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It has previously been shown possible to use highly oriented polypropylene (PP) tapes to
create self-reinforced (all-PP) composites. It is desirable to understand the relationship
between tape processing parameters and the mechanical properties and thermal stability
of the tapes, as these tape properties will govern the ultimate properties of the all-PP com-
posite. In this paper, the effects of the tape drawing parameters such as draw ratio (k),
drawing temperature and thermal annealing on the final mechanical properties, density
and dimensional thermal stability of the tapes are presented. PP tapes drawn to k = 17 pos-
sess tensile moduli of �15 GPa and tensile strengths of �450 MPa. PP tapes with high draw
ratios, k > 9.3, show a decrease in density, a change from transparent to opaque appearance
and increased dimensional thermal stability with increasing draw ratio. The results of an
investigation into the effects of a thermal annealing step, targeted at improving the dimen-
sional thermal stability of these highly oriented PP tapes, are also presented.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Entirely thermoplastic, ‘‘self-reinforced” polymer com-
posites have been presented in literature as potential alter-
native materials to conventional polymer composites. A
range of technologies have been presented in literature
to develop single polymer composites from various
thermoplastic polymers, such as polyethylene [1–7], poly-
propylene [8–20], poly(ethylene terephthalate) [21–23],
poly(ethylene naphthalate) [24], polyamide [25], poly
(methyl methacrylate) [26–30] and liquid crystal polymers
[31,32]. The basic precursor to create a single polymer
composite with good mechanical properties is a high
mechanical performance polymer fibre or tape, as these
will act as the reinforcement phase in the final composite.
Therefore, it is key to the success of such a composite that
the mechanical properties of the precursor fibre or tape
should be optimised.
. All rights reserved.
Previous publications by the same authors have
described the development of self-reinforced (SRPP) or
all-polypropylene (all-PP) composites [33–40], now com-
mercialised by Lankhorst Pure Composites BV under the
name PURE� and its licensee Milliken under the name
Tegris�, comprising highly drawn PP tapes which are con-
solidated together to form a load bearing structure. This
paper will focus specifically on the characterisation of
highly oriented PP tapes for the creation of the all-PP com-
posites described in these previous publications.

The mechanical performance of polypropylene fibres or
tapes can be increased by orienting the polymer molecules
in the loaded axis [41]. This can be achieved by solid state
deformation below the melting temperature, but above the
glass transition temperature of the polymer [42]. Solid
state deformation of PP can be achieved in numerous ways,
such as roll drawing sheets [43–46], die drawing [47–49],
zone drawing [50], or by drawing through a hot oven
[51], and the deformation parameters applied during
orientation closely affect the resulting mechanical and
morphological properties. As an example, roll drawn
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mailto:b.alcock@gmail.com
http://www.sciencedirect.com/science/journal/00143057
http://www.elsevier.com/locate/europolj


B. Alcock et al. / European Polymer Journal 45 (2009) 2878–2894 2879
isotactic PP sheets have been reported with a tensile mod-
ulus of 20 GPa and a tensile strength of 500 MPa in the
drawing direction [52], compared with isotropic polypro-
pylene sheets which will typically have a tensile modulus
and tensile strength of <2 GPa and <50 MPa [53].

It is well understood that highly oriented thermoplastic
polymers will tend to increase entropy if given enough
thermal energy to allow molecular mobility or relaxation.
The practical aspect of this effect is that if sufficiently
heated, highly oriented polymers will tend to shrink in
the drawn direction, as the molecules seek to achieve a
more random orientation. Since the high mechanical prop-
erties of these tapes are a direct consequence of molecular
orientation, this shrinkage is associated with a decrease in
mechanical properties in the drawn direction. As all of the
processing routes to create all-PP composites involve heat-
ing the PP tapes to temperatures typically exceeding
130 �C [54] to facilitate intertape bonding, it is important
to understand the possible effect of this heating on the
mechanical properties of the tapes.

Therefore, the goals of this paper are to investigate the
relationship between tape processing conditions and char-
acteristics of the drawn tape, in order to understand the
ways in which these properties may affect subsequent all-
PP composites. The paper presents the effects of draw ratio,
k, and draw temperature on the tensile mechanical proper-
ties and density of PP tapes, and the relationship between
tape draw ratio, thermal shrinkage and the associated loss
of mechanical properties during exposure to elevated tem-
peratures. It is particularly important to understand how
the tapes behave when exposed to elevated temperatures,
as elevated temperatures will be experienced during consol-
idation of the tapes into an all-PP composite structure.
2. Manufacture of PP tapes and all-PP composites

One of the simplest commercial routes for the produc-
tion of PP fibres (or tapes) is by drawing an extruded fibre
(or tape) through a hot oven [55], and this is the route used
to create the highly oriented PP tapes presented in this pa-
per. Tensile deformation (drawing) is achieved by pulling a
tape from one set of rollers, rotating at a speed v1, through
a hot air oven to a second set of rollers, rotating at speed v2,
where v2 > v1. The ratio of v2:v1 defines the draw ratio, k,
applied to the tapes in each drawing stage. If necessary,
this drawing stage can be repeated in numerous ovens in
series, with each drawing stage adding an increase in draw
ratio, until the desired total draw ratio is achieved.

