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Abstract

The tensile properties of blends based on syndiotactic polypropylene (sPP) and high-density polyethylene (HDPE) have been studied. In
order to understand the unexpected decrease in ductility, the crystallization behavior of these blends was characterized by transmission
electron microscopy and in-situ Raman spectroscopy. For all investigated blends demixing occurs, and results for low HDPE concentrations
in an island-like morphology of HDPE domains embedded in a continuous sPP matrix. For all investigated sPP/HDPE blends the start
temperature of the sPP crystallization significantly increases with increasing HDPE content.q 1999 Elsevier Science Ltd. All rights
reserved.
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1. Introduction

The polymerization of isotactic polypropylene (iPP) and
syndiotactic polypropylene (sPP) has generally been known
since the work of Natta et al. [1], but the properties of sPP
have been less well investigated than those of the isotactic
configuration. Although, despite interesting properties of
sPP as high mechanical ductility and high optical
transparency, sPP has enjoyed no such commercial success
as iPP.

Besides many other factors, the slow crystallization rate
is a main disadvantage for the processing behavior of the
material. However, we have reported some drastic changes
in the properties of sPP when blended with high-density
polyethylene (HDPE) [2]. Especially, the crystallization
rate increases approximately by a factor of four using a
HDPE concentration of only 1 wt.-%, and more than ten
times when blending sPP with 10 wt.-% HDPE.

It is the purpose of this work to report some additional
mechanical properties of the blends of sPP and HDPE
together with new insights in its morphological
characterization.

2. Experimental

The HDPE used in the experiments was Lupolene 6021D
from BASF AG Ludwigshafen, Germany, and the sPP was
kindly supplied by the Fina Oil and Chemical Company.
The mixtures were prepared by solution blending in xylene
as a common solvent and acetone as a precipitant. The
precipitated powder was dried in vacuum for 12 h and
remelted at 1508C. Blend compositions are indicated as
sPP [wt.-%]/HDPE [wt.-%].

For tensile drawing, strips of 150 mm in length and 15×
2 mm2 in width and thickness were used with a gauge length
of 100 mm and a drawing rate of 2 mm/min (2% min21).
The Young’s modulus was determined from the slope of the
stress–strain curve between 0.05 and 0.25% strain. The used
device was a Zwick universal tensile testing machine Type
7025/5. Mechanical data presented in this article are the
average of 5 independent measurements.

Thin cross-sectional cryo-microtom cuts of these samples
were used for transmission electron microscope (TEM)
investigations after a ruthenium oxide (RuO4) staining
preparation [3,4]. TEM was performed using a Philips
CM200 operated at 200 kV and a Jeol 2000FX operated at
only 80 kV in order to enhance the contrast.

The device used for in-situ Raman spectroscopy was a
Dilor Labram system equipped with a Linkam THMS 600
hotstage. Measurements were carried out with a cooling
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Fig. 1. Stress–strain curves for sPP, HDPE and blends containing 5 and 10 wt.-% HDPE.

Fig. 2. (a) Young’s modulus and (b) tensile strength for sPP, HDPE and blends with different HDPE concentrations.



rate of 28C/min from the melt at 1508C to RT, and single
data scans were collected every 30 s followed by delay
time of 30 s. Internal calibration of the Raman
spectrometer was performed using the silicon band at
520.7 cm21.

3. Results and discussion

3.1. Tensile testing

In Fig. 1, the stress–strain curves of sPP, HDPE and
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Fig. 3. Maximum achievablel for sPP, HDPE and blends with different HDPE concentrations.

