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ABSTRACT: In this study, the properties of polypropyl-
ene (PP) homocomposites, prepared by film-stacking fol-
lowed by hot pressing, were investigated. Alpha- and
beta-PP served as matrices, whereas highly oriented PP
tapes of the alpha form acted as reinforcement in the
homocomposites. Tapes with different draw ratios (DR =
6-12) have been produced and characterized by mechani-
cal and wide-angle X-ray scattering measurements. Tapes
with a DR = 8 were incorporated in a cross-ply (CP) man-
ner in the corresponding homocomposite laminates. Speci-
mens were subjected to static (tensile, flexural) and
dynamic (instrumented falling weight impact, IFWI) tests.
The thermal and thermomechanical properties of the PP
tapes and homocomposites were studied by differential
scanning calorimetry and dynamic mechanical thermal
analysis. The homocomposite morphology was probed by
polarized light microscopy, which gave evidence of trans-

crystalline layer at the interface between tape and matrix.
The storage modulus of the CP homocomposites was
improved prominently by the tape reinforcement. In static
tensile tests, the homocomposites exhibited much higher
stiffness and strength when compared with the neat PP
specimens. However, this was accompanied with a
marked reduction in the ultimate elongation. The IFWI
tests showed that both alpha- and the beta-PP failed in
macroscopically brittle manner, whereas the correspond-
ing homocomposites failed in semiductile way. The homo-
composite laminates prepared with beta-PP matrix
exhibited higher resistance to penetration than those with
alpha-PP. © 2009 Wiley Periodicals, Inc. ] Appl Polym Sci 115:
684-691, 2010
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INTRODUCTION

Polymer homocomposites, containing both reinforc-
ing and matrix phases from the same polymer,
became the spot of interest recently. The interest
behind this development is mostly due to the low
density and easy recycling (via reprocessing) of the
corresponding homocomposites. The concept of
homocomposites was introduced by Capiati and
Porter' showing its feasibility on high-density poly-
ethylene-based systems. Nowadays, polypropylene
(PP)-based homocomposites (also termed self-rein-
forced or all-PP) are commercially available, such as
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Pure® and Curv®. Pioneering works for the devel-
opment of Pure® and Curv® were performed by
Ward and coworkers”™ and Peijs and coworkers,®
respectively. The philosophy of hot compaction,
adapted for Curv®, is to transform a part of the rein-
forcing fiber into the matrix. By contrast, extrusion
coating of PP homopolymer tapes by PP copolymers
of lower melting temperature is the basic concept of
the Pure® production. The properties of both Pure®
and Curv® homocomposites have been studied and
even compared with those of traditional glass fiber-
reinforced composites.> > The key issue of the pro-
duction of polymer homocomposites is to maintain
the high stiffness and strength of the reinforcement
(usually fibers and tapes with different layup or
textile architecture), i.e., to avoid their temperature-
induced relaxation. To enlarge the processing win-
dow, either the melt flowing temperature of the ma-
trix should be reduced, or the melting range of the
reinforcement increased, or both. A straightforward
method to enhance the melting temperature of the
reinforcement is to put it under external load'® or by
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using tapes/fibers having very high tenacity (draw-
ing ratio, DR)." Melt temperature reduction from
the matrix side can be achieved by using random-
type PP copolymers, which is a state-of-art
approach.">™” A further alternative has been proposed
by Karger-Kocsis,'® by exploiting the polymorphism of
PP. Note that the beta form of PP melts at markedl{y
lower temperature than the usual alpha form.”
Accordingly, PP homocomposites, composed of alpha-
phase reinforcement and beta-phase matrix can be pro-
duced.”® The latter can be achieved by the incorpora-
tion of selective beta-nucleating agents'**! in PP homo
and copolymers. It is noteworthy that the polymor-
phism of other semicrystalline polymers, such as poly-
amide and polyester, can be exploited to produce the
related homocomposites. This was recently shown by
Fakirov and coworkers.”?