This multistage drawing process has been previously
reported to achieve high strength PP structures by drawing
first at a lower temperature to realize the desired morphol-
ogy to achieve further drawing in a subsequent drawing
step at a higher temperature [56,57]. The production of
the PP tapes described here was performed in a two stage
drawing process as shown in Fig. 1, with applied draw ra-
tios at oven temperatures as described in Table 1; the over-
all draw ratio, k, is the product of the draw ratios k1 and k2

applied in the first and second drawing stages, respectively
[58,59]. The tapes described in this paper are classified in
two series; Series A describes PP tapes drawn to varying
draw ratios at the same drawing temperatures, while Ser-
ies B describes PP tapes drawn to k = 13 at a range of draw-
ing temperatures in the second drawing stage. The
temperature used in the first drawing stage is constant
throughout this paper. Tapes are drawn up to k = 6 in the
first drawing stage, and are further drawn in a second
drawing stage to achieve higher draw ratios. Tapes A1,
A2 and A3 are drawn in a single stage process to k = 2, 4
and 6, respectively, and experience neither a second draw-
ing stage nor exposure to an elevated temperature in the
second oven. Tapes A4, A5, A6 and A7 are drawn in a dou-
ble stage drawing process, first to k1 = 6 in the first drawing
stage and then to a total k = 9.3, 12, 14 and 17, respectively,
by further drawing in the second drawing stage. Therefore,
although the drawing process is a continuous process with
multiple ovens operating in series, tape A3, drawn to k = 6,
can be considered an intermediate prior to further drawing
on the second drawing stage to yield tapes A4–A7.

Due to the extrusion process, it is likely that some ori-
entation is already present in the tapes before drawing
(i.e. tapes are not purely isotropic after leaving the extru-
der), but this is ignored in this study since the reported
draw ratios are merely comparative, and so any pre-orien-
tation effects from the extruder are similar. Thus, the
effects of varying the overall draw ratio of the tapes and
also the drawing temperature applied in the second draw-
ing stage are investigated in this paper.

The PP tapes described in this paper are manufactured
as a precursor to create all-PP composites, and are
produced with a skin:core:skin (A:B:A) structure via a co-
extrusion process [35,60]. The as-extruded PP tapes
comprise a PP copolymer upper skin layer (A), a PP homo-
polymer core layer (B) and a PP copolymer lower skin layer
(A) of approximate proportions A:B:A = 5.5%:89%:5.5%.
Immediately following co-extrusion, the PP tapes are
drawn as described above in a two stage drawing process
through hot air ovens to increase molecular alignment
and so dramatically increase longitudinal strength and
stiffness. Critically, the copolymer skin layer has a melting
temperature below that of the PP core. This allows the sub-
sequent consolidation of these highly drawn PP tapes into
a composite structure at a wide temperature processing
range; the tapes can be consolidated into composites at a
temperature high enough to melt the copolymer skin layer
while reducing the risk of molecular relaxation, and so the
loss of mechanical properties of the tapes. During consoli-
dation of PP tapes into an all-PP composite, the skin layer
of the co-extruded tapes is melted to bond cohesively to
that of neighbouring tapes, and upon cooling, this results
in a ‘brick and mortar’ composite morphology consisting
of stacked highly oriented PP tapes bonded together by
the thin copolymer skin layer. Because the skin–core mor-
phology of the tapes is achieved when both the skin and
the core are in the melt phase during co-extrusion, the
bonding between skin and core is excellent [60].

The low thickness of the skin layer (�5 lm) means that
the final all-PP composites can contain exceptionally high
reinforcement volume fractions of �90%. These highly
drawn co-extruded tapes can be processed into composite
structures by direct forming of pipes, pressure vessel and
other similar structures [35,36,61] or by first weaving a



Extruder 1 
(Copolymer)

First Drawing 
Stage Oven 

Second Drawing 
Stage Oven 

Collection 
Winder 

Co-extrusion 
Die

Extruder 2 
(Homopolymer)

Fig. 1. Schematic of the co-extrusion and two stage drawing process used to create the highly drawn PP tapes investigated in this paper [60].
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tape fabric and subsequently consolidating fabric plies into
composite laminates [34]. These laminates may be further
formed into all-PP products via a range of further process-
ing steps [62,63]. Although necessary for the production of
all-PP composites, the thin skin layer is not thought to con-
tribute greatly to mechanical properties or thermal stabil-
ity of the tapes, and so for the interest of this paper, the
presence of this thin copolymer layer will be ignored.
3. Experimental methods

3.1. Density measurements

The density of PP tapes, q, was determined by measur-
ing the apparent mass when submerged in water, and
applying the Archimedes principle in accordance with
ASTM D792. According to the Archimedes principle, the
buoyant force of a solid that is less dense than the fluid
in which it is immersed is equal to the weight of the vol-
ume of fluid it displaces when submerged, less the dry
weight of the object. Because PP has a lower density than
water, by measuring the buoyancy force of PP tapes
Table 1
Drawing parameters used to draw the tapes investigated in this paper. Note that
are drawn to higher draw ratios in a second drawing stage. Tapes B1–B4 are all

Series Tape number Total applied draw ratio (k) Drawing stage 1

Draw ratio (k1) Draw

A A1 2 2 60
A2 4 4 60
A3 6 6 60
A4 9.3 6 60
A5 12 6 60
A6 14 6 60
A7 17 6 60

B B1 13 6 60
B2 13 6 60
B3 13 6 60
B4 13 6 60
immersed in water, the density can be calculated. The den-
sity of the water was determined by using a calibrated
10 ml glass volume, and the temperature of the water
was kept constant during testing to eliminate any fluctua-
tion in water density.

