and (c) reinforcing types (e.g., special organo-
phosphates) can be made. Special effects can finally
be induced by nucleating agents, which favor a spe-
cial crystal modification (8 or v).!?

The primary scope of the investigations presented
here was to find quantitative correlations as well as
theoretical explanations for the influence of molec-
ular structure (stereoregularity, MMD, difference
RE-/CR-PP) on one hand and nucleation on the
other hand on the mechanical properties. Various
sources”'3* present the effect of a stiffness increase
with falling molar mass (e.g., weight average molar
mass, M,,) in case of RE-PP and a stiffness decrease
with falling M, in case of CR-PP. If classical con-
cepts of polymer crystallization™' are taken into
account, only the first of these two effects seem ex-
plicable: shorter polymer chains should be preferred
in the formation of lamellae and crystallites by their
higher mobility and ability to fold. Why this effect
does not appear with CR-PP, or is, moreover, even
reversed, is not obvious at first sight.

Only a few articles have been published so far
concerning the effects of stereoregularity on me-
chanical properties,’®!® even if there are several
patents claiming mechanical advantages, for in-
stance, higher crystallinity and stiffness, for highly
isotactic PP grades.!® In our case, only one experi-
mental material was included to complete the in-
vestigation.

Materials and Investigations

Two series of PP-homopolymers were produced: (a)
RE-PP grades in a pilot plant (propylene-bulk,
Spheripol-process, commercial fourth-generation
Ziegler/Natta catalyst) with variation of the MFR
(ISO 1133, 230°C/2.16 kg) between 0.4 and 150 g/
10 min (H,-regulation); one additional material with
higher isotacticity was also produced at MFR = 8.4
g/10 min by properly adjusting the catalyst system
(HI-RE-PP); (b) CR-PP grades based on the RE-
grade with highest M, by peroxide-controlled deg-
radation in a twin-screw extruder with variation of
MFR between 3.4 and 149 g/10 min.

The fact that these materials were separately
produced in a rather cost-intensive way secured a
homogeneous basic structure of all materials, for
example, regarding the shape of MMD and chain
tacticity. In detail, the stereoregularity (isotactic
pentads content) was checked using *C-NMR ac-
cording to a method developed by Zambelli?® for all
materials with MFR =~ 8 g/10 min; respective data
are included in Table II. To determine the effect of
nucleation, 0.1 wt % of a nucleating agent was added
in a second extrusion step, which did not signifi-
cantly change the molar mass of the samples.

The MMD data of all materials (summarized in
Table I) were determined on a Waters 150C GPC
at 135°C in trichlorobenzene; it turned out that they
correlated very well to the MFR measurements (see
Fig. 3). Crystallinity was investigated via DSC (ac-
cording to DIN 53765) on a T'A Instruments DSC
512C using a heat/cool/heat cycle between +23 and
+250°C at rates of 10 K/min. As the melting en-
thalpy represents only an indirect determination of
crystallinity,? the density of the three MFR 8 grades
(RE, HI-RE, and CR) was determined on original
samples additionally. As outlined in Table II, the
data correlate quite well, even if the absolute levels
are different, confirming the relativity of the DSC
method. Mechanical properties were measured in
flexural testing (DIN 53452/57) and flexural impact
(ISO 179 1leA, Charpy V-notch) at +23°C on injec-
tion-molded samples (dimension 80 X 10 X 4 mm;
injection according to DIN 16774). The internal
structure of these samples was investigated using
light microscopy on cross-sections perpendicular to
the direction of injection.

Special investigations were carried out to separate
the effects of nucleation and spherulithic growth.
Similar to earlier investigations,?? both factors were
determined on the RE, HI-RE, and CR grades at
MFR = 8 g/10 min. In contrast to the previous work,
where the growth rate had been determined from



front growth measurements of a transcrystalline
layer in a slab-like sample?® and the number of nuclei
from a DSC experiment,?* a more direct approach
was used here in both cases.

The spherulithic growth rate was measured using
thin film crystallization, a method that had been
developed in the working group of Janeschitz—
Kriegl.?> Here, a thin material sample is molten be-
tween two glass slides, subsequently kept at a tem-
perature T, below the thermodynamic melting point
(T,,) for a defined time t,, and then quenched in ice
water. Using a light microscope, the size of the
spherulites having formed during ¢, is measured and
the growth speed G can then be determined from a
plot of spherulite radius vs. crystallization time. To
ensure correct calculation, the largest spherulite
formed has to be evaluated. For the present inves-
tigation, T, was varied in the range between 82 and
122°C.

