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ABSTRACT: For understanding the correlation chain
from the polymer structure to the final application proper-
ties of propylene-ethylene random copolymers, four com-
mercial grades with different ethylene content (0—8 mol %)
but identical molecular weight distributions were investi-
gated. Structural investigations concerning the comonomer
distribution, using two different techniques (temperature
rising elution fractionation and stepwise isothermal segre-
gation), showed an increase of inhomogeneity with the total
comonomer content, which was reflected for temperature
rising elution fractionation in a widening of the elution
temperature range. Crystallinity and crystallization speed

studies confirmed the reduced overall crystallinity and in-
crease of y-modification content as reported previously, but
they also showed the reason for these effects in the distinc-
tive decrease of the spherulitic growth speed. Good correla-
tions of all these parameters to the mechanical performance
of the four materials were obtained. © 2005 Wiley Periodicals,
Inc. ] Appl Polym Sci 95: 1073-1081, 2005
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INTRODUCTION

The global market position of polypropylene (PP) in
comparison to other commodity thermoplastics shows
a constant above-average growth of the production
volume. One of the main reasons for this is the steady
expansion into new application areas, in which other
polymers as well as nonpolymeric materials are being
substituted.!

Out of the PP global market volume of roughly
27,000,000 T in the year 2000, propylene—ethylene ran-
dom copolymers (P/E-RACOs) have a minor but eco-
nomically important share. The main application areas
of P/E-RACO:s are film, rigid packaging (i.e., injection
molding and blow molding), and pipe applications,
the proportions of which can be found in Table 1.> The
advantages of this class of polymers are improved
transparency, relative softness, lower sealing temper-
ature, and moderate low-temperature impact strength
due to the lowered glass-transition temperature.

The development of new grades can be facilitated
by an improved understanding of the structure—prop-
erty relations governing the material behavor. This
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starts at the catalyst level and proceeds via polymer-
ization and modification processes to conversion and
the final material properties.®

Background and earlier studies

Several investigations of the composition and molec-
ular structure of P/E-RACOs have shown the effects
of catalyst and polymerization conditions on the ma-
terial.*> The high yield Ziegler-Natta catalyst has a
tendency to concentrate stereodefects into the low mo-
lar mass chains, leading to a broad tacticity distribu-
tion and intermolecular heterogeneity of PP.° Ethylene
units in PP—ethylene copolymers are equally concen-
trated in low molecular weight chains. In several crys-
tallinity and crystallization studies’”® the effect of
comonomer incorporation into the chains has been
analyzed.

Advanced PP grades have been developed in recent
years,” characterized mostly by improved homogene-
ity of the materials and the absence of low molecular
weight fractions that previously deteriorated the pro-
cessing behavior as well as the organoleptic properties
of the materials. Especially in the case of higher eth-
ylene contents, the homogeneity of monomer incorpo-
ration is essential for maintaining a single-phase struc-
ture.'”

Measurement of the isotacticity distribution'" and
ethylene distribution in P/E copolymers'® has been
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TABLE I
Applications of PP Resins in North America
and Europe in 2000
Europe North America

Fiber 22 27
Film 19 12
IM/BM packaging 17 16
IM consumer 7 13
IM engineering 17 3
Other 18 29

M, injection molding; BM, blow molding; other, includes
compounding and trader sales in North America. Adapted
from Le Blanc et al.2

performed by using the temperature rising elution
fractionation (TREF) technique, which fractionates
polyolefins according to their solubility differences.
For crystalline polymers, the solubility of the polymer
chain is influenced mostly by the concentration of
chain defects. It has been clearly demonstrated for PP
that TREF fractionates the polymer according to the
longest crystallizable sequences in the chain, which
increase almost linearly with the elution tempera-
ture.”® It is known that ethylene units act as chain
defects and it is possible to achieve the desired aver-
age length of isotactic sequences by the controlled
incorporation of the same.