3.2. Tensile testing

Tensile tests to failure of PP tapes were performed using a
Hounsfield tensile testing machine equipped with a 1 kN load
cell, special force reducing tape clamps and data acquisition
software. A crosshead displacement of 5 mm min�1 and a
gauge length of 200 mm were used in all cases to measure
failure stress. Tensile tests to determine tensile modulus were
performed using an Instron tensile testing machine equipped
with a 1 kN load cell, standard grips and data acquisition soft-
ware. A crosshead displacement of 64 mm min�1 and a gauge
length of 640 mm were used. Preliminary comparisons be-
tween this method and an alternative method using a self-
supported extensometer yielded equal moduli within the
range of experimental scatter. Tensile modulus of each spec-
imen is calculated between 0.1% and 0.4% strain. Five repeti-
tions are reported for each test, and each data point reported
tapes A1–A3 are drawn in single stage drawing process, while tapes A4–A7
drawn to k = 13, with varying temperature in the second drawing stage.

Drawing stage 2

ing temperature (�C) Draw ratio (k2) Drawing temperature (DT2) (�C)

– –
– –
– –
1.55 160
2.00 160
2.33 160
2.83 160

2.17 160
2.17 170
2.17 180
2.17 190
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in this paper is an average value. The errors bars on the graphs
represent standard deviations.

3.3. Free shrinkage measurements

To assess the ‘free’ shrinkage of PP tapes, i.e. shrinkage
during exposure to elevated temperatures with no physi-
cal restriction applied, sets of five 1 m lengths of tapes
were hung in a preheated, circulating air oven controlled
by an internal thermostat and monitored by an indepen-
dent thermometer fitted with two PT100 temperature
probes placed at different locations in the oven. The air
temperature was constant and uniform (±1 �C) within
the oven. Preliminary tests showed that for all tempera-
tures, and draw ratios, the percentage shrinkage in the
tape length direction as a function of duration in the
oven, increased logarithmically with time, and that >80%
of total shrinkage had occurred within 30 min in the
oven. The total shrinkage is defined as the proportional
decrease in tape length compared to initial tape length
after exposure to elevated temperature. Therefore, all free
shrinkage measurements were performed after placing
tapes in an oven for 30 min.

3.4. Shrinkage force measurements

Shrinkage force measurements were conducted by plac-
ing 30 cm lengths of tape between opposing grips of an In-
stron tensile testing machine (as described earlier for
tensile modulus tests) fitted with a circulating hot air test-
ing chamber. Temperature was measured, as before, at two
locations within the oven to ensure thermal homogeneity.
The tape specimen is placed between the grips, inside the
oven and the oven temperature is raised from room tem-
perature until failure of the tape (typically �190 �C) at a
rate of approximately 10 K min�1. Prior to testing, testing
grips were preheated to reduce the effect of thermal
expansion of grips during testing and so limiting this affect
on shrinkage force measurements. A preload of 1 N
Fig. 2. Photograph of tapes drawn at increasing draw ratios, showing a chang
photograph) to opaque at higher draw ratios (shown as lighter in the photograp
(�7 MPa) was applied to the tapes before heating to assure
a taut specimen necessary to accurately measure shrinkage
force.

No displacement of the crosshead was applied; a force
due to the shrinkage of the tape was recorded with increas-
ing temperature. The maximum shrinkage stress is defined
as the maximum force recorded during the increase in
temperature, divided by the original cross sectional area
of the tape. Five repetitions of each tape were tested to
provide an average value for the maximum shrinkage
stress of each tape. The error bars on the graphs represent
standard deviations.
4. Results and discussion

