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Monoaxial stretched PP-films are used for the manufacture of hot-compacted layered composites. These are layered with stretched
co-extruded coupling agent films, and are consolidated to laminates by means of a hot-compaction process, which employs pressure
and temperature. This paper aims to examine the influence of the process settings on the properties of the composites during the
hot-compaction process. For this purpose, the mechanical values will be determined by means of tensile testing variously compacted

and configured layered film composites.

1. Introduction and Fundamentals

In regards of their morphological properties, self-reinforced
composite materials display an exceptionally good mechan-
ical property profile [1]. The incorporation of a self-
reinforcement leads to a high orientation of the molecule
chains, enabling a utilization of the high covalent bonding
forces for reinforcement [2]. This orientation of the molecules
induces an anisotropy which makes a manifold increase of
the mechanical properties, that is, stiftness and strength [3],
possible in comparison to injection molded basic material
[4]. Due to the fact that the matrix and reinforcement fibers
of self-reinforced composite systems are made of an identical
basic material [5, 6], recycling these material systems is very
simple [1]. Moreover, self-reinforced composite systems have
a high lightweight potential because of their low density (ppp
= 0.91g/cm’). In contrast to conventionally fiber-reinforced
components, such as polymer systems with a relatively heavy
glass fiber reinforcement (pgg = 2.5 g/cm’), low component
wall strengths can be achieved at a low composite density
owing to the high property level [1].

The basis for the creation of self-reinforcement is founded
upon two basic principles. First, it is based upon the
macromolecular orientations which are incorporated in the
polymer. Second, it depends upon the generation of directed

crystalline structures [7]. The deliberately induced deforma-
tion of the polymer in both the melt and solid phases enables
a transfer of the two principles, however, with varying effects
on the morphology.

The stretch and shear flows in the melt liquid phase cause
an orientation of the macromolecules in the direction of the
flow [8]. For example, stretch flows occur due to tapering
the flow channel in form of a nozzle (Figurel). The flow
velocity of the melt increases as a result of a reduction of the
nozzle cross section, leading to an alignment of the molecule
chains in flow direction. If suitable thermic and rheological
conditions are on hand, the development of needle crystals
in the melt occurs [8].

These needle crystals act as nucleating agents in the
calibration zone and initiate the epitaxial crystallization of
folded lamellae. This structure, which is created in the melt
liquid phase, is referred to as a shish kebab structure and
is the characteristic feature of self-reinforced materials [7].
The “shishs” are attributed to the needle crystals that develop
due to the flow and grow on the folded lamellae in the form
of so-called “kebabs.” By increasing the pressure (pressure
solidification) while simultaneously cooling, this condition is
frozen into place.

Another method which aims to increase the orienta-
tion degree in the polymer is monoaxial stretching, which
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FIGURE 1: Macromolecular orientation according to [8].
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FIGURE 2: Stretching of a semicrystalline thermoplast in accordance with [11].

corresponds to a solid phase deformation [9]. Thermoplastic
polymers, especially semicrystalline films, tapes, and fibers,
are oriented at a temperature below the melt temperature
using a rolling system with rollers rotating at different speeds
[10]. Thus, particularly the amorphous areas in the direction
of stretching are oriented. Consequently, an enhancement
of the mechanical values, that is, stiffness and strength,
occurs. Figure 2 illustrates the behavior of semicrystalline
thermoplasts in regards to their molecule structure during
stretching at a temperature that is slightly below the melt
temperature of crystallite. The deformation begins in the
amorphous regions. However, as the stretching increases, the
semicrystalline areas orient themselves in the direction of
loading. If the stretching is further increased, the crystalline
areas disintegrate into blocks [11].

Due to the fact that self-reinforcement can only be applied
to the direct manufacture of components to a limited extent,

an intermediate step which uses layered, self-reinforced tape
fabrics, fleeces, or films is added [5]. The consolidation
of the layered semifinished materials is completed using a
hot-compaction process, utilizing the factors temperature,
pressure, and time. Here, the semifinished materials are con-
solidated into laminates. The self-reinforced, semifinished
materials usually have a polypropylene basis and are commer-
cially available. Self-reinforced, semifinished materials must
be categorized into two essential types in accordance with
their material concept.