In this work, PP homopolymer tapes of different
stretching ratios were produced and used as rein-
forcement. The alpha tapes were embedded in both
alpha- and beta-PP homopolymer having higher melt
flowability than the reinforcing PP grade. Homocom-
posite laminates were manufactured by the film-
stacking technique using the matrix-forming alpha-
or beta-PP homopolymer in the form of films.
Properties of the resulting homocomposites were
determined under static (tensile, flexural) and dynamic
conditions (falling weight impact). Moreover, the ther-
mal and thermomechanical properties of the PP tapes
and PP homocomposites were also investigated.

EXPERIMENTAL
Materials

For the production of tapes, Moplen® HP400H homo-
polymer (melt flow index, MFI, at 230°C/2.16 kg =
2 dg/min) of Basell Polyolefins (Rotterdam, The
Netherlands) has been selected. As matrix material,
Tipplen H388F with nominal MFI value of 8 dg/min
of TVK (Tisztjvaros, Hungary) was used. This H388F
grade was processed into film of ca. 0.2 mm thickness
in a chill-roll type equipment.” The related films con-
sisted of the alpha and beta forms, respectively. Beta-
PP was achieved by incorporating 0.15 wt % calcium
suberate via melt compounding. The beta content of
the corresponding film, determined by wide-angle X-
ray scattering (WAXS) data using the formula of
Turner-Jones et al.,** was 0.898.%

Tape production and characterization

The PP was first extruded using a twin-screw
extruder (Brabender, Duisburg, Germany) having a
screw diameter of 25 mm and length to diameter
ratio of 22. The temperature in the zones from the
hopper to die was 220 and 250°C, respectively, and

685

g

B g osga o pzemy B2
i

Top view of Baolls § and 4

@ | | o

Foree comtralied | " "2
winding sponl

A

_________________

Hat air chamsber

Figure 1 Schematic sketch of the hot stretching unit.
Note: the speed of the rollers R1, R2, and R3 was the same,
while that of R4 varied to set the required draw ratio (DR).

the screw rotations were 10 rpm. The PP tape leav-
ing the rectangular die (7.5 x 0.48 mm?) was drawn
in a home-built stretching unit at 100°C. The home-
built stretching line is depicted schematically in Fig-
ure 1. Tapes with different DR, viz., 6, 8, 10, and 12,
were produced. The DR was defined by the speed
ratio of the final and the initial take-off roller of the
stretching unit. The tapes with a DR of 10 exhibited
inhomogeneous, whereas above this threshold full
stress whitening was exhibited. The resulting tapes
(cross section of ca. 1.2 x 0.1 mm?) were subjected
to differential scanning calorimetry (DSC), WAXS,
dynamic mechanical thermal analysis (DMTA), and
static tensile tests.

The melting of the tapes was characterized using a
Mettler-Toledo DSC821 instrument (Greifensee, Swit-
zerland). DSC scans were performed from 25 to 200°C
at a heating rate of 10°C/min in nitrogen atmosphere.

The orientation of the tapes was studied by a
D500 diffractometer (Siemens, Munich, Germany)
using Ni-filtered Cu Ko radiation. Two-dimensional
(2D) X-ray scans were collected over 0° to 90° of the
azimuthal angle (®) for the crystal reflections with
Miller indices 110 and 040, respectively.

DMTA (DMTA Q800 TA Instruments, New Castle,
USA, equipped with a data acquisition software)
tests on the PP tapes (30 mm length, 1.2 mm width,
and 0.1 mm thickness) were carried out in a tensile
mode. The specimens were cooled to -50°C and then
temperature sweep was carried out up to 120°C at
frequency of 1 Hz and 0.1% strain.

The mechanical properties of these tapes were
determined using static tensile tests. A special type
of clamping was used for fixing the tapes. This
ensured that there was no slippage of the tapes dur-
ing the tests. The gauge length of the samples was
120 mm and they were deformed by 5 mm/min
using a preload of 20 N. The Young’s modulus was
determined for all specimens at a deformation rate

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 Processing cycle for hot pressing of the PP
homocomposites.

of 1 mm/min using an external extensometer. Eight
specimens were tested for each case to ensure the
reproducibility.