The TREF method is very time consuming and
therefore a quicker and easier method based on suit-
able thermal treatments in differential scanning calo-
rimetry (DSC) has been developed. In this procedure a
specimen is completely melted in order to remove all
memory of its previous thermal history and then crys-
tallized stepwise at successively lower temperatures.
The heterogeneity of isotactic PP can be determined in
a much shorter time using the DSC fractionation
method compared to TREF and similar compositional
information is obtained, although the curves are not
identical. This has been used to study intermolecular
heterogeneity in short-chain branched polyethyl-
enes.'*!° For PP, this technique has thus far been used
only by Hardy et al.'® for achieving a better separation
between different crystal modifications (a/B).

The stepwise isothermal segregation technique
(SIST) fractionates the material according to chain reg-
ularity (the average length of isotactic PP sequences
between the defects). The isothermal crystallization at
a certain temperature allows the crystallization of la-
mellae with a large enough dimension to be stable at
that temperature. Upon isothermal crystallization at
decreasing temperatures it is thus possible to fraction-
ate the polymer in terms of lamella size. At the highest
crystallization temperature only the most regular
polymer chains are able to crystallize. As the temper-
ature decreases, the critical length decreases.

The crystallization of the material plays an impor-
tant role for the end-use properties of PP as for other
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semicrystalline polymers. Different factors have been
found to influence the crystallization behavior of iso-
tactic PP: stereoregularity,'”'® comonomer type and
content,'® molecular weight distribution (MWD),?*2!
and heterogeneities like catalyst residues and nucleat-
ing agents.”**

The ethylene units act as disturbances in the chain,
hindering crystal growth and enforcing chain folding.
This results not only in reduced crystallinity but also
in specificities of crystal modification development.**
In all cases, an increase of the y modification with
increasing ethylene content was found. A recent study
covering very low comonomer contents® shows an
onset of this effect already at 0.5 mol % ethylene, but
it also finds strong effects from nucleation and the
cooling rate. This also has consequences for the ther-
mal behavior and the mechanical and optical proper-
ties of the material.*

This article is based on studies analyzing the effects
of the comonomer content of P/E-RACOs on the crys-
tallization behavior as well as the end-use properties
of these materials.

EXPERIMENTAL
Materials

A homopolymer (Borealis HD244CF) and three P/E-
RACOs with different ethylene contents (Borealis
RD204CF, RD226CF, and RD208CF) were used in this
study. All four materials are commercial resins pro-
duced in production units using bulk polymerization
in liquid propylene and a fourth-generation Ziegler—
Natta type catalyst with a conventional external do-
nor. All grades have a melt flow rate (230°C/2.16 kg
according to ISO 1133) of 8 g/10 min, a weight-aver-
age molecular weight (M,,) of ~310 kg/mol, and a
polydispersity (M,,/M,,) of ~3.4. The latter data were
determined with high-temperature size exclusion
chromatography (135°C) using trichlorobenzene as a
solvent.

The narrow MWD of the materials, which is advan-
tageous in cast-film applications and thin-wall injec-
tion molding, results from a controlled degradation of
the reactor product with peroxide (visbreaking or CR
process®). The basic characteristics of all grades are
presented in Table II. The glass-transition temperature
(T,) was determined with dynamic mechanical analy-
sis in torsion (ISO 6721-2); the melting temperature
(T,,), melting enthalpy (AH,,), and crystallization tem-
perature (T,) were determined with DSC (ISO 3146)

using a heating and cooling rate of 10 K min™".

Structural investigations

For the determination of the total ethylene content,
Fourier transform IR spectroscopy (FTIR) and NMR
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TABLE 1I
Basic Characteristics of Investigated PP
Ethylene T, by T, by Flexural Charpy NIS
Type FTIR (wt %) NMR (mol %) DSC (°C) DMTA (°C) modulus (MPa) (k] /m?)