The so-called coextrudates, for example, the high per-
formance PP tape fabric “Pure” produced by Lankhorst, The
Netherlands, have a three-layer configuration of woven tapes.
By means of a coextrusion process, marginal, external layers
made of a PP copolymer are extruded onto the self-reinforced
PP polymer core [12]. This copolymer has a 10°C lower
melting point than the core polymer, which develops the
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matrix phase during hot-compaction. The self-reinforcement
is preserved for the most part if a processing temperature
lower than the melt temperature of the core polymer is used.

The second material group consists of the monoextru-
dates, which are commercially available as geotextiles in form
of tape fabrics and fleece systems. In contrast to coextrudates,
this group consists of a single material structure [13]. This
means that the semifinished products made of self-reinforced
fibers, films, and tapes consist of a homogeneous polymer
(often PP) when examining the cross section. A matrix
must be generated out of the reinforcement tape during the
hot-compaction process because the monoextrudates do not
possess a preconfigured matrix generating layer [9]. Selective
melting of the layered reinforcement fibers, tapes, or films
with a short period of overheating above the melt temperature
helps to develop the matrix phase of monoextrudates. Here,
the partial loss of the self-reinforcement is a negative effect,
which is inevitably induced by the development of the
matrix. Monoextruded material systems compensate this
disadvantage thanks to their simple structures, making it
possible to keep manufacturing costs low while still offering
good composite properties.

An essential advantage is the monomaterial characteristic
of self-reinforced composite systems. These so-called Single
Polymer Composites (SPC) do not implement any foreign
fibers for reinforcement, such as glass, carbon, aramid, or
natural fibers [5, 14]. The reinforcement is solely based
on the utilization of the high chemical bonding forces in
the macromolecules, which are obtained by means of their
orientation in the melt and solid polymer phases [7]. For this
reason, self-reinforced composite systems contain identical
basic materials in regards to the reinforcement and matrix
phases. Owing to this material purity, the recycling behavior
is simple and unparalleled.

Conventionally, self-reinforced thermoplastics are pro-
cessed into composite systems using layered textiles, in
particular using tape fabrics and fleece systems. In literature,
information about hot compaction is focused on mono- [3]
and coextruded [1, 12] thermoplastic textile systems. More-
over, in the case of monoextruded textile composite systems,
the literature recommends alternately layering low-melting
coupling agent films to improve the adhesive strength of the
composite [15]. Publications concerning the direct processing
of layered, thermoplastic film systems into composites using
the hot compaction process do not exist at present. Thus,
it is necessary to gain a comprehensive understanding of
the hot compaction of pure film systems experimentally.
The essential difference between film systems and porous
textiles lies in the sealed surface structure. Consequently,
this additional factor of influence, namely, that of lower air
displacement in the volume between the dense film layers,
must be taken into account during hot compacting.

In contrast, an even distribution of the pressing force
on the stacked films during compacting is positive. Fabrics
would display locally differing pressure distributions due to
their crossover points. In addition, owing to the fact that films
lack the wavy structure of threads, a direct application of force
in the composite under loading is possible. The inexpensive
manufacture of the basic material is a large advantage when

using film composite systems. In comparison to tape fabrics,
cutting the films to thin tapes, and processing them into
textiles in a weaving process are unnecessary steps. Thus,
additional production steps are avoided, and expenses are
saved.

Due to the fact that monoaxially stretched films display
a strong anisotropy owing to their orientation, they are only
limitedly suitable for practical application in film composite
systems. One means to compensate this dependency on
orientation is to layer the monoaxially stretched films while
taking the varying orientation degrees of quasi-isotropic
composites into account, as is done in fiber composite
technology. Furthermore, the employment of biaxially ori-
ented, semifinished film products increases the mechanical
properties orthogonally to the direction of stretching.