4.1. Influence of draw ratio on the mechanical properties of
PP tapes

To produce all-PP composites with competitive
mechanical properties, it is essential to maximise the
mechanical properties of the constituent PP tapes. Tapes
from Series A (see Table 1) were produced with a range
of draw ratios, k, to determine the effect of draw ratio on
the mechanical properties of the tapes. With increasing
draw ratio there is a noticeable change in appearance of
tapes as illustrated in Fig. 2. Below a draw ratio of k = 9.3,
the tapes appear transparent, but above this draw ratio
they are opaque. The opacity is first seen in the centre of
the tape, but with increasing draw ratio, eventually covers
the entire tape width. This phenomenon may be due to a
transition from a homogenous to a highly micro-fibrous
void-rich structure, established during drawing, as well de-
scribed for polypropylene and polyethylene [64]. Such
voiding has been reported in numerous drawn polymer
systems including die-drawn PP rods [65], drawn PP fibres
[57] and has been witnessed in other polymers such as
polyethylene [66], poly(ethylene terephthalate)–polyeth-
ylene films [67] and poly(oxymethylene) [68].
e from transparent tapes at low draw ratio (k) (shown as darker in the
h).
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Fig. 3 shows a graph of the measured tape density of tapes
from Series A, with increasing draw ratio. It is clear that den-
sity is approximately constant with increasing draw ratio un-
til k = 9.3, above which density sharply drops. The decrease in
density is associated with the change in transparency of the
tape, and may be due to microvoiding within the tape [69–
71]. Atk = 17, density has reached 0.73 g cm�3, and so density
has been reduced by almost 20% compared to the undrawn
tape. Since the density of crystalline PP is only �10% higher
than the density of amorphous PP (qCrystallinePP� 0.94 g cm�3

and qAmorphousPP� 0.85 g cm�3), a 20% decrease in density
cannot be solely attributed to a decrease in the density of
the polymer due to morphological changes. Therefore such
a large decrease in density can only be attributed to the crea-
tion of voids within the tape, in accordance with the environ-
mental scanning electron microscopy studies published
previously [72].

The effect of draw ratio on the tensile strength and
strain to failure of these tapes is shown in Fig. 4. Like den-
sity, the variation in strength and strain to failure as a func-
tion of draw ratio is non-linear. Increasing draw ratio leads
to a large decrease in strain to failure from >300% for un-
drawn PP tapes to around 7% for tape A7, k = 17. It is not
clear if this large change in strain to failure with increasing
draw ratio observed between k = 6 (tape A3) and k = 9.3
(tape A4) is solely a consequence of the increasing draw
ratio, or is also influenced by the exposure to elevated tem-
peratures in the second drawing stage, since tapes A4–A7,
drawn to k > 6, are also drawn in a two stage drawing pro-
cess (see Table 1). As would be expected, tensile strength
also increases with increasing draw ratio, but is clearly less
directly linked to draw ratio than tensile modulus is. At
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occurring at k > 9.3. As described in Table 1, tapes drawn to k < 6 (tapes A1–A3)
drawn in a second drawing stage to achieve higher draw ratios (tapes A4–A7).
k < 9.3, tensile strength increases with increasing draw ra-
tio, but at k > 9.3, strength reaches a plateau, only showing
a slight increase at k > 14. A similar behaviour has been re-
ported for acetyl fibres [73]. This has been explained by
Yamada et al., who described that initial drawing of
semi-crystalline polymers is due to orientation of crystal-
line regions and amorphous regions, while drawing above
k = 9 is mainly due to increasing orientation of the amor-
phous phase between crystal blocks [74]. Since tensile
strength is reported to be mainly governed by crystal
orientation [75], it is reasonable to assume little further in-
crease in tensile strength with increasing draw ratio above
k = 9. Fig. 3 indicated a decrease in density at k > 9.3,
implying the creation of voids at such draw ratios, and
Fig. 4 shows that this is the draw ratio in which the
increase in strength with draw ratio decreases, supporting
this concept.

Also shown in Fig. 4 is the specific tensile strength, nor-
malised for tape density. Since density decreases with
increasing draw ratio, measuring the cross sectional area
of the tape is no longer a valid method to determine stress
within the tape. The specific strength takes into account
the reduction in cross sectional area, but does not account
for any stress concentrations that a higher degree of mic-
rovoiding may cause.

Fig. 5 shows the tensile modulus of the same group of
tapes. Since the modulus is measured at low strains, the
presence of microvoids is not expected to alter the modulus
except by reducing the average cross sectional area of the
tape. As would be expected, as k increases, modulus in-
creases, reaching a modulus of �15 GPa at k = 17. Again,
the specific modulus shows a greater increase since the
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density decreases with increasing draw ratio accounting for
the presence of microvoids. The specific modulus of the
tape exceeds 20 GPa g�1 cm3 which compares very well to
the reported modulus (19 GPa) of a solid state oriented PP
sheet [52]. Since this solid state drawn sheet is roller drawn,
the formation of microvoids may be prevented by the trans-
verse pressure applied by the rollers, and so the density of
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the sheet equals that of bulk PP (�0.91 g cm�3). Thus the
specific modulus obtained in roller drawn PP sheets by
Burke et al., approaches 21 GPa g�1 cm3, very close to the
specific modulus seen in the PP tapes presented here. Based
on these results, to achieve the highest mechanical proper-
ties in subsequent all-PP composites, it appears advanta-
geous to use a tape with the highest draw ratio.
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4.2. Influence of draw temperature on the mechanical
properties of PP tapes

The previous section described the density and
mechanical properties of highly oriented tapes which were
drawn with a constant second oven drawing temperature,
to various total draw ratios. The effect of the drawing tem-
perature applied in the second oven on the density and
mechanical properties of tapes drawn to k = 13 will now
be investigated. Co-extruded tapes from Series B (see Table
1) were all drawn in a multiple stage drawing process; the
first drawing stage used to create tapes in Series B is the
same as that used to create tapes in Series A, and provides
some initial orientation. Further drawing is performed in a
second drawing stage. The initial orientation imparted by
the first drawing oven is necessary to allow drawing at
higher temperatures in subsequent drawing stages [72].
Drawing at temperatures up to 190 �C in the second oven
was possible because although 190 �C is above the melting
temperature of polypropylene, the physical constraining
due to the axial tension in the drawing processes artifi-
cially raises the melting temperature [76,77] and so allows
tapes in tension to exist in an overheated solid state.