Homocomposites preparation and characterization

PP homocomposites were produced by hot pressing
of textile laminates of cross-ply (CP) layup. In these
laminates, the alpha-PP tapes were wound in a CP
(0° and 90°) manner in between the matrix-giving
beta-PP or alpha-PP films. Further details of this
production method are disclosed in our previous ar-
ticle.”® Hot consolidation of the aforementioned tex-
tile structures was carried out in a Satim hot press
(Rion des Landes, France) according to processing
cycle given in Figure 2. The homocomposites thus
prepared using alpha- and beta-PP were denoted as
alpha-CP and beta-CP, respectively. Their nominal
reinforcing tape content was 50%.

For the processing temperature (PT), 160°C and
165°C were selected when using the beta- and
alpha-PP films, respectively. Note that these temper-
atures are 10°C and 0°C higher than the DSC melt-
ing temperature of the corresponding PP samples.

The morphology of the PP homocomposite was
studied on thin sections by polarized light micros-
copy (PLM) using a microscope of Leitz (Wetzlar,
Germany). Thin sections of about 10 pm were cut
from the composite by a microtome (Microm, Wall-
dorf, Germany) at room temperature.

DMTA specimens cut from the homopolymer and
homocomposite plates had the following dimen-
sions: 60 mm (length), 15 mm (width), and 2 mm
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(thickness). For their DMTA analysis, a dual cantile-
ver mode was used. The specimens were cooled to
—50°C. The temperature was allowed to stabilize
and then increased stepwise, i.e., by 3°C, followed
by 5-min isothermal holding, until 120°C. During the
DMTA tests at frequency of 1 Hz, the specimens
were under 0.1% strain (which was well within the
viscoelastic region).

Quasistatic tensile and flexural tests were per-
formed according to the related standards. The de-
formation rates were 5 and 1 mm/min for tensile
and flexural tests respectively, and at least five par-
allel tests were run at room temperature.

The dynamic impact properties of the homocom-
posites were determined using instrumented falling
weight im}zoact (IFWI) tests. Quadratic specimens (60
x 60 mm-) were perforated by a spherical-tipped
striker of 20 mm diameter. The diameter of the sup-
port ring of the specimens was 40 mm. IFWI was
performed with incident impact velocity and energy
of 443 m/s and 229.05 ], respectively, on a Dartvis®
device of Ceast (Pianezza, Italy). This device was
equipped with a DA 16,000 data acquisition unit
allowing us to monitor/derive the force and energy
as functions of both time and displacement.

RESULTS AND DISCUSSION
PP tapes

The PP tapes with various DR were characterized by
DSC. The thermograms indicated that the crystallin-
ity increased from DR-6 to DR-8, but for the tapes of
DR-10 and DR-12, it was found to be lower than
that of DR-8 (Table I). The tensile modulus monoto-
nously increased, whereas the strength of the tapes
went through a maximum as a function of DR. As
described earlier, the tapes with DR-10 exhibited in-
homogeneous stress whitening, suggesting the for-
mation of microvoids. The DR-12 tapes were found
to be completely stress whitened (due to microvoid
formation), as well as partly fibrillated (owing to
breakage of the overstressed fibrillar structure). This
is the reason why the strength passed a maximum
as a function of the DR. By contrast, the modulus of
the tape increased monotonously with DR as this
response is likely governed by the actual crystalline
morphology.

TABLE I
Properties of the PP Tapes

Sample Width (mm) Thickness (um) Heat of fusion (J/g) Tensile modulus (GPa) Tensile strength (MPa)
DR -6 1.45 150 93.5 29 +0.1 210 + 19
DR -8 1.20 100 101.4 53 +0.3 266 + 27
DR - 10 1.10 100 94.9 6.9 + 0.2 345 £+ 20
DR - 12 1.00 90 100.9 79 £02 331 + 38

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 Azimuthal scans for the PP tapes of DR-8 and
DR-12 over the 100 and 040 reflexes. Note: @ is the angle
between the chain axis of PP and the stretching direction.