In this paper, the hot compaction method is exclusively
used for layered films composite systems. Here, monoex-
truded basic films, which are either stretched or nonstretched,
are combined with coextruded coupling agent films. Two
different film composite types are hot compacted with
nonstretched and monoaxially stretched basic films using
three differing process settings. Due to the specifications of
the existing stretching line, the fundamental studies in this
paper will be done with monoaxially stretched films. The
main advantage to use the own stretching line is the high
process transparency, such as a precise knowledge about
the stretching temperature and the stretching rate during
processing. The influence of the processing parameters on the
composite properties is analyzed using quasi-static examina-
tion methods, and is, subsequently, interpreted. By means of
basic investigations, first findings concerning hot compacted
film composites alternately layered with coupling agent films
are shown.

2. Experimental

In the following chapter, the film systems used in this paper
are described. We produced nonstretched and stretched basic
films ourselves, while our cooperation partner provided
coextruded coupling agent films with low-melting external
layers. In total, two differently configured film composite
systems were manufactured. Their shared property is the
alternately layered coupling agent films. One composite
configuration thereby combines the nonstretched basic films
with alternately layered coupling agent films, while the
second configuration employs stretched basic films.

2.1. Applied Materials. The polypropylene Domolen 1102],
which is used for the basic films, is a homopolymer for extru-
sion applications. The main applications are thermoformed
parts, yarns, monofilaments, and strapping. For the coupling
agent, a 20 um thick, three-layer, coextruded film with a
sealing polymer in the external layers and a homopolymer
in the core is used. The homopolymer of the coupling agent
film is a polypropylene, type Moplen HP522H, produced by
Lyondellbasell. The sealing polymer in the external layers
is a polyolefine, type Adsyl 5C39F, with a seal initiation
temperature of 105°C. The properties are shown in Table 1.
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TABLE 1: Properties of the applied materials.
Basic film Coupling agent film

Domolen 1102] Moplen HP522H Adsyl 5C39F
MER [ISO 1133] 2.5 g/10 min 2.0 g/10 min 5.5 g/10 min
Tensile modulus of elasticity [ISO 527-3] 1450 MPa 1500 MPa 280 MPa
Tensile yield stress [ISO 527-3] 34 MPa 34 MPa 14 MPa
Vicat softening temperature [ISO 306] 154°C 152°C 107°C

2.2. Manufacture of Films. The manufacture of the
polypropylene film, type Domolen 1102], was carried out in
a processing laboratory of the University of Paderborn. The
material was plasticized in a single-screw extruder (ESDE 1-
30-33) with cylinder wall temperatures ranging from 160°C to
180°C and a screw rotation speed of 100 U/min. It was formed
using a wide nozzle with a gap width of 0.5 mm at 180°C. The
film is taken-off and flattened using a chill rolling system
(CR 136/350 by Dr. Collin), rotating 6.5 m/min at a chill-roll
temperature of 20°C. Thus, 200 um thick polypropylene films
are produced. After the production of flat films, monoaxial
stretching was carried out. The monoaxial stretching line
(Figure 3) belongs to the Teach-Line series designed by Dr.
Collin. It is a single column stretching system that employs
the so-called short stretching gap method. The film passes
through the system from the right to the left. The rollers of
the second unit are set at a higher speed than those in the
first unit, creating the desired stretching ratio. The film is
preheated on five rollers and, due to the speed difference,
stretched between the sixth and seventh roller. The rollers
seven, eight, and nine temper the film and rollers numbers
ten and eleven cool it. The rollers are heated by means of
three tempering zones. For this purpose, the rollers three
and seven to nine are drawn through water and the rollers
four to six are drawn through oil (Marlotherm SH) to temper
them. Cooling water runs through rollers ten and eleven at a
temperature of approximately 25°C.

The speed of the first roller unit designates variable v,.
Accordingly, variable v, represents the speed of the second
unit. The stretching ratio (SR) is the quotient of the two
speeds v, and v, as follows:

htAl e Q)

stretching ratio SR =
0 "1

The results for the monoaxial stretching of amorphous
polycarbonate film and the influence of the processing
parameter on the stretching process were shown in [9]. An
anisotropy of the mechanical properties is induced in the film
by means of monoaxial stretching. This was examined in [16].

A stretching temperature of 160°C was used for the
monoaxial stretching of polypropylene film and the film was
stretched using a stretching ratio of 3. After stretching, the
polypropylene film’s final thickness is approximately 100 ym.