The first observation made from increasing drawing
temperature is a return from an opaque to a transparent
tape appearance. Fig. 6 shows a photograph of tapes B1–
B4, all with k = 13, with increasing drawing temperature
from 160 to 190 �C in 10 �C increments. This leads to the
direct assumption that since this opacity is caused by mic-
rovoiding in the highly oriented homopolymer, these must
have either closed or been prevented from forming during
second stage drawing at higher temperatures. Fig. 7 shows
the variation in density of the tapes as a function of the
drawing temperature. It is clear that density increases with
drawing temperature, reaching the density of bulk PP at
190 �C. The increase in density seems to be approximately
Fig. 6. Photograph of tapes B1–B4 drawn at k = 13 at increasing drawing tempera
from opaque tapes drawn at lower drawing temperature (shown as lighter in th
darker in the photograph).
linear, and appears to be due entirely to the decreasing
proportion of voids in the tape, since the density of bulk
PP is reached in tapes B4 drawn at higher drawing temper-
atures in the second drawing stage.

Fig. 8 shows the effect of increasing the drawing tem-
perature on the strength and strain to failure of the tapes.
There is very little change in the mechanical properties
recorded despite the change in density and the apparent
removal of the microvoids indicated by the optically trans-
parent nature of the tapes drawn at higher temperatures. A
gradual decrease in tensile modulus with increasing draw-
ing temperature is observed, as shown in Fig. 9. The effect
is even more obvious when specific properties are consid-
ered. An increase in the drawing temperature from 160 to
190 �C results in a decrease in specific tensile modulus of
approximately 15%.

When drawing at a higher temperature it is likely that
higher levels of molecular mobility allow some relaxation
(hence the reduction in modulus) while drawing, and as
temperature is increased, eventually this reaches a thresh-
old where relaxation is great enough to allow tape failure.
Thus tape breakage during drawing will occur above
190 �C and so a maximum drawing temperature is ob-
tained. This molecular mobility may also explain the re-
duced degree of voiding observed following drawing at
higher temperatures. The high degree of orientation
achieved by drawing these tapes means that transverse
tape properties are relatively poor [60] and so elongated
voids may open due to local transverse stresses and neck-
ing within the tape. An increase in drawing temperature is
likely to increase molecular mobility and so may reduce lo-
cal stresses associated with lateral contractions within the
tape during longitudinal stretching and so promoting a
more uniform deformation [78,79]. It is clear that increas-
ing the drawing temperature in the second drawing stage
may be a way to produce optically transparent tapes if
tures in the second drawing stage (DT2). This photograph shows a change
e photograph) to transparent at higher drawing temperatures (shown as
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required, Figs. 8 and 9 show that such tapes may undergo a
small reduction in tensile modulus, but no significant loss
of tensile strength.

4.3. Free shrinkage of PP tapes

Ultimately, the tapes described in this paper are being
produced as a structural reinforcement element for all-PP
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all-PP composites has been investigated [33,61–63], but
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The most direct measurement of shrinkage is the
measurement of ‘free shrinkage’, which is defined here as
longitudinal shrinkage of the tapes in the drawing direc-
tion. For the clarity of this paper, heating applied to cause
shrinkage of the tapes will be quantified as ‘‘shrinkage
temperature”, while temperature used in drawing the
tapes will be referred to as ‘‘drawing temperature”.
Fig. 10 shows the degree of shrinkage after exposure to
various shrinkage temperatures of tapes with increasing
draw ratio from Series A (see Table 1). Free shrinkage is
clearly non-linear, increasing with increasing oven tem-
perature, but from Fig. 10, the relationship between free
shrinkage and draw ratio is ambiguous. Fig. 11 represents
the same series of data, but with the free shrinkage shown
as a function of draw ratio, for various discrete oven
temperatures. From this graph, it is clear that the greatest
free shrinkage occurs in tape A4, at k � 9.3. The increase in
free shrinkage with increasing shrinkage temperature is
predictable since the applied shrinkage temperature
encourages relaxation and molecular reorganisation.

Peterlin describes the morphology of drawn polypro-
pylene as having a microfibrillar structure in the drawing
direction. These microfibrils are comprised of crystalline
blocks separated by amorphous regions, connected by tie
molecules [64]. If the structure is sufficiently drawn, these
tie molecules become taut, and are described to be subse-
quently responsible for load transfer (and hence high mod-
ulus) in the drawing direction of the structure. Upon
subsequent heating, the retraction of these taut tie mole-
cules is also responsible for the large shrinkage forces seen
when polymer fibres or tapes are exposed to elevated tem-
peratures [78]. Because the volume fraction of these inter-
crystalline taut tie molecules increases with draw ratio
[80], it is seems reasonable to associate the increase in
fraction of taut tie molecules with the increase in free
shrinkage with draw ratio in the PP tapes presented here.

