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Abstract

The creation of highly oriented, co-extruded polypropylene (PP) tapes allows the production of recyclable ‘all-polypropylene’ composites,
with a large temperature processing window (>30 °C) and a high volume fraction of highly oriented PP (>90%). These composites show
little deviation of mechanical properties with compaction temperature. This paper introduces all-polypropylene composites and reports the
tensile and compressive properties of unidirectional composites. These composites show good retention of tape properties despite the

relatively high temperatures used in composite manufacture.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Isotropic polypropylene (PP) lacks sufficient mechanical
properties for many engineering applications. The mechan-
ical properties can be greatly improved by two main routes.
Firstly, foreign fillers or fibres can be added to PP to produce
PP matrix composites, and secondly the mechanical
properties of PP can be improved to satisfy these criteria
by molecular orientation achieved by drawing. The most
common method to improve mechanical properties is
through the addition of fillers such as talc or glass fibres.
However, PP composites which contain foreign fillers suffer
from reduced recyclability since the main obstacle for
recycling composites is the separation of fibre and matrix,
which each have very different recycling requirements.
With recent European environmental legislation [1] the
recyclability of polymer composites in applications such as
automotive, has become a greater concern. This problem
can be reduced or removed by using similar or identical
materials for both fibre and matrix. Polymers are already
commonly used to form the matrix phase of composites, and
can also be oriented by drawing to yield high strength and
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high modulus fibres, while several studies have also
investigated the use of polymers for both fibre and matrix
phase of the same composite. This is not so straightforward
because most traditional composite processing routes
cannot be applied, and so novel methods have been devised
to combine fibres and matrices from similar polymers.
Ultimately, because these composites can be entirely
thermoplastic, recycling is simplified to melting of the
composite and reprocessing, although this may not always
be economically viable.

In order to attain a direct comparison with fibre
reinforced polymer composites, polymer fibre/polymer
matrix composites have been investigated. Single polymer
composites based on oriented polyethylene (PE) fibres were
first described in the mid-1970s [2]. In order to employ the
high mechanical properties of polyolefin fibres, numerous
investigations were conducted to combine high modulus PE
or PP fibres with a similar matrix. Most early studies
concern PE since the ultimate modulus of a linear
PE molecule (~250 GPa) is much greater than the
crystal lattice modulus of the helical PP molecule
(~40 GPa) [3-5]. This molecular modulus ultimately limits
the maximum modulus achievable in a fibre of either
material, and so higher ultimate properties are achievable
with PE fibres, and therefore this polymer has been the
prime candidate for most initial studies. The lower inherent
molecular stiffness of PP is reflected in the smaller scope of
research into ‘all-polypropylene’ (all-PP) composites.
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However, the lower glass transition and melting tempera-
tures of PE mean that creep at room temperature can be
problematic and maximum usage temperature is lower than
that of PP, which also benefits from a slightly lower price
and density.

High modulus polymer fibres are required to impart high
mechanical properties on resulting all-polymer composites.
Such fibres have been produced by a variety of production
routes from a melt [6,7] or via (solution) gel spinning [8—11],
and subsequent orientation by drawing. The high mechanical
properties of the fibre are due to molecular orientation in the
drawing direction [12]. However, the main difficulty of
combining fibres and matrices of similar polymers to create an
all-polymer composite is to retain the properties of the oriented
polymer molecules in the final composite, since molecular
relaxation of highly oriented fibres readily occurs during
heating [13]. Initially, most studies focussed on traditional
routes to create thermoplastic composites, such as melt,
powder or solution impregnation of multifilament yarns. The
combination of similar polymer grades by exploitation of
different melting temperatures opens up many routes for the
production of single polymer composites. The creation of
single polymer composites based on PE was first suggested by
Porter and co-workers in the mid-1970s [2,14], by exploiting
the difference in melting temperature of HDPE fibres and
conventionally crystallised LDPE. Because these composites
possess relatively low fibre volume fractions, the mechanical
properties of the composite system are poor. Short fibre
composites using UHMW-PE fibres in a HDPE matrix, have
also been created by placing random fibres between two
HDPE sheets [15]. This system was then consolidated by
heating above the melting temperature of HDPE, and applying
pressure. Using this method, higher fibre volume fractions
were achieved but similar mechanical properties were
obtained. All-PE composites have also been created by
filament winding UHMW-PE fibres between isotropic
ethylene—butene copolymer films [16], or by combining
UHMW-PE fibres with a LDPE matrix using a dry powder
impregnation technique [17]. The impregnation of UHMW-
PE fibres with a HDPE powder suspended in propanol has also
been reported [18], although the lower fibre volume fractions
achieved make this route unattractive. Each of these routes
exploits the difference in melting temperature between the
fibre and matrix. Any route to the creation of all-polymer
composites based on a discrete fibre and matrix system limits
the fibre volume fraction, and so ultimately limits the
mechanical properties of the composites. With both film
stacking and powder impregnation routes, it is likely that with
increasing fibre volume fraction, adequate matrix impreg-
nation also becomes more difficult during consolidation.

2. Hot compaction of single polymer composites

A novel method for the preparation of all-polymer
composites, without the need for a separate matrix material

has been created at the University of Leeds, UK [19,20]. By
carefully controlling the temperature applied, it was seen
that the exterior of polymer fibres could be melted and with
the simultaneous application of pressure, this molten
polymer flows to fill the interfibrillar voids. Upon cooling,
this recrystallised material forms the matrix phase of the
composite.