To determine the number of nuclei at a certain
T., DSC experiments were carried out at different
cooling rates. The actual value of T, was calculated
from the DSC plots as described in ref. 24, taking
into account the heat transfer problems. From the
solidified DSC samples microtome cuts were taken
that were then microphotographed. By counting the
number of spherulites in a certain area, the area
density N, can be determined, from which the vol-
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Figure 3 Correlation between weight average molar
mass and MFR (230°C/2.16 kg) for RE ((J) and CR types
(@).

ume density Ny is then calculated using the simple
approximation

N,[m7°] = N,[m 2" (1)
By varying the cooling rate between 10 and 50 K

min~!, the T, range between 106 and 117°C could
be covered.
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Figure 2 Effect of different nucleating agents (standard types: Na-Benzoate, Talc; clar-
ifiers: sorbit 1-3; reinforcing types: Nucl. 1-3) on stiffness (flexural modulus measured as
described in chapter 2) and transparency (measured on injection molded plaques of 2 mm
thickness).
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TableI MMD-Data (from GPC) and MFR (230°C/2, 16 kg) for All Investigated Materials

Base Mat. Nucl. Mat. Type M, M, M, /M, MFR
No. No. (RE/CR) [kg/mol] [kg/mol] -1 [g/10 min]

5964/01 5973/01 RE 766 138 5.5 0.4
5964/02 5973/02 RE 426 78 5.5 3.2
5964/03 5973/03 RE 357 71 5 8.6
5964/04 5973/04 RE 242 49 4.5 27.5
5964/05 5973/05 RE 203 42 4.9 47.3
5964/06 5973/06 RE 183 31 5.9 83.7
5964/07 5973/07 RE 152 23 6.5 150.3
7606/01 8699/12 HI-RE 384 75 5.1 8.4
5964/08 5973/08 CR 453 123 3.5 3.4
5964/09 5973/09 CR 318 102 3.1 8.6
5964/10 5973/10 CR 231 83 2.8 28
5964/11 5973/11 CR 181 59 2.7 51
5964/12 5973/12 CR 157 59 2.7 81
5964/13 5973/13 CR 135 55 2.5 149

RESULTS AND DISCUSSION

Influence of Molecular Structure

As to be expected from the introductory remarks,
the DSC scans showed increasing crystallinity with
decreasing M, or increasing MFR, respectively, ex-
pressed in Figure 4 by the crystallization enthalpy
H_. The increase, however, is significantly less pro-
nounced in case of the CR grades. Taking into ac-
count the theoretical value of the melting enthalpy
H,, for a “fully crystalline” PP, 209 J/g,? the relative
crystallinity of the samples was in the region of 40—
60%. Density measurements of injection-molded
samples (cross-sections used) gave the same ten-
dency in results (see Table II).

If the interest is shifted to mechanical properties,
the flexural modulus (Er) exhibits the well-known
picture of proportionality to log (MFR) for the RE
grades as well as a stagnation or even decrease for
the CR grades (see Fig. 5). The effects were, however,
less pronounced than in earlier investigations based
on products from a hexane-slurry process.??

The notched impact strength (ax) of the materials
decreases steadily with rising MFR in both series
(RE and CR); at comparable MFR, ay is always
higher for the CR than for the RE grade (see Fig.
6). Here, again, a similar result was reached in the
previous study,?? where, however, a much narrower
range of molecular weight had been covered. Gen-
erally, the reduction of ay with falling molar mass
is well known from the more simple case of glassy
polymers like PS,?” while the stiffness remains con-
stant there. The impact effect there goes along with
differences in the structure of the fracture surface

and is mainly attributed to entanglement effects,
which are less pronounced at lower molar masses.