However, as k > 9.3, there is a decrease in free shrinkage
of the tape, with tape A6, drawn to k = 14, exhibiting equiv-
alent free shrinkage behaviour to tape drawn to k � 5. This
observed increase in thermal shrinkage resistance with
increasing draw ratio agrees with results previously re-
ported for polyethylene [81], and may be explained by con-
sidering the increasing alignment of tie molecules with
increasing draw ratio. Yamada et al . reported that when
drawing PP to k 6 9, orientation occurred by alignment of
the crystalline lamellae and amorphous regions into
microfibrils [74]. When drawing to greater draw ratios, ori-
entation mainly occurs by deformation of the amorphous
regions, and an increase in the number of taut tie mole-
cules with increasing draw ratio [81]. Although these taut
tie molecules are responsible for shrinkage, they can also
become more thermally stable due to their increased align-
ment. Groups of parallel taut tie molecules in drawn poly-
olefins become highly ordered and tightly packed and thus
require more thermal energy to become mobile, and hence
exhibit increased thermal stability compared to unoriented
amorphous molecules [81,82]. This has been modelled by
Pakula and Trznadel, who describe highly oriented taut
tie molecules as being frozen in position and require great-
er heat to initiate shrinkage than less ordered molecules
[83,84].

The relationship between second oven drawing temper-
ature and free shrinkage appears to be less complex than the
relationship between draw ratio and free shrinkage. The
effect of second oven drawing temperature on shrinkage is
shown in Fig. 12 using tapes from Series B (see Table 1).
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The general trend is similar to that seen in Fig. 10; free
shrinkage increases with shrinkage temperature. Fig. 13
represents the same data as Fig. 12, with shrinkage plotted
as a function of drawing temperature for a range of discrete
shrinkage temperatures. There is an increase in thermal
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Fig. 11. The effect of draw ratio on the free shrinkage of tapes from Series A wi
degree of shrinkage when exposed for 30 min to 143 �C as tape A4 with k = 9.3
stability with increasing drawing temperature. At higher
drawing temperatures, it is possible that taut tie molecules
can form more perfectly oriented quasi-amorphous bridges
[78] increasing the thermal stability of the structure, making
the tapes more resistant to free shrinkage.
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One of the challenges of creating all-PP composites is
the retention of the mechanical properties of the PP tape
in the final composite part. Highly oriented polymer fibres
that were prevented from shrinking during heating, by
physically constraining the fibre ends, have been previ-
ously shown to have higher melting temperatures than
equivalent unconstrained fibres [77]. To take advantage
of the greater thermal stability caused by this constraining,
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temperatures in the second drawing stage (e.g. tape B4, TD2 = 190 �C) are more
second drawing stage (e.g. tape B1, TD2 = 160 �C).
PP tapes or PP tape fabrics are physically constrained dur-
ing consolidation into all-PP composites, to help prevent
relaxation of the tapes [35]. Since the temperatures being
used to test free shrinkage here are similar to those which
would be used during all-PP composites consolidation [34],
it is of great interest to know if there is a relationship be-
tween an observed free shrinkage and a decrease in resid-
ual properties of the PP tape. In this way, such a
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ee shrinkage of tapes from Series B, indicating that tapes drawn at higher
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relationship would enable a prediction of the loss of
mechanical properties due to poorly constrained consoli-
dation, from a dimensional measurement without the need
for mechanical testing of the final part. Since both the ten-
sile modulus and the free shrinkage of highly oriented PP
tapes seem to be controlled by tie molecules highly ori-
ented in the amorphous phase, the mechanical properties
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Fig. 15. The effect of draw ratio on the maximum shrinkage stress of tapes from
seen for free shrinkage in Fig. 11, more highly drawn tapes seem to exert lower sh
A3) are produced in a single drawing stage, and these k = 6 tapes are further draw
following shrinkage were investigated. Samples of tape
A7, with a total draw ratio of k = 17 were exposed to vary-
ing shrinkage temperatures and allowed to shrink freely.
Different degrees of free shrinkage were achieved by
exposing the samples of the same tapes to different shrink-
age temperatures. As shown in Fig. 10, the degree of
shrinkage increases with shrinkage temperature, and so
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Series A, indicating that shrinkage stress increases with draw ratio, but as
rinkage stresses. As described in Table 1, tapes drawn to k < 6 (tapes A2 and

n in a second drawing stage to achieve higher draw ratios (tapes A4–A7).
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exposure of the samples of the same tape to different
shrinkage temperatures yielded tape samples which had
undergone varying amounts of shrinkage. The tensile
mechanical properties of these tapes were then measured
and plotted as a function of the degree of free shrinkage.
Fig. 14 shows the residual tensile modulus and residual
tensile strength of tapes A7 drawn to k = 17, following var-
ious amounts of free shrinkage. The standard deviation of
free shrinkage is represented by error bars in the x-axis
direction and the standard deviation of mechanical proper-
ties is represented by error bars in the y-axis direction. The
decrease in tensile modulus with free shrinkage is quite
dramatic; a free shrinkage of just 14.5% length results in
a 73% loss of tensile modulus of tape A7.