HD244CF 0 0 164 3 1300 3.5
RD204CF 22 34 153 —4 1000 5
RD226CF 34 52 145 -7 800 11
RD208CF 49 7.3 139 —-10 605 14

All mechanical data are at +23°C on specimens injection molded according to ISO 1873-2; flexural modulus, ISO 178;

Charpy NIS, notched impact strength ISO 179 1eA.

spectroscopy (*?C-NMR) were used (Fig. 1). Both
methods are frequently used for the characterization
of P/E copolymers, but FTIR has a significant differ-
ence from >C-NMR measurements: the latter are per-
formed in solution®® and therefore reflect molecular
characteristics only whereas compression molded and
annealed films are used for the FTIR measurements,?’
which therefore also reflect sample preparation effects
and nucleation.

For the NMR measurements, the samples were dis-
solved in 1,24-trichlorobenzene and measured in a
CMX 400 Infinity NMR spectrometer at 130°C.

In the FTIR measurements, films of 250-um thick-
ness were compression molded at 225°C and investi-

gated on a Perkin—-Elmer System 2000 FTIR instru-
ment. For identification of the sequence distribution of
the comonomer ethylene, the band range between 720
and 733 cm ™' must be investigated. Note especially
that the band at 733 cm ™! indicates a random insertion
and the band at 720 cm ™" indicates an insertion as a
block sequence (more than two sequential ethylene
units in the chain).

Fractionation of the PP samples was achieved by
using analytical TREF. The TREF elution profiles were
generated using a home-made instrument, which is
similar to a published design.*® The sample was dis-
solved in xylene at a concentration of 2-4 mg/mL at
130°C and injected into the column at the same tem-
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Figure 1 The peak assignment in ">*C-NMR of ethylene-propylene copolymers. (For details, see Di Martino and Kelchter-

mans.>®)
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perature, and the latter was then cooled to 20°C at a
rate of 1.5 K/h. The column was subsequently eluted
with 1,2,4-trichlorobenzene (TCB) at a flow rate of 0.5
mL/min while the temperature was increased from 20
to 130°C over 4.5 h. The output, detected with an IR
detector operating at a wavelength of 3.41 um, was
presented as a fractogram normalized to constant
area.

The isothermal crystallization for SIST analysis was
performed in a Mettler TA820 DSC on 3 = 0.5 mg
samples at decreasing temperatures between 145 and
105°C. The samples were melted at 225°C for 5 min,
cooled at 80°C/min to 145°C for 2 h, and then cooled
to the next crystallization temperature. Each of the five
temperature ramps took 2 h and a step was 10°C. After
the last step the sample was cooled down to ambient
temperature and heated to 200°C at 10°C/min. All
measurements were performed in a nitrogen atmo-
sphere.

The melting curve of the material crystallized this
way can be used for calculating the lamella thickness
distribution and isotactic sequence length distribution.
The longest crystallizable sequences form the thickest
lamella that melt at the highest temperature because
the melting temperature depends on the lamella thick-
ness. According to the Thomson-Gibbs equation,”" the
melting temperature can be calculated as

=11 27 (1)
N Y5

where T%, = 457 K, AH, = 184 X 10°]/m?, o0 = 0.049.6
J/m? and L is the lamella thickness. In case of the
copolymers, To, has to be replaced by the respective
equilibrium melting point (T5,).

The average isotactic sequence length distributions
were calculated from the lamella thickness using a
fiber length of 6.5 A for the 3, helix of PP. To attain a
quantitative view of the sequence length distribution
in the polymer, the melting curve was divided into
areas with a temperature interval of 10°.

Nucleation density and spherulitic growth rate
were determined analogously to earlier studies.'” In
addition to improvements on the methodical side of
the growth rate determination, a new type of thin-slice
experiment was also developed for materials with
very high nucleation density like externally nucleated
PP grades or even high density polyethylene.