For semicrystalline polymers, the differences in
mechanical properties have so far been mainly ex-
plained based on morphological differences,?® more
precisely, the spherulite size.?” These are in turn
closely connected to the two parameters G (spher-
ulithic growth speed) and Ny (number of nuclei per
unit volume) determined in the crystallization ex-
periments. To avoid molar mass influences (which
may be part of a later study), one RE and one CR
grade each with comparable M,, and MFR were cho-
sen for these measurements, complemented by the
HI-RE grade. It appears that the differences in the
crystallization behavior are mainly determined by
the number of nuclei (see Fig. 7), where—rather in-
dependent of T,—a difference of more than one de-
cade between RE and CR grade can be observed.
The values for the HI-RE material are between these
extrema, but closer to the RE grade.

A different picture is obtained considering the
chain regularity of the polymer, which is often con-
nected to the crystallinity in the patent literature,'®
as an influence factor. There is evidence in the
literature'® "% for a strong influence on the spher-
ulithic growth speed, which was, in principle, con-
firmed in our measurements (see Fig. 8). The tac-
ticity range covered was significantly narrower for
technical reasons, for instance, because the HI-RE
material under investigation was part of a devel-
opment program to increase the modulus. It appears
that a significant effect on the spherulithic growth
speed (G) can be determined only between the RE
and the HI-RE material, while all other parameters
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Table II Effect of Chain Regularity (mol % <mmmm>-Pentades According
to Zambelli (I}) on Spherulithic Growth Speed, Crystallinity (c; — rel.
Crystallinity from Density, ¢y — rel. Crystallinity from Melting Enthalpy)
and Mechanics in Nonnucleated Form for RE-Type 5964/03,
HI-RE-Type 7606/01, and CR-type 5964/09 (MFR 8)

RE Type HI-RE Type CR Type
{mmmm} [mol %] 94.5 97.2 95.8
G (102°C) [m/s] 4.1510°° 6.2 107° 4.5107¢
¢p, nonnucl. [%] 60.5 62.3 57.2
¢y, nonnucl. [%] 52.7 56.4 52.2
Er (+23°C) [MPa] 1600 1750 1213
ay (+23°C) [kJ/m?] 3.4 3.3 3.9
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reflecting overall crystallinity (see Table II) are
varying for all grades in the direction CR < RE
< HI-RE. The actual values measured for G were
about one decade above the data published by Cheng
et al.,’"'" which can most probably be attributed to
a methodic problem in his case.?

Summarizing, these results allow a qualitative
explanation of the effect seen in crystallinity at least.
Furthermore, if a certain correlation between the
degree of crystallinity and the stiffness is assumed,!
the mechanical effects can be understood as well.
However, prior investigations'®*? also show that the
processing conditions influence the final mechanics
at least as strong as molecular factors. Even if all
materials are processed in the same way (according
to standard), this does not ensure the same condi-
tions for crystallization for materials with different
Ny (T.) and G(T,) dependencies. This applies, even
stronger, to nucleated materials!
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Figure 4 Correlation between MFR (230°C/2.16 kg)
and crystallization enthalpy (H¢) for RE (0) and CR types
(@).

Influence of Nucleation

The addition of a (heterogeneous) nucleating agent
is seen in the primary DSC characterization in two
effects: increase in the enthalpy of melting and crys-
tallization (H)y, and H, respectively), and increase
in the apparent crystallization temperature (7 spp;
the peak temperature of the crystallization exotherm
is taken here to avoid complex calculations). The
latter effect is often used in industrial practice to
judge the effectivity of nucleating agents,*** as the
relative changes observed are more significant than
for the enthalpies. In case of comparative measure-
ments on one polymer type (and keeping sample
mass and geometry constant), this method seems
acceptable, although from a theoretical point of view
the evaluation of crystallization plots from the DSC
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Figure 5 Correlation between MFR (230°C/2.16 kg)
and stiffness (flexural modulus, Er) for RE (J) and CR
types (@).
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Figure 6 Correlation between MFR (230°C/2.16 kg)
and impact strength (ISO 179 1leA +23°C, ay) for RE (0J)
and CR types (@).

can only be carried out including corrections for the
heat transfer in the instrument and measuring cell.?

The nucleation effects for the RE grades in the
present series are presented in Figure 9. The vari-
ation in the difference between the crystallization
temperature of the nucleated (T,) and the non-
nucleated (T, ,) samples with rising MFR shows that
the nucleation effect increases first and then de-
creases again with falling molar mass. For the high-
isotacticticity (HI-RE) grade, the basic value of T,
as well as the nucleation difference is in the same
range as for the RE grade with the same MFR.