By carefully controlling the processing parameters, up to
90% of the tensile modulus of the fibre has been retained in
a PE/PE composite, but only by using a small optimum
processing temperature window of a few degrees [19]. For
unidirectional composites, a sharp decrease in longitudinal
modulus and an increase in transverse modulus are seen on
either side of this optimum compaction temperature as at
higher temperatures, fibre properties begin to be lost by
molecular relaxation. The transverse strength increases with
compaction temperature, ultimately reaching the strength of
isotropic PE when all orientation is lost. The hot compaction
process was subsequently successfully applied to alternative
grades of UHMW-PE [21], and PET [22], PMMA [23,24]
and PP [25-29] fibres, in each case using a melted part of the
fibre to act as the matrix. Because of the continuity between
the fibre phase and the newly crystallised matrix phase, an
excellent interfibrillar adhesion is seen in most of these
cases. However, there is a fine temperature balance between
melting a sufficient volume of the fibre to provide
interfibrillar adhesion and melting an excessive volume of
the fibre leading to a lower volume fraction of reinforcing
fibre [30].

It is clear that a change in processing temperature of just
a few degrees leads to a big decrease in longitudinal
mechanical properties of the composite. Since highly
oriented thermoplastic fibres are very sensitive to thermal
relaxation, it is possible that a loss in fibre modulus will be
seen well below the melting temperature of the fibre. As all
the processing routes described in this paper involve
consolidation by heating, it is expected that some molecular
relaxation is possible in all processing routes.

3. Current research

The methods described so far, for preparing single
polymer composites can be classified into two groups:

(i) combination of a discrete fibre and matrix by
exploiting the difference in melting temperature of
two grades of the same polymer, and

(i) hot compaction of fibre bundles to selectively melt
fibre exterior in order to form a matrix phase.

Both of these methods are feasible but have inherent
limitations that reduce their viability; combining fibre/film
or fibre impregnation is limited to low fibre volume
fractions, which ultimately limit composite performance,
while using a hot-compaction route is limited by a very
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Fig. 1. DSC melting endotherms of PP homopolymer and PP copolymers
used for the core and skin components, respectively, in the co-extrusion of
all-PP precursor tape.

narrow temperature processing window, which complicates
processing. Despite the obvious attraction of fully-recycl-
able composite materials which possess comparable
mechanical properties to glass reinforced thermoplastic
composites, these processing limitations have reduced the
success of single polymer composites. The aim of the
research reported in this paper is to develop a route to
produce single polymer composites based on PP, which can
compete with glass fibre reinforced PP, by combining a high
volume fraction of reinforcement together with a large
temperature processing window. A new processing route is
now proposed that satisfies both of these criteria.

It has been reported [13,31] that high modulus polyolefin
fibres could effectively be ‘overheated’ above their melting
temperature by constraining the fibre, i.e. physically fixing
the fibre ends. To allow relaxation of a highly oriented
polymer fibre, a macroscopic decrease of length in the
drawing direction must occur. Physically constraining
the fibre ends prevents shrinkage and thus prevents the
molecular reorientation, which causes the loss of modulus
and, ultimately, a return to the isotropic state. It is possible
to use this overheating by constraining process to create an
‘artificial’ difference in melting temperature between two
structures of the same grade polymer, by constraining one
but not the other [32].

This ‘overheating’ or ‘superheating’ as it is often termed,
can be applied to further expand the temperature processing
window of the hot compaction methods described above,
and is affected by the application of lateral pressure by the
press. This artificial expansion of the temperature-proces-
sing window is most interesting for combining the same
grades of a polymer. This constraining method has recently
been successfully applied to investigate the feasibility of
creating a composite of high modulus PP fibre within a
matrix of the same grade of PP [25,32-35], and model
composites have been prepared by using this constraining
route to produce single-fibre model composites.

Our studies have investigated alternative methods to
further increase this temperature processing window. This
new development uses high modulus PP homopolymer
tapes, which are co-extruded with a coating of a PP
copolymer [36—40]. Using a tape geometry PP was seen to
be preferential to circular cross section fibres as the reduced
thickness of the tape led to a lower crimping in the woven
fabric, and so a more efficient reinforcement. The
mechanical properties of woven tape all-PP composites
have been assessed [39] and will be the subject of a separate
publication. The PP copolymer coating used in this study is
propylene based and contains 6% w/w ethylene. It has a
broad melting behaviour in which melting (and so sealing
during consolidation) initiates at 107 °C compared to the
narrow melting peak of the PP homopolymer (7}, ~ 160 °C).
Fig. 1 shows DSC curves of the PP homopolymer core layer
compared to the PP copolymer skin layer, illustrating the
large difference in melting behaviour. These co-extruded
tapes can then be oriented in a mould and heated to above
the melting temperature of the copolymer, while constrain-
ing by the application of lateral pressure in a hot press leads
to a processing temperature window of >30 °C. Besides
constraining, the pressure also acts to consolidate layers of
tape into a laminated composite, and this process is shown
schematically in Fig. 2.

Table 1 shows some mechanical properties of uni-
directional composites produced using constrained co-
extruded tapes compared to unidirectionally oriented PP
composites reported in literature [26,41,42]. As with the
other composite systems, described previously, it is
essential that fibre properties are retained in the final
composite component, and so processing conditions are
crucial. This retention is now simplified because
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Fig. 2. Schematic of consolidation of co-extruded tapes into a coherent load bearing structure, showing that the use of tapes with a thin co-extruded skin layer
can lead to the creation of composites with extremely high volume fractions of reinforcement phase (oriented homopolymer). The tape direction is into/out of

the plane of the paper.
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Table 1

Mechanical properties of unidirectionally oriented PP sheets manufactured via different processing routes

Method Draw ratio [-] E; [GPa] o1 [MPa] En [GPa] op [MPa] Reference
Roll-drawn billets 20 20 450 2 50 [42]
Drawn sheets 14 7.5 250 - - [41]

Hot compacted PP fibres - 3.7 - 7 [26]

UD co-extruded all-PP 17 13 385 1.5 4.5 This paper

tape composite laminate

the temperature-processing window has now become much
wider by combining constraining and co-extrusion coating
of the tapes, and processing can occur at lower tempera-
tures, thus reducing the risk of loss of fibre orientation. The
mechanical properties of unidirectional all-PP composites
produced by consolidating co-extruded and physical
constrained PP tapes are presented in this paper.