For this new method, samples of ~0.2-um thickness
were prepared by evaporating several droplets of a
polymer solution in xylene placed on a microscopy
cover glass at room temperature. The film thus formed
was then heated after covering with a second glass to
well above the melting temperature for about 30 min
before cooling to room temperature. For the actual
experiments, the polymer film sandwiched between
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Figure 2 The temperature profile of a thin-slice experiment
for determination of the growth rate (e.g., crystallization for
2 s at 115°C).

cover glasses was placed in a fluid container that can
be heated electrically and cooled with fluids flowing
around the sample arrangement from both sides. After
heating to >200°C and relaxing the sample there, it
was quenched by feeding a thermostating liquid (eth-
ylene glycol) at the crystallization temperature
through the setup; the quality of this quench is illus-
trated by the temperature curve of Figure 2. After the
selected crystallization time, the cell was flooded with
water for a second chill to room temperature. The
resulting samples were then analyzed in polarizing
light microscopy.

The overall crystallinity of the polymers was calcu-
lated from the density, assuming 930 kg/m? for pure
crystalline isotactic PP,*> and from standard DSC
scans, where the problem of melting enthalpy selec-
tion exists because of conflicting literature data. For
our case, a value of 209 J/g was used.”®> A wide-angle
X-ray scattering (WAXS) investigation of the materials
yields not only a third crystallinity value but also a
determination of the y-modification content.>* The to-
tal crystallinity (X.) was determined from the peak
areas in the region of 10° = 26 = 30°; the concentration
of the o modification is expressed by the concentration
parameter G [eq. (2)]. All crystallinity and crystalliza-
tion data are summarized in Table IIL

17—130

G=——"—""" 2
Iz + 17—130 )

Mechanical properties

Basic mechanical data were determined on specimens
injection molded according to ISO 1873-2 standard
conditions (see Table II). The flexural modulus (ISO
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TABLE III
Crystallization Characteristics and Crystallinity of Investigated PP
X (O/o) GC at NC at

< 110°C 115°C

Type Dens. DSC WAXS v (%) (m/s) (1/m?)
HD244CF 55.6 49.5 40.5 0 2.05E-06 1.65E+13
RD204CF 52.1 41.3 36.2 7 1.32E-06 1.70E+13
RD226CF 47.9 36.3 ND ND 6.58E-07 3.75E+13
RD208CF 46.7 33.9 31.6 17 5.12E-07 3.88E+13

178) and Charpy notched impact strength (ISO 179
leA) at +23°C were determined.

Because film applications constitute a major use of
this type of polymer, the mechanical parameters of
50-um cast films were determined as well (Table IV).
The generally strong influence of the processing pa-
rameters was accounted for by choosing an industri-
ally relevant temperature for the chill roll of the cast
film unit (15°C on the first roll, 25°C on the second roll;
production fed with a single-screw extruder at a melt
temperature of 250°C, 80-mm die width). It was dem-
onstrated previously that the industrially used
quenching of cast films with very low chill roll tem-
peratures enforced changes in the crystallinity and
mechanics over time.>® Therefore, all data were deter-
mined after 96-h storage at +23°C.

RESULTS AND DISCUSSION

Establishing a correlation chain from the comonomer
content and distribution via the crystallinity to the
mechanics and optics of P/E-RACOs is a key element
of the general structure—property relation for PP. This
was attempted here for the class of P/E-RACOs.

Comonomer content and distribution

The two methods used for further analyzing the
comonomer distribution (TREF and SIST) are consid-
ered first. As the TREF diagrams in Figure 3 already
show, the comonomer addition leads not only to a
decrease of the maximum elution temperature but also

TABLE IV
Cast Film Properties at +23°C
Yield Extension  Penetration
Modulus  stress at yield work
Type (MPa) (MPa) (%) (J/mm)
HD244CF 650 18 8 14
RD204CF 500 17 10 17
RD226CF 420 15 12 20
RD208CF 350 13 13 23

Tensile test in machine direction, ISO 527-3, instrumented
penetration test, ISO 7765-2; 50-um cast film (extrusion pa-
rameters, see text).

to a widening of the elution temperature range. This
effect, which becomes more pronounced with increas-
ing ethylene content, reflects the inhomogeneity in the
way the comonomer is incorporated into the PP
chains.