To see the orientation dependence on the stretch-
ing ratio, the azimuthal scans were obtained over 0°
to 90° of @ for the reflexes 110 and 040 of alpha-PP,
where @ is the angle between the chain axis of PP
and the stretching direction. These scans are pre-
sented in Figure 3 where it is clearly seen that sam-
ple DR-12 shows larger distribution of the
orientation of the molecules around the stretching
direction. For quantitative representation, the Her-
mans’ orientation function f was calculated by*:

2 _
fo 3(cos 2(D> 1 1)

with (cos®®) is defined as:

(cos® @) = fg/z [(®) cos?(D) sin(D)dD
2 (@) sin(®)d

2

where I(®) is the azimuthal scan intensity. Because
there is no suitable plane perpendicular to the chain
axis, (cos® 2®) was calculated from the crystal 110
and 040 reflections according to the proposal of Zuo
et al.”:

(cos® @) =1 —1.090 - (cos® By39) — 0.901 - (cos? Do)
®)

The orientation function calculated for the tapes
was found to be 0.84 for DR-8 and 0.81 for DR-12.
Let us remind that the orientation function equals
unity for perfect orientation of the molecules along
the stretching direction. The intensity distribution
was varied within the standard error. Because the
value of f depends only slightly with the intensity
distribution, the change of f from 0.84 for sample
DR-8 to 0.81 and for sample DR-12 should be con-
sidered as significant. It seems that for DR > 8, the
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chain orientation decreases, probably because of the
void formation and chain breakage.

Table I shows the tensile modulus and tensile
strength of the tapes with various DR. The tensile
modulus increased with increasing DR (the modulus
increased from 2.9 GPa at DR-6 to 7.9 GPa for DR-
12). The tensile strength of the tapes also increased
with the DR up to DR-10, whereas the tape with
DR-12 exhibited a slightly lower value than that
with DR-10. As argued before, this is due to chain
breakage phenomena at high DR. Based on these
findings, tapes with DR-8 were used for the produc-
tion of composites.

Polarized light microscopy

Microtomed sections served to check the consolida-
tion quality and interphase structure of the lami-
nates. PLM micrograph (Fig. 4) taken from the thin
microtomed section, suggested that the stretched
tape caused alpha transcrystallization in the beta-
nucleated PP matrix. This aspect should be checked
as a transcrystalline-like layer (termed to cylindrite)
also appears when shear deformation takes place at
the interface.”””” This is highly probable due to the
shrinkage of the tape at the consolidation tempera-
ture. However, the formation of this transcrystalline-
like structure may guarantee an efficient stress trans-
fer from the matrix to the tape reinforcement
(Ref. 28 and references therein).

DMTA

The storage modulus (E') and tan § values as a func-
tion of temperature for alpha-PP, beta-PP, and PP
tape with DR-8 are shown in Figure 5. One can
observe that there is no significant difference in the

Figure 4 Polarized light micrograph of the beta CP
homocomposite. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 5 Storage modulus (E’) and tan § versus temperature
curves for the alpha- and beta-PP, and PP tape with DR-8.