4. Specimen preparation

The tape used throughout this section is a co-extruded
three layer tape, with an A:B:A (copolymer:homopolymer:
copolymer) structure, that was manufactured at Lankhorst
Indutech B.V., The Netherlands, using a co-extrusion and
tape drawing line. The tape has a thickness of 60 um and a
width of 2.15 mm. The mechanical properties of the as
drawn, co-extruded tape are summarised in Table 2. The
density of the highly drawn PP tapes (p=0.732 g cm ™ °) is
less than that of isotropic PP (p=0.91 g cm ™ ?) due to the
phenomenon of microvoiding that occurs within the tape
structure during drawing [43]. The presence of these
microvoids reduces the density of the tapes but may also
reduce the transverse strength of the tapes.

Unidirectional all-PP composite laminates were created
from this tape via a filament winding process, by winding
tape from a bobbin onto a thin, flat steel plate using a custom
built winding machine (see Fig. 3). This frame is then
placed in a matching mould and the tapes are compacted
into a unidirectional composite sheet by the application of
heat and pressure. The composite is placed in a purposed
built mould (see Fig. 4), which is positioned between the
platens of a 500 kN hot press. After the desired compaction
temperature has been achieved and held for consolidation,
the press is rapidly cooled. Pressure is maintained in

Table 2
Mechanical properties of PP precursor tapes for the production of all-PP
composites

Width 2.15 mm
Thickness 60 um
Density, p 0.732 gem ™3
Draw ratio, A 17
Composition, [A:B:A] 5.5:89:5.5
Tensile modulus 15 Gpa
Tensile strength 450 MPa
Strain to failure 7%

the press throughout this process. The temperature inside
the mould is monitored externally using thermometer
probes, inserted in upper and lower halves of the mould.

The time-temperature and time-pressure profiles for both
methods are shown in Fig. 5. The specimen is placed in the
hot press at the release temperature (Tg) of 40 °C. At this
temperature, there is no loss of orientation in the absence of
applied pressure. It is important to note that the compaction
pressure (Pc) is applied before heating starts and then
remains constant during compaction at the compaction
temperature (7¢) until the specimen has been cooled to Tg.
Heating a specimen from Tg to T¢c (t,—1t)
takes approximately 10 min while cooling from 7¢ to Ty
(t4—13) is possible in approximately 5 min, although these
durations are specific to the hot press used and cannot
necessarily be scaled up to larger process equipment. The
compaction time (t3—1,) is kept constant at 10 min, while
the entire cycle from insertion of the mould into the hot
press until removal of the consolidated plate (r4—¢;) has a
duration of approximately 25 min. Table 3 summarises the
parameters of time, temperature and pressure applied in the
creation of the all-PP composites described in this paper.
The application of pressure acts to consolidate tapes,
encourage copolymer flow and prevent shrinkage by lateral
constraining. After consolidation and cooling, this sheet is
cut from the frame to give two unidirectional laminates (one
from either side of the winding plate). A schematic of the
winding plate and mould is shown in Fig. 4. The
unidirectional composite sheet formed using this winding
method is approximately 120 mm X 120 mm. These lami-
nates can be cut into tensile testing specimens as described
in ASTM 3039, and the dimensions of the tensile testing
specimens are given in Table 4.

All specimens were cut from these plates by hand, using
a razor blade to rectangular specimens of dimensions listed

From bobbin
-~

Fig. 3. Schematic of filament winding plate to manufacture unidirectional
all-PP composites.
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Fig. 4. The filament wound plate (shown in Fig. 3) is subsequently placed in
a closed fitting mould and heat and pressure are applied to consolidate the
composite.

in Table 4. The dimension of the specimens was limited in
some cases by the dimensions of the moulds used to
manufacture the specimens. The ‘unidirectional’ samples
can be considered slightly off axis due to the winding
process, but since the angle of winding is <0.5°, this is
ignored. The notation used to describe the range of tensile
and compressive specimens is described in Table 4.
Unidirectional specimens (UD140 and UD160) were cut
at a range of angles to tape winding direction (#=0°, 10°,
30°, 45°, 60°, 90°) from plates compacted at one of two
temperatures: 140 and 160 °C.

5. Tensile and compressive testing of unidirectional
all-PP composites

Tensile test specimens were tested using an Instron 5584
tensile testing machine, equipped with a 5 kN load cell and
data acquisition software. Specimens were placed in
composite grips, which allow 10° free rotations to reduce
the effect of moments in the off-axis specimens. Tensile

-------------------- . Pc

»
!

Pressure

Temperature

Temperature
- - - Pressure

h — ety Yy
Time

Fig. 5. Time-temperature and time-pressure profiles during consolidation of
all-PP composites. Note that pressure is applied before heating and
maintained until cooling is achieved to minimise molecular relaxation
during heating [35].

Table 3
Compaction parameters for the production of unidirectional all-PP
composites

Compaction temperature, T [°C] 140 160
Release temperature, T [°C] 40 40
Compaction pressure, Pc [MPa] 24 24
Heating time, #, —#; [min] 10 10
Compaction time, #3—t, [min] 10 10
Cooling time, 7, —t3 [min] 5 5

tests were performed at 2 mm min~ ' with a small preload
(~1N). To fully characterise the material, two types of
tensile tests were performed: tensile deformation at low
strain to determine moduli and Poisson’s ratio, and
deformation to failure to determine strength and strain to
failure. To determine the Young’s modulus (E-modulus) for
each specimen, strain was measured using strain gauges
placed in the direction of tensile loading at low strains (<
2.5%). The Young’s modulus was calculated in all cases
using a range of 0.05-0.2% strain; in all cases this proved to
be a linear and reproducible region with very little
deviation. To determine Poisson’s ratio, an additional strain
gauge was placed at 90° to the direction of loading. To
determine the tensile strength and strain to failure of the
specimens, high strain (>2.5%) data from the cross-head
displacement was used to measure extension. Each test was
performed 5 times to ensure reproducibility. Specimens,
which failed within, or very close to, the gripped region of
the specimen, were discarded.