In the raw data of the SIST analysis (see Fig. 4), this
is reflected in the depression of the melting peak as
well as a progressive widening of the melting range.
The lower the SIST-measured peak at the highest en-
thalpy derivative, the more defects there are in the
polymer. It becomes even clearer when considering
the isotactic sequence length distribution in Figure 5
[calculated based on eq. (1)], which effectively dem-
onstrates the absence of longer isotactic chain seg-
ments in the random copolymers. This further affects
the crystallization behavior and the final product
properties. The increasingly wide melting range,
which can already be seen from standard DSC scans,
also determines the sealing and welding behavior of
these materials and explains the technical advantage
of P/E-RACOs with higher ethylene contents as func-
tional layers enhancing the sealability.

Table V compares the peak values of standard DSC,
SIST, and TREF analyses. The relation

Tsst > Tpsc > Trrer (3)
15
HD244CF
RD204CF
R
= 101
9
g RD226CF
&
5
3 5 _
= RD208CF
0 — — : ; ; K i
60 70 80 90 100 110 120 130

Temperature /°C

Figure 3 The TREF results of the four different polymers
with TCB elution at a flow rate of 0.5 mL/min and the
temperature rising from 20 to 130°C over 4.5 h.
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Figure 4 The raw data of the SIST analysis for the four
different polymers.

is maintained throughout the whole series of materi-
als, the difference between the two calorimetric meth-
ods being clearly attributable to an annealing effect in
the SIST procedure.

Crystallinity and crystallization

The predictive power for the final properties of differ-
ent structural analysis methods, for example, the dif-
ferent measures for crystallinity (Table IV), was pre-
viously compared for metallocene catalyst based iso-
tactic PP.*® The following equation can be established
for relating the ethylene content (mol %) to the DSC
crystallinity:

GAHLEITNER ET AL.

TABLE V
Correlation Between Peak Temperatures of TREF
(Elution Maximum), SIST, and Standard
DSC (Melting Peak)

Type TREF (°C) SIST (°C) DSC (°C)
HD244CF 121 169 163
RD204CF 110 157 150
RD226CF 104 149 142
RD208CF 100 139 138

with a correlation coefficient (R?) above 0.98. The lin-
earity is clearly given in the comonomer concentration
range under consideration.

A more complex analysis is required for under-
standing the effect of comonomer incorporation on the
solidification process in practice. Because these pro-
cesses are normally strongly nonisothermal, some-
times involving very high cooling rates, the tempera-
ture dependence of the nucleation densities (N,.) and
growth rate (G,) are required for modeling the solid-
ification.

For both N, and G, very similar temperature depen-
dences were found for all four materials (see Fig. 6).
This allowed the use of one representative tempera-
ture shown in Table IIl. A good correlation between
the ethylene content and both total X, and spherulitic
G, was found to be possible (see Fig. 7). At the same
time the effects on the N, (see Table III) are small and
possibly result from differences in the combination of
processing aids and stabilizers (e.g., addition of an
antiblocking agent, Si0O,).

To get an impression of the practical consequences

X (DSC) = 49.024 — 2.2704E,, (4)  of these differences, the evolution of the relative crys-
70
60 O RD208CF
B RD226CF
D 50 B RD204CF
5
> B HD244CF
E 40 |- —
T
@
§ 30
©
©
i 20
10
0 T

s<15 15<s<18  18<s<22

22<s<29

29<s<41 41<s<45 s>45

Sequence length (propene units)

Figure 5 The sequence length distribution resulting from the SIST analysis [according to eq. (1)].
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Figure 6 The temperature dependence of the spherulitic
growth rate (G,) for the four different polymers (from thin-
slice experiments).