An analogous plot for the CR grades gives a dif-
ferent picture, namely, a rather constant difference
of
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Figure7 Number of nuclei per unit volume as calculated
from optical investigation of DSC samples crystallized at
different cooling rates for RE-type 5§964/03 ((), HI-RE-
type 7606/01 (A), and CR-type 5964/09 (@).
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Figure 8 Spherulithic growth speed as calculated from
thin-film crystallization experiments at different crystal-
lization temperatures for RE-type 5964/03 (O), HI-RE-
type 7606/01 (4A), and CR-type 5964/09 (®).
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independent of the MFR. An earlier study by Avella
et al.,? carried out on “Valtec” samples (RE grades)
in a narrower range of M,,, showed a steady increase
of the nucleation effect on the overall crystallinity
with falling M,, thus, even amplifying the basic effect
of the molar mass.

This development is also reflected in the me-
chanical properties of the nucleated materials. If one
defines the relative increase in stiffness (Ey) at a
certain molar mass or MFR as

AE(MFR) = [Ep ,(MFR))/Er,(MFR)] ~1 (3)
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Figure 9 Correlation between MFR (230°C/2.16 kg)
and apparent crystallization temperature (DSC, cooling
rate 10 K/min) for nonnucleated (O) and nucleated RE
types (#).



the effect mentioned before is expressed even stron-
ger: AE,, rises up to an MFR of 50 g/10 min (cor-
responding to an M, of 200 kg/mol) and falls again
afterwards. The trend is the same for RE and CR
grades, the maximum for the latter being in a lower
MFR range, however (see Fig. 10). For the HI-RE
grade, AE,., is at the same value as for the respective
RE grade (0.44).

The mentioned trend inversion at a certain molar
mass is repeated in case of the impact strength, ay.
As can be seen in Figure 11, the nucleation at higher
M, induces an embrittlement of the materials
(rather expected from the higher stiffness values),
while below an M, range of 200 kg/mol even an
increase of ay is observed. The relation, which is
shown here for RE grades, is practically the same
for the CR grades. Generally, however, these differ-
ences must be considered critically because of the
relation between the differences and the standard
deviations in case of these rather brittle materials.

Influence of Skin-Layer Formation

Obviously, a further effect adding to the simple cris-
tallinity variation exists here. Evidence for that can
be found in the light microscopy results of the cross-
sections, which were investigated in parallel. Gen-
erally, a strong effect of the MFR on the spherulite
size can be observed, but the formation of highly
oriented skin layers, caused by shear-induced crys-
tallization,***° also changes significantly.

In the studies of Fujiyama et al.,**” strong effects
of M,, on both structural elements had been found:
according to these results (which had been obtained
on RE grades only), overall crystallinity increases
with rising MFR, while the thickness of the skin
layer (dg) decreases up to an MFR of 9 (M,, approx.
350), remaining constant then at a very low level.

0,50
a
5]

0,40 . . . o
0o s A
— 0,30 ¢
[

";' o
E 0,20
0,10
0,00
0,1 1 10 100 1000

MFR (230°C/2,16kg) [g/10min]

Figure 10 Correlation between MFR (230°C/2.16 kg)
and stiffness increase through nucleation (AE,,) for RE
(O) and CR types (@®).
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Figure 11 Correlation between MFR (230°C/2.16 kg)
and impact strength (ISO 179 1leA +23°C, ay) for non-
nucleated ((J) and nucleated RE types (¢).