Fig. 4. Transmission electron brightfield micrographs of sPP/HDPE blends with several concentrations of HDPE: (a) 1 wt.-% (b) 10 wt.-% (c) 20 wt.-% (d)
50 wt.-%.



blends containing 5 and 10 wt.-% HDPE are plotted. Both,
pure sPP and pure HDPE show usual plastic deformation via
necking with elongationse < 300–800%. But already for
samples containing only 5 wt.-% HDPE, the drawing beha-
vior of the blends changes, and for the 90/10 blend samples,
brittle fracture takes place before necking after approxi-
mately 10% elongation. Fig. 2 shows the Young’s modulus
(Fig. 2(a)) and the tensile strength (Fig. 2(b)) as a function
of the HDPE-concentration, respectively. For low concen-
trations of HDPE a synergetic increase in the Young’s
modulus with a maximum at about 20 wt.-% HDPE is
measured, and for blends containing more than 20 wt.-%
HDPE a slight decrease in tensile strength is observed.
The maximum achievable draw ratio decreases drastically
with increasing HDPE concentration, and for HDPE
concentrations between 10 and 70 wt.-% no neck formation
can be observed (Fig. 3).
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Fig. 5. Transmission electron brightfiled micrograph of a sPP/HDPE inter-
face (20 wt.-% HDPE). The arrow marks several single sPP lamellae grow-
ing on the surface of a PE lamellar crystal.

Fig. 6. Raman spectra of (a) sPP and (b) HDPE, in the melt and at room temperature.



3.2. Transmission electron microscopy (TEM)

Fig. 4 shows a set of TEM bright-field micrographs of
sPP/HDPE blends with several concentrations of HDPE.
Using stained samples with in focus conditions of the
TEM and a low magnification (Fig. 4(a)–(d)), the dark
areas with a lamellar sub-morphology and the brighter
areas without visible morphological details can be attributed
to HDPE rich and sPP rich areas, respectively. The differ-
ence in the contrasts of the two components results from a
stronger interaction of the RuO4 with the HDPE. On higher
magnification (Fig. 5), crystalline and amorphous areas can
be distinguished from the amorphous areas appearing darker
than the crystalline areas due to a higher amount of RuO4 in
the amorphous phases.

Low concentrations of 1, 10 and 20 wt.-% HDPE exhibit
demixed island-like HDPE domains in a sPP matrix (Fig.
4(a)–(c)). The size of the domains increases with increasing
HDPE concentration. Beside these domains, only a few
isolated polyethylene lamellae can be found in the sPP
matrix, and hence, there is evidence for a homogeneous
distribution of small HDPE domains in the sPP matrix.

The 50 wt.-% HDPE samples show a homogeneous
distribution of the domain dimensions, but now the domains
of both components, the sPP and the HDPE, are approxi-
mately of the same size (Fig. 4(d)). During the sectioning
local deformations of these samples have resulted only in
the failure of a few interfaces between the sPP and the
HDPE domains, but also in failure of the pure components.
This observation can be considered as an evidence for good
interface adhesion between sPP and HDPE. The black areas
in Fig. 4(d) are artifacts caused by the sample preparation.

In a previous study we have reported the drastic increase

of the crystallization rate of sPP when blended with poly-
ethylene (PE) [2]. It is known that sPP crystallizes epitaxi-
ally onto uniaxially oriented PE films with a very sharp
texture [5]. Moreover, from the epitaxy of PE on iPP it is
known, that secondary nucleation of the PE on (hk0) iPP
crystal surfaces causes epitaxy [6–10]. Similar observations
were made in the system LDPE/HDPE [11–13]. In the
systems mentioned earlier, the epitaxial nucleation acceler-
ates the crystallization process.

Fig. 5 shows a bright-field TEM micrograph of a sPP/
HDPE interface (80/20 sample). At the higher magnification
more details in the lamellar morphology can be observed.
Especially, besides the HDPE crystals with their strongly
stained amorphous areas, very thin sPP crystals are visible.
Some sPP lamellar crystal bundles and several single sPP
lamellae are parallel growing away from the PE crystal
surfaces. The parallel alignment of the bundled crystals
indicates an oriented nucleation of the sPP on the HDPE
crystals. Accordingly, it is speculated that in the sPP/HDPE
blends similar mechanisms are acting for the nucleation of
the sPP on the HDPE lamellae as in the other epitaxial
systems. This implies that the synergisms in mechanical
properties are caused by the same mechanisms, the bridging
of the sPP amorphous zones by HDPE lamellae [14]. The
bridging of the mechanically soft amorphous areas by stiff
entities (crystallites) stiffens semicrystalline polymers
considerably and also increases their mechanical strength.