Compressive tests, denoted by a ‘C’ suffix in Table 4,
were performed on specimens cut from plates with a
thickness of 5 mm. Compressive tests were performed using
a Hounsfield H25KS tensile testing machine, configured for
compressive loading and equipped with a 2.5 kN com-
pression load cell and compression plates. The machine is
operated in a tensile mode but the geometry of the
compression cell results in a compressive load being
applied to the specimen. The specimen geometry is shown
in Table 4. Tests were performed in accordance with ASTM
D695 applying compressive loading at a rate of
1.3mmmin~'. The recorded load increases with
compression until ultimately it tends to reach a uniform
stress. This plateau of constant stress is recorded as

Table 4
Dimensions and tape orientation for tensile and compressive testing
specimens of consolidated all-PP laminates

Test Specimens Tape orientation ~Dimensions®
[mm]
Tension UD140/UD160 0°, 10° 120X 12X1
Tension UD140/UD160 30°, 45°, 60°, 100X25X2
90°
Compression  UD140C/ 0°, 90° 15X5X5
UD160C

* Dimensions given as length X width X thickness.
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the compressive strength. As before, five repetitions of each
test were performed to provide an accurate measure of the
compressive strength. Tests were performed along the
longitudinal [0°] and transverse [90°] directions of uni-
directional laminates.

6. Laminate theory

Creating unidirectional composite plates from highly
oriented polypropylene tapes will clearly lead to highly
anisotropic composite structures. In order to collect this
information, unidirectional composites are loaded at various
angles, 0, to the tape direction.

The tensile modulus, Ey, of a unidirectional laminate
loaded at an angle, 0, to the tape direction, can be predicted

by Eq. (1)
L = [L] cos*f + [L—Zm] cos’0 sin’0 + [l} sin*g
E, Ey, G, Ey E

(1)

where Gi,=shear modulus, v»=major Poisson ratio,
E,=longitudinal tensile modulus, E,,=transverse tensile
modulus, and the 1 and 2 direction refer to the tape direction
and perpendicular to the tape direction out of the plane of
the tape. E1, E», and v, can be determined experimentally
by performing longitudinal (§=0°) and transverse (6=90°)
tensile tests on unidirectional composites. If §=45°, then
Eq. (1) can be rearranged to give:

=[] T2e][A] 2
G12 |:E45:| |: Ell E22 ()

Thus shear modulus, Gj,, can be determined by testing
unidirectional composites loaded at §=45°.

The tensile strength, g4, of a unidirectional composite
loaded at an angle, 6, to the tape direction can be predicted
using anisotropic failure criteria models. Two models will
be considered here: the maximum stress criterion and the
Tsai-Hill criterion. The maximum stress criterion dictates
that there are three discrete failure modes, one of which will
be dominant depending on the angle of loading, 6, and the
weakest of these strengths will thus determine the failure
mode of the composite laminate. For small angles, typically
0° <6< 10°, composite strength, ay, is controlled by failure
in the fibre direction, o1,

011

oy (3a)

cosf
As 0 increases, gy is dominated by intralaminar shear
strength, 75,

T12

(o] (3b)

~ cos fsin 0
As 0 approaches 90°, g, is dominated by transverse strength
022,

022
sin%6

oy = (30

These criteria consider that the three failure modes act in
isolation and when the threshold of the weakest failure
mode is reached, the specimen fails in this failure mode.
However, an adaptation of the Von Mises yield criterion has
also been applied to transversely isotropic composites. If a
unidirectional composite is loaded in the 1 direction, the
Tsai-Hill criterion states [44]:

2 2 2
o o T 0110
o 02 T2 (o71)

where o1, 02, =Tensile stress in 1 and 2 directions, 7, =
Shear stress in 12 direction and * indicates ultimate stress
(strength). In the case of a unidirectional composite loaded
at an angle, 0, to the reinforcement direction, this criterion
can be adapted to predict the failure stress based on the
longitudinal, transverse and shear strengths, and the loading
angle:

. . . —12
cos?f(cos’ —sin*f)  sin*d  cos?d sin’6

2 2 2
o 02 T2

gy —

(&)

This equation describes a single failure prediction for 0°>
6>90°. The longitudinal and transverse strengths can be
simply established experimentally, and the intralaminar
shear strength, 715, of a unidirectional composite can be
approximated by loading a 10° off-axis specimen, and
applying Eq. (3b) [45]. In principle, these laminate formulae
can be applied to whole range of composite materials but
they have also been successfully applied to highly
anisotropic polypropylenes oriented by roll drawing
which, due to the microfibrillar nature of highly
oriented PP, can be considered as a unidirectional fibre
laminate [46-48].

7. Results and discussion

7.1. Tensile performance of unidirectional laminates

The density of the unidirectional laminates (p=
0.770 g cm ™~ ?), as measured using the Archimedes prin-
ciples, is slightly greater than the density of the tapes (p=
0.732 gcm ™ °). This means that consolidation between
adjacent tapes is excellent with no intertape voiding, and
there is some closure of intratape microvoids during
compaction. This is reinforced by Fig. 6, which shows an
optical micrograph cross section of a unidirectional
laminate in which the excellent consolidation of tapes can
be clearly seen. The compacted tapes are visible running
into the plane of the page, and the copolymer layer can be
seen as a thin, grey line between the tapes, as highlighted in
the Fig. 6.

The tensile moduli and tensile strengths of these
specimens are presented in Figs. 7 and 8, respectively.
Very little difference was seen in E;; between UD140 and
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Fig. 6. Optical micrograph of a cross section of unidirectional all-PP
laminate showing the skin core morphology of the original tapes still
present in the consolidated plate.

UD160, and a greater but still small variation in E», was
seen. It is clear that unidirectional all-PP composites
produced in this way show increased moduli close to the
direction of drawing while the transverse modulus is not
significantly greater than isotropic PP (1-1.5 GPa). Fig. 7
shows the variation of modulus with loading angle for
UD160, compared to the modulus predicted by Eq. (1).