tallinity (£.) was calculated for an isothermal crystal-
lization at 110°C in quiescent melt based on these data.
With these assumptions, a combination of the Schnei-
der rate equations as described by Eder et al.*” leads to
the following time dependence of the total crystal
volume (¢,):

¢ =t°G>(4/37N,) (5)

In combination with the usual Avrami model for
spherulitic impingement,

—In(1-£) = ¢y (6)

1,00E-05 60
X i o
E 2
5 =
- ( Q
: 8
P a
% 1,00E-06 2
o £
O I
L @
] faad
s o
/2]

1,00E-07 , : \ -0

0 2 4 6 8

Ethylene Content / mol%

Figure 7 The influence of the ethylene content on the
spherulithic growth rate (G,; T = 110°C) and overall crys-
tallinity calculated from the melting enthalpy (H,,) in stan-
dard DSC.
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Figure 8 The predicted evolution of the relative crystallin-
ity (&) from the nucleation density and growth rate data for
the four different polymers (isothermal at 110°C).

a closed formulation for £(t) can be obtained. Figure 8
shows the theoretical curves for the four investigated
polymers at 110°C, demonstrating the nearly fivefold
increase of the time to equilibrium crystallinity for the
highest ethylene content as compared with the ho-
mopolymer.

Mechanical properties

Crystallinity and modulus are roughly proportional
for semicrystalline polymers. However, in practical
conversion the cooling rate and, especially for injec-
tion molded parts, flow induced crystallization will
play a major role in the development of both quanti-
ties. A variation of the average cooling rate®™ will
affect the amount of quenching and the crystallinity
level that is actually reached. More detailed studies for
molding® and cast films®® have demonstrated a wide
variability of application properties for identical PP
types.

Nevertheless, both the flexural moduli of the
molded specimens and the tensile moduli of the
50-um cast films were found to correlate nicely with
the total ethylene content in the present study (see Fig.
9). In both cases, a linear correlation with the ethylene
(mol %) content can be established with R* values
above 0.99. For the flexural modulus (Mg,,), the equa-
tion is

Mse. = 1307 — 95.9E,, (7)

Secondary effects like flow instability in cast film ex-
trusion, postcrystallization in conversion, or steriliza-
tion®* are important for practical applications but less
easy to understand in terms of the polymer structure.
The same holds for the toughness parameters, which
are additionally related to the distance between the
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Figure 9 The correlation between the total ethylene con-
tent, () flexural modulus from injection molded speci-
mens, and ([J) tensile modulus from cast film specimens.

testing temperature (+23°C) and glass-transition tem-
perature (see Table II). Linearity can therefore not be
expected, and the limited toughness increase for the
cast films should probably be understood in terms of
the lower crystallinity of these specimens.

A fracture mechanics study analyzing the failure
behavior of an analogous series of materials was done
at the Martin Luther University of Halle-Wittenberg
in Merseburg,* in which an increasing ductile contri-
bution was found with increasing ethylene content.
Crack-tip blunting plays an important role in the
toughness increase.

CONCLUSIONS

Understanding the details of the correlation chain
from the polymer structure to the final application
properties opens new possibilities for product design
and optimization. Isotactic PPs based on single-site
catalysts'/?**! are of special interest, because these
catalysts allow not only more homogeneous incorpo-
ration of ethylene but also the effective use of a-ole-
fines (1-alkenes) as comonomers. Such copolymers**
are potentially very interesting in terms of an in-
creased formation of y modification and improved
quenchability, resulting in better transparency.

In accordance with the experiences with linear low
density polyethylene (again, based on TREF), im-
proved control of the comonomer distribution over
the MWD is beneficial for better design of PP copoly-
mer properties. Multistage processes like the Borstar
PP process,” in which the comonomer distribution
and MWD design can be largely decoupled, are essen-
tial for achieving this.
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