This amount of longitudinal shrinkage may be consid-
ered equivalent in length in returning from a draw ratio,
k = 17 to k � 14, but equivalent in tensile modulus to a tape
drawn to k � 6. Thus thermal shrinkage is not the direct
reversal of solid state drawing, and apparent draw ratio
and tensile modulus are not directly linked, as could be as-
sumed from Fig. 5. The sudden loss in tensile modulus seen
at very low shrinkage (�1% length) in Fig. 14 may be due to
the relaxation of taut tie molecules. It is conceivable that
although these taut tie molecules are relatively thermally
stable due their high degree of alignment, as soon as these
tie molecules are able to relax, direct load transfer between
crystalline regions is reduced, thus reducing macroscopic
stiffness. During the heating of the tape to allow free shrink-
age, it is also possible that small translational slippages in
crystalline regions may further encourage taut tie mole-
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temperatures. The graph indicates that free annealing at greater temperature
subsequent exposure to elevated shrinkage temperatures.
cules to relax [85]. The drop in tensile modulus while tensile
strength remains constant supports the theory that modu-
lus is controlled by alignment of tie molecules, where as
the strength is controlled by crystal orientation and struc-
tural effects such as microvoiding [75].

This theory would support the observation that relaxa-
tion and a decrease in tensile modulus without an obvious
macroscopic shrinkage is possible. These free shrinkage
experiments illustrate the effect of microstructural
changes on the macrostructure of the tape, and give good
indications of the molecular processes involved. This
observation means that extra care must be used when pro-
cessing these highly oriented tapes into all-PP composites,
since morphological changes can occur which will affect
the mechanical properties of the final composite without
necessarily giving strong visible indications that this
change in morphology has occurred.

4.4. Shrinkage force of PP tapes at elevated temperatures

The amount of longitudinal shrinkage of drawn PP tapes
has been described in the previous section, and now an
investigation into the magnitude of the shrinkage force
will be presented to further clarify the effect of heating a
PP tape. During heating of a PP tape constrained by fixed
ends, physical shrinkage can be prevented, but the same
mechanisms that cause shrinkage cause a retractive stress
to be experienced by the tape constraints. Fig. 15 shows
the magnitude of this maximum shrinkage stresses mea-
sured as a function of draw ratio.
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f tape A7, drawn to k = 17, following free annealing to various annealing
s results in lower shrinkage forces being exerted by the tapes during
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Maximum shrinkage force increases with draw ratio
until k � 12, but then decreases with increasing draw ratio
at k > 12. Since the volume fraction of taut tie molecules is
reported to increase with increasing draw ratio [49], so the
trend of the maximum shrinkage force cannot be solely
due to changing volume fractions of taut tie molecules.
As maximum shrinkage forces would be expected to in-
crease with increasing draw ratio, these results reinforce
the idea that as draw ratio increases, these taut tie mole-
cules become arranged in a highly ordered amorphous
morphology and so possess greater thermal stability. The
magnitude of these shrinkage stresses is similar to those
reported previously [86] although since the maximum
draw ratio considered by De Candia et al. was k = 11, a fur-
ther reduction in shrinkage stress at even higher draw
ratios was not reported.

One aim of this investigation is gain a greater under-
standing of the dimensional thermal stability of drawn
PP tapes during exposure to elevated temperatures, since
the results of free shrinkage experiments (shown in
Fig. 14) show that a very small free shrinkage can result
in a large reduction in tensile modulus. Therefore, the ef-
fect of free annealing on the tapes was investigated.

Fig. 16 shows the effect of free annealing on the shrink-
age stress behaviour of PP tapes A7, drawn to k = 17, after
being annealed in an oven at various temperatures for
20 min. Fig. 16 also indicates the shape of representative
curves of shrinkage stress as a function of increasing tem-
perature, during heating. The shrinkage stresses pass
through a maximum with increasing temperature and then
as the temperature increases further and the tape begins to
melt, stress transfer along the tape length is lost and the
perceived shrinkage stress decreases. Tape failure ulti-
mately follows when the tape yields and breaks.
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various annealing temperatures. It is clear that free annealing may be used to r
Fig. 16 shows that the unannealed tape exerts a detect-
able shrinkage stress as temperature reaches 40 �C and
shows the greatest shrinkage stress throughout. For the
tapes that had been thermally annealed, two important
changes in behaviour can be observed. Firstly, with
increasing annealing temperature, the maximum shrink-
age stress observed during subsequent heating decreases,
dropping to almost half the maximum shrinkage stress of
the unannealed tape, and this maximum shrinkage stress
is shown in Fig. 17. Secondly, the onset temperature of
shrinkage is seen to increase with increasing annealing
temperature. Tapes annealed at 140 �C do not show a sub-
stantial shrinkage force until they are heated to 120 �C,
compared to unannealed tapes which exert a shrinkage
stress when heated to just 40 �C. Therefore, it can be seen
that by free annealing highly oriented PP tapes, the ther-
mal stability may be improved through both a reduction
in maximum shrinkage stress, and an increase in the onset
temperature for shrinkage. This is supported by data re-
ported previously [75], and so a free annealing stage may
be considered as an additional processing step in the crea-
tion of future tapes for all-PP composites.