It can be seen there is very small standard deviation and
Eq. (1) describes the behaviour of UD160 very well. Since
moduli are very similar for UD140 and UD160, it suggests
that this temperature processing window provides uniform
stiffness, and also E;; (13+0.8 GPa) is 87+6% the
modulus of the tape (15 GPa) showing a good retention of
tape modulus in the composite. The off-axis mechanical
properties of these unidirectional composites are also shown
in Table 5. A small decrease in tensile modulus due to
composite consolidation is seen. The anisotropy of these
unidirectional composites is similar to that reported for

14
1 O UD140
12 4 ® UD160
— Equation 1
E 10 - (based on UD160)
19}
3 8
p=}
=]
<}
= 64
@
2
o 4
'_
2
O T T T T T T T
0 15 30 45 60 75 90

Loading Angle [°]

Fig. 7. Tensile modulus vs. loading angle for unidirectional all-PP
composites consolidated at 140 and 160 °C, respectively, showing similar
mechanical properties for both processing temperatures and a high degree
of anisotropy in either case.

450 -

4001 O UuD140

350 4 ® UD160
Tsai-Hill Criterion

300 -
250
200 -

150 -

Tensile Strength [MPa]

100 -

50 ~

Loading Angle [°]

Fig. 8. Tensile strength vs. loading angle for unidirectional all-PP
composites consolidated at 140 and 160 °C, respectively, also showing
similar mechanical properties for both processing temperatures and a high
degree of anisotropy in either case.

polyethylene reinforced polyethylene composites [16]
based on ethylene—butene copolymer films reinforced with
commercial UHMW-PE fibres. Despite the fact that these
UHMW-PE fibres initially possess much greater tensile
modulus (E;;=70-110 GPa [21,49]) than the PP tapes used
in this study (E;; =15 GPa), the lower weight fraction of
fibre present (65%) and possible molecular relaxation in the
UHMW-PE fibre during composite processing means that
tensile performance (E;;=20.6 GPa, 0;; =700 GPa) is only
60-80% greater than that of the all-PP composites (E;; =
13 GPa, 0,;,=385 MPa) presented in this study. Never-
theless, the high performance of UHMW-PE fibres indicates
there are clear potential advantages of using an all-PE
composite for applications, which will not be exposed
to elevated temperatures, such as biomedical applications
[50-52].

The tensile strength as a function of loading angle is
shown in Fig. §, based on UD140 and UD160. Similarly to
off-axis moduli, off-axis strengths, gy, are very similar for

Table 5
Tensile properties of unidirectional all-PP composite specimens with
varying loading angle

Loading Compaction Tensile Tensile Strain to

angle [°] temperature modulus strength failure
[°Cl [GPa] [MPa] [%]

0 Uncompacted 15 450 7
tape

0 140 13 371 8

45 140 1.7 8.2

90 140 1 4.5

0 160 13 385 8

10 160 - 64 2

30 160 35 17 1

45 160 2.1 8.7 1

60 160 1.5 6.5 1

90 160 1.5 4.5 1
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Table 6
Degree of anisotropy of unidirectional all-PP composites compared to
unidirectional glass-PP composites [53]

Composite system a1, [MPa] 05> [MPa] a11/2s [-]
All-PP 385 45 85.6
Glass/PP 1025 4.5 277.8

UDI140 and UD160. The unidirectional composites are
clearly very anisotropic, and while Fig. 7 shows that while
Ey_30=16%E, 0yg—30<5%0a,,. The degree of anisotropy
can be described as the ratio of o1 to g5, and in the case of
these all-PP composites, this ratio is 85.6. This is almost
three times that seen in unidirectional glass fibre reinforced
polypropylene [53], but this is due to the greater 1, value of
glass/PP composites since o, is similar (see Table 6).
Therefore, while the transverse modulus (E,;) of these
composites is comparable to the modulus of isotropic PP,
the transverse strength (g,;) is much less than the tensile
strength of isotropic PP.

The transition from tensile failure to transverse failure of
tapes can be predicted by Eq. 3(a)-(c), and is shown in
Fig. 9. These maximum stress criteria suggest that at § = 2°,
failure mode operates via a shearing mechanism and this
dominates until #=23°, and these criteria describe the
experimental data very well, as does the single Tsai-Hill
criterion shown in Fig. 8. The failure of unidirectional
specimens is dominated by tape strength at =0, but
changes to transverse tape strength as 6> 25°.

Fig. 10 shows a photograph of failed unidirectional
specimens tested at #=0°, 10° 60° and 90°. The specimen
loaded at §=0° shows a large amount of fibrillation and no
single fracture surface. This is to be expected since the
transverse strength of the tapes is so poor that cracks rapidly
propagate along the tape direction. It is also clear that a
combination of inter-tape debonding and intra-tape fibrilla-
tion leads to fibrils being pulled from the composite. This

450 -

400 - Eq. 3a e UDLEO

350 —— Equation 3a-c

300 -
250 |

200 ~ Eq. 3b
150 -

Tensile Strength [MPa]

100 A

50

0 T T T T T T T
0 15 30 45 60 75 90
Loading Angle [°]
Fig. 9. Tensile strength vs. loading angle for unidirectional all-PP

composites with predicted failure mechanism described by the maximum
stress criterion (Eq. (3a—c)).

0-0° 0-10°  0=60° 6=90°

Fig. 10. Photograph of failed unidirectional specimens (left to right:
6=0° 10° 60° and 90°) illustrating a transition from a highly fibrillar
failure (#=0°) to transverse failure (6>10°).

reduces load transfer and it is likely that what is being seen
here, is not true tensile failure but instead failure by
delamination. This may explain the difference between the
tensile strength of a single tape (450 MPa), in which definite
tape tensile failure occurs, compared to the tensile strength
of a unidirectional composite (380 MPa) which shows
fibrillation and some fibril pull-out. Fig. 11 shows a
composite optical micrograph of a unidirectional all-PP
specimen loaded at #=0°, in which the complete fibrillation
of the composite can be seen.