2.3. Manufacture of Laminates in a Hot-Compaction Process.
The first pretests with directly layered, monoextruded PP-
film only achieved limited success in regards to the mechan-
ical properties. For this reason, an alternating laminate

i

FIGURE 3: Monoaxial stretching line.

structure will be used. Two different layered film composites
are produced, which share an alternating layered structure.
The bases for the manufacture of layered PP-film composites
are predesigned flaccid film strips that were produced using
the manufacturing process described in Chapter 2.2. Owing
to the fact that the thicknesses of the employed nonstretched
and stretched basic films vary significantly, two differing lay-
ering concepts are necessary for the manufacture of approx-
imately 2 mm thick laminates. 18 layers of the 1:3 stretched
Domolen film (thickness of single film 0.1 mm) are layered
in an alternated manner with 17 layers of the low-melting
coupling agent film, which generates the matrix phase in
the composite. A further layered film structure consisting
of 8 layers of extruded, nonstretched PP-film (thickness of
a single film 0.2 mm) with 7 layers of coupling agent film
is layered in between functions as a reference. All films
are layered uniformly in the direction of production (MD).
Table 2 illustrates the layering concepts for the employed
layered film composite systems.

Both layered composite systems are processed in a hot-
compaction process using three different processing settings,
in order to verify direct influences of the degree of stretching
on the processing settings. The selection of the process
settings is based both on experience using hot compaction
for PP composite systems as well as on thermal analyses
carried out for the employed film systems; see Chapter 3.2.
This means that for each processing setting (I, II, and III)
layered composite systems with stretched and others with
nonstretched basic films are produced. Especially the com-
posite quality is influenced by the compaction temperature.
A low temperature is inadequate for matrix generation,
while the directed macromolecules are reoriented at a too
high selected compaction temperature. Table 3 shows the
compaction parameters of the process settings I to III for the
manufacture of film systems in a hot-compaction process.
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TABLE 2: Layering concept for the employed film systems.

Number of layers

Type of film Film thickness (mm) Film size (mm?)
Basic film Coupling agent film

PP nonstretched 0.2 7 148 x 500

PP stretched 1:3 0.1 17 135 x 500

TABLE 3: Processing settings for the processing of alternately layered PP-film systems.

Process setting
Compaction temperature (°C)

Hot-compaction

Pressing time (s) Compaction pressure (MPa)

1 165
11 170
11T 175

120 3
120 1
60 1

The processing of the film systems is carried out on
an 800kN precision hot press LAP 80 manufactured by
Gottfried Joos Maschinenfabrik GmbH and CO. KG. The tool
employed for hot-compaction consists of press plates (total
surface area 500 x 500 mm?) that are tempered by fluid.

Figure 4 depicts the mandatory processing steps for the
manufacture of layered composites using a hot-compaction
method [17]. In the beginning of processing, the layered stack
of films with alternately stacked coupling agent films (see
yellow intermediate layer in Figure 4) is placed into the cold
tool. Subsequently, the pressing unit is closed in the first
processing step, and the pressing force necessary for hot-
compaction is built up.

Once this has been completed, the stack of film is
tempered to the compaction temperature using the correct
pressure. The fitting pressing force is of special significance,
because the stack of film is, for the most part, prevented from
stretching due to fixation. Therefore, the tendency to shrink
when exposed to temperatures, especially those of oriented
films, is reduced. As soon as the pressing temperature is
reached, the second processing step is initiated. The pressing
temperature is kept at a constant level throughout the selected
pressing time, in order to enable the development of the
matrix in the composite system. Finally, the composite system
is consolidated in the third processing step by means of a
cooling sequence (40 K/min averaged) while subjected to the
pressing force. After the pressing unit opens automatically,
the cooled laminated can be removed.

2.4. Characterization Techniques and Specimen Preparation

2.4.1. Preparation of Film Specimens for Tensile Tests. The
preparation of the 100 x 15 x 0.1 mm® sized square specimens
is carried out using a stamp with the required geometry
according to DIN EN ISO 527-3, because this method
guarantees a good quality of the specimen marginal area.
The tensile tests were performed in accordance with DIN EN
ISO 527-3 on a Zwick universal testing machine, type 1446.
For each testing point, a series of six tensile specimens were
examined. The machine is equipped with a 1 kN measuring
cell and a hydraulic clamping device. The testing speed was v
=50 mm/min, the determination of the modulus of elasticity

is calculated between 0.05% and 0.25% deformation at a
testing speed of v = 1 mm/min.