storage moduli of the alpha-PP and beta-PP,
whereas the PP tape with DR-8 exhibited much
higher storage modulus (stiffness) when compared
with the PP matrix materials, as expected. This sig-
nificant increase in the stiffness is attributed to the
supermolecular structure and highly oriented poly-
meric chains in the direction of stretching of the
tapes. The tan § versus temperature curves signifies
different molecular relaxation transitions of the poly-
mer. As can be seen from this figure, the tan & ver-
sus temperature curves for the PP matrix materials
show two relaxation transitions at 0°C and 75°C,
respectively. They are assigned to the - and o-relax-
ation transitions, respectively. The relaxation at 0°C
corresponds to the glass/rubber transition of the
amorphous region (T,), and the second relaxation
transition at 75°C is attributed to the relaxation of
polymer chains included in the crystallites and may
involve lamellar slippage as well. The tan 6 versus
temperature curves are useful to understand the
ability of the material to dissipate mechanical
energy. Figure 5 indicates that the beta-PP sample
exhibited higher tan 8 magnitude when compared
with alpha-PP. This type of behavior was already
reported by Karger-Kocsis et al.*” The cited authors
argued that the higher damping of beta-PP than
alpha-PP represents some toughness improvement.
The tan 6 versus temperature curve of the PP tape
with DR-8 in Figure 5 displays a different behavior
when compared with the matrix materials. The PP
tape does not reveal any transition related to T, in
contrast to the matrix-giving PPs. This suggests that
the magnitude of chain relaxation in the amorphous
region is significantly reduced. On the other hand,
the o-transition is well developed at 82°C, which is
linked to the relaxation of amorphous chains in the
crystallites. All these results suggest that the poly-
mer chains and the crystallites are highly oriented
along the DR. This shifts the position of the o-transi-

Journal of Applied Polymer Science DOI 10.1002/app

KARGER-KOCSIS ET AL.

10000
Alpha-CP
Beta-CP
Alpha-PP
Beta-PP

Storage modulus, E' (MPa)
1

T T ¥ T b T x T

T —T — T
=60  -40 20 0 20 40 60 80 100 120
Temperature ('C)

Figure 6 Storage modulus (E') versus temperature curves
for the PP matrices and corresponding homocomposites.

tion toward higher temperature and increases its
magnitude at the same time.

The dynamic mechanical behavior of the PP
homocomposites is shown in Figures 6 and 7. These
figures clearly demonstrate the higher stiffness for
the homocomposites when compared with the neat
PPs supporting the reinforcing effect of the PP tapes.
The E’ at room temperature (20°C) for the beta-PP
and alpha-PP was found to be about 1.8 and
1.9 GPa, respectively, whereas it increased to 2.7 and
3.8 GPa for the corresponding CP homocomposites.
The tan 6 values (Fig. 7) for the homocomposites were
lower than the matrix-giving PPs. This indicates that
the damping of the homocomposites has been sub-
stantially reduced due to the PP tape reinforcement.

Static tensile and flexural tests

Figure 8 shows the typical stress—strain curves for
the alpha- and beta-PP-based CP homocomposites.
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Figure 7 Storage modulus (E') and tan § versus tempera-
ture curves for alpha-PP and its homocomposite (alpha CP).
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Figure 8 Stress—strain curves for the PP matrices and cor-
responding CP homocomposites.

For the sake of comparison, this figure also contains
the stress—strain response of the alpha- and beta-PP
matrix materials. The tensile characteristics are sum-
marized in Table II. Table II and Figure 8 demon-
strate that the tensile modulus and yield stress of
beta-nucleated PP are lower than those of the alpha-
PP. By contrast, the ultimate elongation of beta-PP is
much higher than that of alpha-PP. The related
change is due to the peculiar lamellar (including tie
molecules) and supermolecular structure of beta-
PP.>"% As expected, the tape reinforcement strongly
enhanced the stiffness and ultimate strength of the
homocomposites when compared with PP matrix
materials. This was accompanied, however, with a
marked reduction in the ultimate elongation.

It can be clearly seen in Table II that the flexural
modulus of alpha- and beta-PP exhibits almost the
same values, whereas the flexural strength of alpha-
PP was found to be higher than that of beta-PP. A
significant increase in the flexural modulus and
strength for the homocomposites, when compared
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of the PP tapes. The flexural strength of the beta-PP
CP homocomposite was higher than the alpha-PP
version opposed to the stiffness response.

Instrumented falling weight impact tests

Typical load-time fractograms for the PP matrices
and the homocomposites are depicted in Figures 9
and 10, respectively, and the results are summarized
in Table II.