The low transverse strength is partially due to the
extremely poor transverse strength of the tape due to high
orientation, which limits the transverse composite strength,
but also due to the tape geometry. Since the width of the tape
is ~36X greater than the thickness of the tape, a large
overlap in the transverse direction is present providing
excellent load transfer between tapes [54]. Thus transverse

Fig. 11. Composite optical micrograph of the fibrillated surface of a
unidirectional all-PP composite loaded in the tape direction (6=0°).
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Fig. 12. Summary of unidirectional composite tensile properties vs.
compaction temperature showing approximately constant mechanical
properties with processing temperature, validating the large temperature
processing window which can be achieved by using co-extruded tape
technology.

failure of a unidirectional composite by an interfacial failure
mode would theoretically occur by pull-out of the tape
width from the surrounding tapes, but this is very unlikely
since the transverse strength of the tape is so poor compared
to the shear strength of the interface. The interlaminar shear
strength of the composite can be obtained by rearranging
Eq. (3b). At §=10° 7, can be predicted since 71, =099

72 0171 (6)
011

From Table 5, it can be seen that Eq. (6) gives 7i,=
65.8 MPa. This agrees well with the experimentally
determined value for g4— ¢ of 64 MPa. The shear modulus,
G1,, determined by Eq. (2), has a value of ~0.8 GPa for
specimens compacted at both temperatures. Fig. 12 sum-
marises these mechanical properties as a function of
compaction temperature. This shows that increasing the
compaction temperature between 140 and 160 °C, has only a
small effect on mechanical properties. The transverse
modulus and longitudinal strength actually increase slightly
with increasing compaction temperature, although the
increase in longitudinal strength is within the experimental
scatter of the results, and the transverse modulus at either
temperature is too low to be of major interest.

7.2. Compressive performance of unidirectional laminates

Fig. 13 shows the compressive strength of unidirectional
composites tested in the longitudinal direction, UDa ¢, and
the transverse direction, UDgy,c, compacted at 140 and
160 °C. There is no increase in the transverse compressive
strength of the unidirectional composite but there is a
noticeable increase in compressive strength in the longitudi-
nal direction.

The drawing mechanism increases tensile properties by
aligning the microstructure of the material in the drawing

60 -

50 -

40

1 —O— UD0y ¢
30 —%— UDO,yc

20

Compressive Strength [MPa]

10 x—

140 160
Compaction Temperature [°C]

Fig. 13. Summary of unidirectional all-PP composite compressive strengths
vs. compaction temperature showing a constant, but relatively low,
transverse compressive strength and a longitudinal compressive strength
which increases with processing temperature, but is also very low compared
to tensile strength.

direction and so it is unlikely that any increase would be
seen in compressive properties of tapes. A compressive
strength of oriented polypropylene of ~40 MPa has been
reported for draw ratios <5, and seems to be independent of
draw ratio in this region [55]. Failure in these specimens is
also by micro buckling. In fact, failure is reported to occur
along shear planes, and therefore, a higher orientation
structure may be more susceptible to buckling than an
isotropic structure [56,57]. Even highly oriented polyethy-
lene fibres, which show a much higher tensile strength
(3 GPa) exhibit a very low compressive strength (70 MPa)
[58]. This poor compressive strength must be taken into
account when designing all-PP products, which will
experience flexural loads. The compressive strength seen
here is very close that of bulk PP (~50 MPa), and since
tensile tests have shown that there is very little affect of
processing temperature in this region on the microstructure
of the PP tapes, it is likely that no benefit is gained by using
this highly oriented PP rather than bulk PP for pure
compressive applications.

The mechanical properties of unidirectional all-PP
composite laminates reported in this paper are summarised
in Table 7, together with the mechanical properties of a
commercial unidirectional glass fibre reinforced PP roving
containing 75% weight fraction of glass fibre (Twintex®,
Saint Gobain-Vetrotex). The longitudinal mechanical
properties of unidirectional all-PP composites are less
than that of unidirectional glass fibre reinforced PP, but
due to the low density of PP tapes reported in this paper,
the specific tensile strength of unidirectional all-PP
composites is comparable to that of unidirectional glass
reinforced PP while the specific tensile modulus of
unidirectional all-PP is slightly less than that of
unidirectional glass reinforced PP.
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Table 7

Mechanical and specific mechanical properties of unidirectional all-PP
composites compared to a commercial unidirectional glass fibre reinforced
PP

Material All-PP Commercial
PP/Glass
50%V¢ UD
roving

Compaction 140 °C 160 °C -

Temperature [°C]

Compaction 24 2.4 -

Pressure [MPa]

Density, [g cm ) 0.77 0.77 1.75

E,y, [GPa] 12.93 12.95 38

Ei/p [GPag™'cem?®] 16.79 16.82 21.71

E,, [GPa] 091 1.52 -

Exylp [GPa g™ ' cm?] 1.18 1.97 -

oy [MPa] 371 385 800

o11/p [MPag ™' em? 482 500 457

022 [MP&] 4.5 4.5 -

02o/p [MPa g~ ! cm?) 5.84 5.84 -

ai1c [MPa] 39.2 55.8 -

d2c [MPa] 10.8 13 -

Vs 0.36 0.38 -

Va1 0.06 0.06 -

G, [GPa] 0.8 0.8 -

8. Conclusions

All-polypropylene composites can be successfully
created with high fibre volume fractions (>90%) posses-
sing high tensile moduli and strengths. By using a
combination of constraining and co-extrusion, the tempera-
ture window for creating these composites can be greater
than 30 °C. Despite the high temperatures involved during
the compaction process, the excellent mechanical properties
of the oriented tapes are retained in the resulting
unidirectional composites. Furthermore, the composite is
not sensitive to deviations in the process temperature since
mechanical properties proved approximately constant
within the processing temperature window investigated
here. The specific mechanical properties are comparable to
those reported for a commercial unidirectional glass fibre
reinforced PP, while the all-PP composites clearly have
great advantages in terms of recyclability.