2.4.2. Preparation of Composite Specimens for Tensile Tests.
The specimens which correspond to DIN EN ISO 527-4
were extracted from the hot-compacted laminate strips for
the determination of the tensile modulus of elasticity. The
preparation of these 160 x 20 x 2mm® sized specimens with
a width of 10 mm in the testing zone is carried out using a
multistep, increasingly precise machining method.

The determination of the tensile properties is achieved
using a quasi-static tensile test that corresponds with DIN
EN ISO 527-4 for isotropic and anisotropic fiber reinforced
plastic composite materials. The test bars used for tensile
testing are tested along their main axis at a constant speed
until failure occurs. The tensile tests were completed on a
Zwick universal testing machine, type 1474. This machine
is equipped with a 100 kN measuring cell and a hydraulic
clamping device. The essential bases for assessment in this
contribution are the tensile modulus of elasticity E, and the
tensile strength o,; of both composite systems exclusively.
The testing speed v = 10 mm/min was selected in accordance
with DIN EN ISO 527-4. The determination of the modulus of
elasticity is normatively calculated between 0.05% and 0.25%
stretching at a testing speed of v; = lmm/min. All tests are
carried out in standard atmosphere conditions in accordance
with DIN EN ISO 291 (characteristic 23/50).

2.4.3. Differential Scanning Calorimetry (DSC). In order to
determine the thermal properties of the film systems, DSC
analyses were carried out in accordance with DIN EN ISO
11357-1. The employed testing instrument is a DSC Q1000
V9.0 Build 275 manufactured by TA Instruments. The DSC
analyses were carried out with specimen weights of approx-
imately 6 mg between 0°C and 250°C at a heating rate of
10 K/min.

3. Results and Discussion

3.1. Tensile Properties of the Basis Films. The basic properties
of the employed films are shown in Figure 5 in the direction of
stretching or extrusion (MD) and in the transverse direction
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FIGURE 5: (a) Tensile strength and (b) tensile modulus of the employed films in MD and TD.

(TD). The stretching process leads to an orientation in MD,
which, in turn, results in a higher strength (Figure 5(a)).
The coupling agent film and the stretched polypropylene
film have an essentially higher tensile strength in MD. In
TD, the tensile strength remains unchanged at the same
level as polypropylene film that has not been stretched. In
Figure 5(b), the tensile modulus of elasticity is illustrated.
They are also higher in the direction of orientation rather than
in the direction transverse to the orientation. The modulus of
elasticity of PP that has not been stretched is identical for both
the MD and TD.

3.2. Thermal Analyses of the Basic Films by Differential Scan-
ning Calorimetry (DSC). Figure 6 depicts the measured heat
flow above the temperature for the coupling agent film, by a

specimen weight of 5.95 mg. In the first heating cycle the melt
temperature of the stretched homopolymer is 163°C. At155°C,
the melt peak of the sealing polymer is visible. In contrast,
the second heating cycle shows the DSC measurement of the
completely reoriented coupling agent polymer with a lower
melt peak at 161°C.

The heat flow is shown in Figure 7 above the temperature
for nonstretched and stretched polypropylene film. The melt
temperature of PP-film that has not been stretched equals
163°C in the first heating cycle. Stretched PP-film displays
a melt peak at 165°C. Stretching increases the degree of
crystallization, causing the melt point to shift to higher
temperatures [18]. In contrast, the melt peaks of the second
heating cycles for the reoriented nonstretched and stretched
PP-films are approximately equal to 161°C.
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3.3. Tensile Properties of Film Bases PP-Composites. Figure 8
illustrates the tensile modulus of elasticity of PP-film systems
with stretched and nonstretched basic films determined using
tensile tests. The modulus of elasticity of the PP-films in
a nonstretched and 1:3 stretched state is used as a direct
reference for the hot-compacted composite systems.