The high orientation of this layer in the injection
(c) direction was verified in x-ray scattering. Fuji-
yama successfully related the amount of orientation,
and, subsequently, dg to the relaxation time of the
material, pointing out, however, that processing
conditions (especially the melt temperature) have
an even stronger effect on the final morphology.
Nucleation was found to influence both crystal-
linity and skin layer formation, resulting in higher
values for overall crystallinity, orientation and ds.
Similar results were obtained by Jerschow® in model
experiments (crystallization in a rectangular duct
after short-time shearing) carried out to develop a
theory of shear-induced crystallization.?®* In this
case, dg could be increased by a factor of 3 to 5 by
heterogenous nucleation, depending on the MFR
and the material type (RE or CR). The latter could
not be fully explained by the differences in the
rheology and flow profile, even though the theory of
Janeschitz—Kriegl® gives a dependence of the in-
tensity of shear-induced crystallization on 4.4
From our previous investigations?? two effects
were already known: the spherulite-size decreases
with rising MFR for both types of materials but is
smaller for RE grades, and dg decreases with rising
MFR as well, being significantly lower in case of the
CR grades. These facts were verified, concentrating
on the skin layer (see Table III). The highly isotactic
(HI-RE) grade shows two features appearing con-
tradictory at first: a somewhat coarser spherulithical
morphology in the core and a higher skin layer
thickness. Taking into account the data from the
crystallization experiments, this can be understood.
While in the core, the combination of less nuclei
(see Fig. 7) with higher spherultihic growth speed G
(see Fig. 8) creates bigger spherulites, the shear-in-
duced layer is extended by the higher value of G.
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Nucleation changes the clearly spherulithic tex-
ture of the nonnucleated materials into a micro-
crystalline morphology, which does not exhibit any
visible differences over the whole range of materials.
On the other hand, the skin layer is enhanced
through nucleation. The thickness values measured
in the MFR range between 3 and 50 g/10 min are
summarized in Table III; again, a decrease in thick-
ness with rising MFR also in case of the nucleated
materials can be seen. A direct impression of the
significant structural changes induced by the nucle-
ation is given in Figure 12 for the case of the RE
grade with MFR 8.6. The HI-RE material follows
the changes in nucleation quite closely.

These effects show some interesting correlations
to mechanics: both the “leveling” effect in Ep/M,,
relation and the trend inversion in AE,, coincide
with the disappearance of the skin layer, ocurring
for RE grades at MFR > 9 and for nucleated RE
grades at MFR > 50. If the high orientation of this
skin layer is considered, which normally leads to
unidirectional strengthening, the superior effect on
the stiffness can be understood. The impact effects
can be explained only if an inverse proportionality
between crystallinity and an is assumed, corre-
sponding to the fact that conventional impact mod-
ifiers are mostly amorphous. Details in this corre-
lations must be sought for at a different structural
level.

CONCLUSIONS

The general correlation between crystallinity and
mechanics of semicrystalline polymers is known
from the literature.?’ As outlined above, the crys-
talline structure of a polymer is, under constant
processing conditions, determined by the factors
nucleation and spherulithic growth. In an expansion
of earlier investigations?? it could be shown that be-
tween two different types of PP-homopolymers (RE
grades coming directly from the polymerization re-
actor and CR grades priorly subjected to a defined

Figure 12 Surface structure of specimen for mechanical
testing showing the oriented skin layer for materials 5964/
03 (RE type, not nucleated, left) and 5973/03 (RE type,
nucleated, right); polarized light microscopy, enlargement
200X.

degradation process) the main variation lies in the
number of nuclei. If a material with higher isotac-
ticity is compared to these, the main difference in
properties results from a higher spherulitic growth
speed.

The mechanical properties, however, are addi-
tionally influenced by the formation of highly ori-
ented skin layers through shear-induced crystalli-
zation.®® These structures are enhanced in case of
higher M, and, additionally, in case of higher iso-
tacticity.

By adding heterogeneous nuclei in the form of
nucleating agents the difference between RE and
CR grades cannot be overcome. The nucleation ef-
fects appear to be similar for both categories, but
are strongly dependent of the molar mass of the ma-
terials. In case of the highly isotactic material, the
effects of nucleation and higher growth speed com-
bine well to give optimized crystallinity and stiffness.
The shear-induced skin structure is also significantly

Table III Effect of Molecular Structure and Nucleation on the Orientated Skin Layer in
Injection-Molded Parts (Measured on Light Micrographs, Magnification 200X)

MFR d, (RE, base) d; (RE, nucl.) ds (CR, base) d, (CR, nucl.)
Mat. No. {8/10 min] [pm] {um] [pm] [pm]
02/08 3.2/3.4 10 20 5 17
03/09 8.6/8.6 7 15 0 12
04/10 27.5/28 5 10 0 10
05/11 47.3/51 0 10 0 15




influenced by the nucleating agent, causing an ad-
ditional effect on mechanics. In any case, a corre-
lation between the skin-layer formation (ds(M,))
and the stiffness evolution ( Ex(M,)) can be drawn.
The situation is more complex in case of the impact
properties, pointing to structural effects on a differ-
ent scale.
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