Acknowledgements

The authors would like to acknowledge the contribution
of Dr Edwin Klompen at Eindhoven University of
Technology to this project and Anne Spoelstra
at Eindhoven University of Technology, for performing
microscopy and providing the image shown in Fig. 6.
The co-extruded PP tapes used in this study were kindly
supplied by Lankhorst Indutech BV, The Netherlands. This
work is sponsored by the Dutch Government’s Economy,

Ecology and Technology (EET) programme for sustainable
development, under grant number EETK97104.

References

[1] Directive 2000 /S3/EC of European Parliament of the Council of 18

September 2000.

Capiati NJ, Porter RS. The concept of one polymer composites

modelled with high density polyethylenes. J Mater Sci 1975;10:

1671-7.

Peijs T, Jacobs MIN, Lemstra PJ. High Performance Polyethylene

Fibers. In: Kelly A, Zweben C, editors. Comprehensive composite

materials; 2000.

Sakurada I, Ito T, Nakamae K. Elastic moduli of the crystal lattices of

polymers. J Polym Sci: Part C 1966;15:75-91.

[5] Matsuo M, Sawatari C, Nakano T. Ultradrawing of isotactic
polypropylene films produced by gelation/crystallization from
solution. Polym J 1986;18(10):759-74.

[6] Takayanagi M, Imada K, Kajiyama T. Mechanical properties of fine
structures and drawn polymers. J Polym Sci: Part C 1966;15:263-81.

[7] Peterlin A. Molecular model of drawing polyethylene and poly-
propylene. J Mater Sci 1971;6:490-508.

[8] Lemstra PJ, Kirschbaum R. Speciality products based on commodity
polymers. Polymer 1985;26:1372-84.

[9] Kristiansen M, Tervoort T, Smith P. Synergistic gelation of solutions
of isotactic polypropylene and bis-(3,4-dimethyl benzylidene) sorbitol
and it’s use in gel-processing. Polymer 2003;44:5885-91.

[10] Smith P, Lemstra PJ. Ultra-high strength polyethylene filaments by
solution spinning/drawing 3. Influence of drawing temperature.
Polymer 1980;21:1341-3.

[11] Cannon CG. Orientation processes in the drawing of dry gel films of
polyethylene and polypropylene. Polymer 1982;23:1123-8.

[12] Carothers WH, Hill JW. Studies of polymerization and ring formation
XV. Attificial fibres from synthetic linear condensation super-
polymers. J] Am Chem Soc 1932;54:1579-87.

[13] Bastiaansen CWM, Lemstra PJ. Melting behaviour of gel-spun/drawn
polyolefins. Macromol Symp 1989;28(28):73-84.

[14] Mead TW, Porter RS. The preparation and tensile properties of
polyethylene composites. J Appl Polym Sci 1978;22:3249-65.

[15] Stern T, Teishev A, Marom G. Composites of polyethylene reinforced
with chopped polyethylene fibers: effect of transcrystalline interphase.
Compos Sci Technol 1996;57:1009-15.

[16] Kazanci M, Cohn D, Marom G. Elastic and viscoelastic behaviour of
filament wound polyethylene fiber reinforced polyethylene compo-
sites. J Mater Sci 2001;36:2845-50.

[17] Chand N, Kreuzberger S, Hinrichsen G. Influence of processing
conditions on the tensile properties of unidirectional UHMPE
fibre/LDPE composites. Composites 1993;25(9):878-90.

[18] Lacroix F, Lu H-Q, Schulte K. Wet powder impregnation for
polyethylene composites: preparation and mechanical properties.
Composites: Part A 1999;30:369-73.

[19] Hine PJ, Ward IM, Olley RH, Bassett DC. The hot compaction of high
modulus melt-spun polyethylene fibres. J Mater Sci 1993;28:316-24.

[20] Ward IM, Hine PJ. The science and technology of hot compaction.
Polymer 2004;45:1413-27.

[21] Hine PJ, Ward IM, Jordan ND, Olley RH, Bassett DC. A comparison
of the hot-compaction behavior of oriented, high-modulus, poly-
ethylene fibers and tapes. ] Macromol Sci: Phys 2001;B40(5):959-89.

[22] RasburnJ, Hine PJ, Ward IM, Olley RH, Bassett DC, Kabeel MA. The

hot compaction of polyethylene terephthalate. J Mater Sci 1995;30:

615-22.

Wright DD, Gilbert JL, Lautenschlager EP. The Effect of processing

temperature and time on the structure and fracture characteristics of

[2

—

[3

=

[4

=

[23

[t



726 B. Alcock et al. / Composites: Part A 37 (2006) 716-726

self-reinforced composite poly(methyl methacrylate). J Mater Sci:
Mater Med 1999;10:503-12.

[24] Wright DD, Lautenschlager EP, Gilbert JL. Bending and fracture
toughness of woven self-reinforced composite poly(methyl metha-
crylate). J Biomed Mater Res 1996;36:441-53.

[25] Hine PJ, Ward IM, Teckoe J. The hot compaction of woven
polypropylene tapes. J Mater Sci 1998;33:2725-33.

[26] Abo El-Maaty MI, Bassett DC, Olley RH, Hine PJ, Ward IM. The hot
compaction of polypropylene fibres. J Mater Sci 1996;31:1157-63.

[27] Teckoe J, Olley RH, Bassett DC, Hine PJ, Ward IM. The morphology
of woven polypropylene tapes compacted at temperatures above and
below optimum. J Mater Sci 1999;34:2065-73.

[28] Jordan ND, Bassett DC, Olley RH, Hine PJ, Ward IM. The hot
compaction behaviour of woven oriented polypropylene fibres and
tapes II. Morphology of cloths before and after compaction. Polymer
2003;44:1133-43.

[29] Hine PJ, Ward IM, Jordan ND, Olley RH, Bassett DC. The hot
compaction behaviour of woven oriented polypropylene fibres and
tapes I. Mechanical properties. Polymer 2003;44:1117-31.