The tensile modulus of elasticity E, of the nonstretched
composites ranges from approximately 1700 to 2200 MPa.
A definite influence of the processing settings (processes I
to III) is visible, especially in correlation with an increas-
ing processing temperature. The composites manufactured
according to processes I and IT achieve a 20% higher stiffness
in comparison to nonstretched basic film. The combination
of nonstretched basic films and stretched coupling agent
films results in a stiffness increasing influence. The high
processing temperature used in process III initiates a reversal
of the orientation of the directed macromolecules, leading
to a reduction of the composite stiffness back to the level of
nonstretched basic films.

In contrast to nonstretched composite systems, the com-
posites containing films stretched at a ratio of 3 display
a stiffness increase of approximately 29% on average. The
tensile modulus of elasticity of the stretched composite
systems shows a range from around 2600 MPa to 3000 MPa.
The influence of the process conditions on the composite
stiffness can be verified by the continuously decreasing
values as the exposure to temperature increases. The higher
relaxation potential of the oriented films causes the values to
reduce below the reference stiffness when exposed to a higher
processing temperature in process III.

Figure 9 shows the tensile strengths of stretched and
nonstretched layered film composites that were determined
experimentally. It also compares these values to those of the
employed semifinished basic films. The developments of the
tensile strengths in processes I to III are analogous to and
reproducible like the stiffness values shown in Figure 8.

The tensile strengths of nonstretched composite systems
(processes I to III) are restricted to a relatively small window.
They display a spectrum of merely 35MPa to 39 MPA.

Composites compacted at low and medium processing tem-
peratures (processes I and II) display a minimal increase in
tensile strength by approximately 4 MPa in comparison to
process IIT and nonstretched basis film.

Due to their macromolecular orientation, the stretched
layered film composites achieve an enormous increase in
strength. Handling materials gently when processing after
process I leads to an increase in strength of about 78% when
directly comparing the values to those of a composite system
containing film that has not been stretched. However, it has
also been observed that the stretched film composites react
remarkably more sensitive when exposed to heat in regards of
their strength. Thus, the composite strengths measured after
processes II and III are visibly lower than that of the basic
stretched film. The increase in temperature by 10°C between
process I and III causes a reduction of the strength by 57%.

4. Conclusion

In this paper, the hot compaction method was employed
for layered film composite systems, which combine stretched
and nonstretched monoextruded basic films with coextruded
coupling agent films. Stretching basic films monoaxially leads
to an orientation of the macromolecules in the direction of
shaping, and it is reflected in an increase of the strength
and stiffness. By means of DSC analyses, it was verified that
the melting point of the coextruded external layers of the
coupling agent film equals 155°C. In contrast, the stretched
PP-film reaches its melting point at 165°C. In doing so,
it is possible to achieve a good composite strength in a
hot compaction process using low processing temperatures.
Simultaneously, the previously implemented orientation and
the accordingly induced good mechanical properties of the
stretched basic films can be, for the most part, preserved.

By means of the hot compaction process, evidence was
obtained that the alternating layered structure of reinforce-
ment films with low-melting coupling agent films enables a
remarkable increase of the tensile values, particularly in the
case of stretched film composite systems. However, because
stretched films possess a higher orientation degree in the
macromolecules, their affinity to relax when exposed to heat
also rises. The temperature window is thus restricted to
a few degrees Celsius. For this reason, high precision of
system equipment is necessary when processing oriented film
composites in a hot compaction process. In particular, large
fluctuations regarding temperature control are not allowed to
occur.

It was shown that semifinished sheets can be produced
by an alternating layered structure of PP-films with cou-
pling agent films, whose mechanical properties are com-
parable with the properties of the stretched basic films.
Since stretched semifinished sheets in this thickness cannot
be established due to the high relaxation times, the hot
compaction process offers a good alternative to the use of
reinforcing fillers, such as glass fibers.

Especially the composite system which consists of
stretched basic films displays high potential for property
gradation. By coupling the processing parameters, that is,
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pressing temperature, force, and time, it is possible to achieve
a specific tailoring of the mechanical properties of the com-
posite during the hot compaction process. In regards to the
tensile strengths, a significant effect is visible in correlation
with an increasing processing temperature.
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