The related fractograms show that both the matrix
materials fail in macroscopically brittle manner.
Nevertheless, the beta-PP exhibited a markedly
higher penetration resistance than the alpha-PP, and
the energy required for fracture initiation for beta-
PP was significantly higher than that for alpha-PP.
The fractograms for the alpha-PP shows multiple
peaks suggesting the onset of radial cracking. By
contrast, the beta-PP matrix specimen failed mostly
by circumferential cracking (as demonstrated in Fig.
11). For beta-PP, a sudden drop in force was
observed immediately after the maximum force.
These findings agree with the results published in
the literature.”

The benefits of the beta-PP matrix were trans-
ferred to the homocomposites containing beta-PP
matrices. As can be seen from the Figure 10, the CP
homocomposites prepared with beta-nucleated PP
exhibited higher perforation energy when compared
with that for CP homocomposites prepared with
alpha-PP matrix. The “noisy” appearance of the frac-
tograms for both the composites after reaching the
maximum force is related to the friction of the
striker when traveling through the specimen. Both
the CP homocomposites were fractured in a similar
manner. On the other hand, the homocomposites
with beta-PP matrix absorbed more energy than the
homocomposite prepared with alpha-PP matrix. The
macrophotographs in Figure 11 indicate that the
beta-CP was better consolidated than the alpha-CP.
The better consolidation of beta-CP (represented by

with neat PP matrices, revealed the reinforcing effect g o1ler stress whitened area in the impacted
TABLE II
Static Tensile, Flexural Properties, and IFWI Perforation Energies of the PP Matrix Materials and PP Homocomposites
Tensile Yield Ultimate Flexural Flexural Epear/t Etoral/t
Specimen modulus (GPa) stress (MPa) elongation (%) modulus (GPa) strength (MPa) (J/mm) (J/mm)
Alpha-PP 1.78 36 17 1.59 53 0.6 0.8
Beta-PP 1.58 28 >100 1.64 45 6.1 6.4
Alpha CP 3.95 94 7 3.08 65 11.6 19.4
Beta CP 2.39 62 8 2.59 72 18.4 26.8

Epeas energy absorbed until maximum load (Fmax); Etotal, €nergy absorbed due to full penetration; t: thickness of the

specimen.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 9 Characteristic IFWI fractograms in the form of
thickness-related force (F/t) versus time for alpha- and
beta-PP.

laminates in Fig. 11) when compared with the alpha
version was observable in the course of the fracto-
grams in Figure 10 (showing higher forces before
penetration).
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Figure 10 Characteristic IFWI fractograms in the form of
thickness-related force (F/t) versus time for the CP
homocomposites.

CONCLUSIONS

Highly oriented alpha-PP tapes (DR = 6-12) were
produced by online drawing an extrudate of rectan-
gular cross section at 100°C. PP homocomposite

Figure 11 Top views of the failed IFWI specimens of alpha- (a) and beta-PP (b) matrices, and alpha-CP (c) and beta-CP
homocomposites (d). Note: the dimension of the impacted specimens is 60 x 60 mm?.

Journal of Applied Polymer Science DOI 10.1002/app
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laminates were prepared using reinforcing tapes of
DR = 8, which were arranged in a CP manner com-
bining the tape winding and film-stacking proce-
dures. The matrices in the homocomposites,
consolidated by hot pressing, were the alpha- and
beta-forms of PP. Based on this study performed on
this novel type of PP homocomposites, the following
conclusions can be drawn:

1. With increasing DR of the tapes, the tensile
modulus monotonously increased whereas the
tensile strength passed through a maximum.
This was attributed to the development of
microvoids affecting only the latter characteris-
tic. The crystal alignment, calculated from 2D
WAXS results, likely went through a maximum
as a function of DR.

2. Transcrystalline layer, observed between the
tape and the matrix, was made responsible for
the stress transfer from the matrix toward the
reinforcing tape in the homocomposites.

3. Static tensile performance of the homocompo-
site with alpha-PP matrix was superior to that
with beta-PP. On the other hand, the homocom-
posite with beta-PP matrix outperformed the
alpha-PP-based one with respect to the dynamic
perforation impact.

The authors thank Dr. S. Siengchin, Mr. Weick, and Mr. Wal-
ter for helping in the experimental work.
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