[30] Kabeel MA, Bassett DC, Olley RH, Hine PJ, Ward IM. Compaction of
high-modulus melt-spun polyethylene fibres at temperatures above
and below the optimum. J Mater Sci 1994;29:4694-9.

[31] Lacroix F, Loos J, Schulte K. Morphological investigations of
polyethylene fibre reinforced polyethylene. Polymer 1999;40:843-7.

[32] Loos J, Schimanski T, Hofman J, Peijs T, Lemstra PJ. Morphological
investigation of polypropylene single-fibre reinforced polypropylene
model composites. Polymer 2001;42:3827-34.

[33] Andreassen E, Grostad K, Myhre OJ, Braathen MD, Hinrichsen EL,
Syre AMV, B LT. Melting behavior of polypropylene fibers studied
by differential scanning calorimetry. J Appl Polym Sci 1995:;57:
1075-84.

[34] Amornsakchai T, Bassett DC, Olley RH, Hine PJ, Ward IM. On
morphologies developed during two-dimensional compaction of
woven polypropylene tapes. J Appl Polym Sci 2000;78:787-93.

[35] Barkoula N-M, Schimanski T, Loos J, Peijs T. Processing of single
polymer composites using the concept of constrained fibers. Polym
Compos 2004;26(1):114-20.

[36] Peijs T. Composites for recyclability. Materials Today. April, 2003.
p.30-35.

[37] Cabrera N, Alcock B, Loos J, Peijs T. Processing of all-polypropylene
composites for ultimate recyclability. Proc Inst Mech Engrs. J Mater:
Des Appl 2004;218(Part L.2):145-56.

[38] Cabrera N. Recyclable All-Polypropylene composites: concept,
properties and manufacturing. PhD Thesis. Technische Universiteit
Eindhoven, Netherlands; 2004.

[39] Alcock B. Single Polymer Composites based on polypropylene:
processing and properties. PhD Thesis. Queen Mary, University of
London, UK; 2004.

[40] Barkoula N-M, Alcock B, Peijs T. Recyclable all-polypropylene
composites: fatigue properties of highly oriented polypropylene tapes
and woven tape composites. In submission; 2005.

[41] Lee I-H, Schultz JM. Adhesion in laminates of highly oriented
polypropylene sheets. Polymer 1985;27:1219-27.

[42] Burke PE, Weatherley GC, Woodhams RT. Uniaxial roll-drawing of
isotactic polypropylene sheet. Polym Eng Sci 1987;27(7):518-23.

[43] Abo El-Maaty MI, Olley RH, Bassett DC. On the internal
morphologies of high-modulus polyethylene and polypropylene
fibres. J Mater Sci 1999;34:1975-89.

[44] Azzi TD, Tsai SW. Anisotropic strength of composites. Exp Mech
1965;5:583-8.

[45] Chamis CC, Sinclair JH. Ten-degree off-axis test for shear properties
in fiber composites. Exp Mech 1977;17(9):339-46.

[46] Chen HIJ, Kortschot MT, Leewis KG. The production and properties
of oriented polypropylene laminates. Polym Eng Sci 1994;34(12):
1016-24.

[47] Sinclair LA, McCammond D, Kortschot MT. Fracture modes
of oriented polypropylene. J Reinf Plastics Compos 1992;11:
1270-85.

[48] Peijs T. High-performance polyethylene fibres in structural compo-
sites. PhD Thesis. Technische Universiteit Eindhoven, Netherlands;
1993.

[49] Rochette A, Bousima M, Lavoie A, Ajji A. Effect of surface treatment
on mechanical properties of polyethylene composite. ] Compos Mater
2000;36(8):925-40.

[50] Megremis SJ, Duray S, Gilbert JL. Self reinforced composite
polyethylene (SRC-PE): A novel material for orthopaedic appli-
cations. ASTM Spec Tech Publi 1999;1346:235-55.

[51] Kazanci M, Cohn D, Marom G, Migliaresi C, Pegoretti A. Fatigue
characterisation of polyethylene fiber reinforced polyolefin biomedi-
cal composites. Composites: Part A 2002;33:453-8.

[52] Pompe W, Worch H, Epple M, Friess W, Gelinsky M, Greil P,
Hempel U, Scharnweber D, Schulte K. Functionally graded materials
for biomedical applications. Mater Sci Eng 2003;362:40-60.

[53] van der Oever M, Peijs T. Continuous-glass-reinforced polypropylene
composites II. Influence of maleic-anhydride modified polypropylene
on fatigue behaviour. Composites: Part A 1998;29:227-39.

[54] Rexer J, Anderson E. Composites with planar reinforcements (flakes
and ribbons)—a review. Polym Eng Sci 1979;19(1):1-11.

[55] Duckett RA, Ward IM, Zihlif AM. Direct measurements of the reverse
stress asymmetry in the yielding of anisotropic polypropylene. ] Mater
Sci Lett 1972;7:480-2.

[56] Shinozaki DM, Groves GW. The plastic deformation of oriented
polypropylene and polyethylene: deformation mechanisms. J Mater
Sci 1973;8:1012-22.

[57] Shinozaki DM, Groves GW. The plastic deformation of oriented
polypropylene: tensile and compressive yield criteria. J Mater Sci
1973;8:71-8.

[58] Peijs T, Rijsdijk HA, de Kok JMM, Lemstra PJ. The role of interface
and fibre anisotropy in controlling the performance of polyethylene-
fibre-reinforced composites. Compos Sci Technol 1994;53(3):
449-66.



	The mechanical properties of unidirectional all-polypropylene composites
	Introduction
	Hot compaction of single polymer composites
	Current research
	Specimen preparation
	Tensile and compressive testing of unidirectional all-PP composites
	Laminate theory
	Results and discussion
	Tensile performance of unidirectional laminates
	Compressive performance of unidirectional laminates

	Conclusions
	Acknowledgements
	References