3.3. Raman spectroscopy

Fig. 6 presents Raman spectra of the melts and the semi-
crystalline states of sPP and HDPE, respectively. So far, the
vibration modes of sPP were not yet accurately assigned to
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Fig. 7. Raman spectra of a sPP/HDPE blend containing 10 wt.-% HDPE, acquired during crystallization from the melt. Straight lines indicate the wave numbers
of 825 cm21 (mixed amorphous and crystalline mode of sPP) and 1295 cm21 (PE crystalline CH2 twisting).



Raman band positions in the literature. Following the soli-
dification from the melt of pure sPP, a strong intensity
reflecting the increased crystallinity was found at a wave
number of 825 cm21 and is marked by a straight line in Fig.
6(a). Additional minor intensities, e.g. at 1203 and
1295 cm21, reflect the increased crystallinity of the sPP
sample after solidification, but in the investigated wave
number range only the weak band position at 934 cm21

can be assigned to a pure crystalline vibration mode of
sPP. In contrast to sPP the Raman spectrum of PE has
been discussed since decades. In the investigated wave
number range 700 to 1600 cm21, all band positions are
assigned to certain vibration modes [15–17]. Especially
the band position at 1295 and 1304 cm21 correspond to
the crystalline and amorphous CH2 twisting modes of PE,
respectively, and the former is marked with a straight line in
Fig. 6(b).

Fig. 7 illustrates examples of Raman spectra of a 90/10
blend obtained during the crystallization from the melt. The
four spectra represent superpositions of sPP and HDPE
spectra as shown in Fig. 6, but all Raman band intensities
are weighted corresponding to the blend composition. In the
molten state the spectrum shows all characteristic band posi-
tions of amorphous sPP. Additionally, the amorphous CH2

twisting band of PE is visible at approximately 1304 cm21,
and the shape of the sPP bands has changed in the wave
number range 1400 to 1500 cm21 caused by overlapping
with the CH2 deformation and bending bands of PE. In the
course of HDPE crystallization during the experiment,
intensities and band positions alter, which is shown in the
Raman spectrum obtained at 1208C. The intensity of the
amorphous twisting band of PE decreases, combined with
simultaneous growth of the crystalline CH2 twisting band at
1295 cm21. The crystallization start temperature of the
HDPE content of the blend can be committed to 1278C
following the formation of the crystalline CH2 twisting
band.

The spectrum obtained at 1108C shows additional crystal-
lization of the sPP content. Both, the increased intensity at
825 and 934 cm21, and the separation of the bands in the
wave number range 800 to 900 cm21 indicate the crystal-
lization. The growth of intensity at 1295 cm21 corresponds
to the complete crystallization of the HDPE content and to
the additional appearance of an sPP band located at the same
position, as seen in Fig. 6(a). Using a cooling rate of 28C/
min, the initial crystallization temperature of sPP can be
committed to 1168C. Finally, at room temperature the
further increase of band intensities at 825 and 1295 cm21

shows the complete crystallization of the sample. Using the
same condition with 28C/min cooling rate from the melt, the

crystallization start temperature of pure sPP is approxi-
mately 1048C as reflected by the growth of the same
bands at 825, 934 and 1295 cm21.

4. Conclusion

The mechanical behavior, morphology and crystallization
from the melt of high density polyethylene/syndiotactic
polypropylene blends were investigated. The mechanical
behavior of the blends changes drastically compared to
pure HDPE and sPP, and for HDPE concentrations between
10 and 70 wt.-%, no neck formation is observed. For all
investigated blends demixing occurs and results for low
HDPE concentrations in a island-like morphology of
HDPE domains in a sPP matrix. A good interface adhesion
between the phases was observed. Using in-situ Raman
spectroscopy, the crystallization of the sPP phase in the
blends was investigated. The start temperature of crystal-
lization increases more than 108C if HDPE is present, which
reflects the favored nucleation of sPP in the blends.
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