During a free annealing process such as that performed
here, the molecular structure is likely to relax and so a loss
of modulus can be expected. This loss in modulus has to be
balanced against the greater thermal stability of tape A7,
following free annealing. Fig. 18 illustrates this point by
comparing the onset of shrinkage stress (defined as the
temperature at which shrinkage stress first exceeds
2 MPa) with the tensile modulus of the free annealed tapes.
This indicates that, as suggested, free annealing can result
in a decrease in tensile stiffness. This graph shows that
highly drawn PP tapes can be made to be dimensionally
stable to 130 �C, by free annealing, if this dimensional sta-
100 120 140 160
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tress for samples of tape A7, drawn to k = 17, following free annealing to
educe the maximum shrinkage stress of the drawn PP tapes.
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bility is considered valuable enough in a final product to
warrant sacrificing 25% of the tensile modulus of the tapes.
As seen before in the development of all-PP composites,
the final mechanical and thermal properties of the com-
posite product can be tailored to suit the specific
application.
5. Conclusions

The highly oriented PP tapes described here have been
developed to become the reinforcement phase of self-rein-
forced PP or all-PP composites, such as PURE�. It has been
demonstrated that the drawing conditions of the PP tapes
determine the microstructure and mechanical properties
of the tapes. Generally, increasing the draw ratio leads to
increasing mechanical properties, while it was also seen
to result in a decrease in density of the tapes. This can be
beneficial as it will lead to a reduction in the density of
the final all-PP composite product, and high specific
mechanical properties.

The thermal stability of the PP tapes was investigated
using the resistance to longitudinal shrinkage as a param-
eter to quantify thermal stability, although the degree of
shrinkage was not proportional to the loss of mechanical
properties of the tapes. Free annealing was proposed as
an option to reduce the longitudinal shrinkage of the tapes,
although this was seen to be associated with a small reduc-
tion in mechanical properties.

An increase in thermal stability of the PP tapes would
be advantageous, both in the final application and to make
the tapes less sensitive to molecular relaxation during the
composite consolidation process. Because thermal stability
and mechanical properties are both valuable in the final
all-PP composite, any increase in thermal stability due to
a thermal annealing process must be balanced against
any associated decrease in mechanical properties.

Acknowledgements

The co-extruded PP tapes used in this study were pre-
pared using facilities at Lankhorst Pure Composites BV,
The Netherlands. This work was sponsored by the Dutch
Government’s Economy, Ecology and Technology (EET)
programme for sustainable development, under Grant No.
EETK97104, under the project name PURE.

References

[1] 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.

[2] 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.

[3] Yan PJ, Hine PJ, Ward IM, Olley RH, Bassett DC. The hot compaction of
spectra gel-spun polyethylene fibre. J Mater Sci 1997;32:4821–31.

[4] Megremis SJ, Duray S, Gilbert JL. Self reinforced composite
polyethylene (SRC-PE): a novel material for orthopaedic applications.
ASTM Spec Tech Pub 1999;1346:235–55.

[5] Hine PJ, Ward IM, Jordan ND, Olley RH, Bassett DC. A comparison of
the hot-compaction behavior of oriented, high-modulus,
polyethylene fibers and tapes. J Macromol Sci Phys B 2001;40(5):
959–89.

[6] Jordan ND, Olley RH, Bassett DC, Hine PJ, Ward IM. The development
of morphology during hot compaction of tensylon high-modulus
polyethylene tapes and woven cloths. Polymer 2002;43:3397–404.

[7] Xu T, Farris RJ. Shapeable matrix-free spectra� fiber-reinforced
polymeric composites via high-temperature high-pressure sintering:
process–structure–property relationship. J Polym Sci B Polym Phys
2005;43(19):2767–89.

[8] Izer A, Bárány T. Hot consolidated all-PP composites from textile
fabrics composed of isotactic PP filaments with different degrees of
orientation. Express Polym Lett 2007;12:790–6.

[9] 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.



B. Alcock et al. / European Polymer Journal 45 (2009) 2878–2894 2893
[10] Hine PJ, Ward IM, Teckoe J. The hot compaction of woven
polypropylene tapes. J Mater Sci 1998;33:2725–33.

[11] 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.

[12] 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.

[13] Bárány T, Izer A, Czigány T. On consolidation of self-reinforced
polypropylene composites. Plast Rubber Compos 2006;35(9):375–9.

[14] Banik K, Abraham TN, Karger-Kocsis J. Flexural creep behavior of
unidirectional and cross-ply all-poly(propylene) (PURE) composites.
Macromol Mater Eng 2007;292:1280–8.

[15] McKown S, Cantwell WJ. Investigation of strain-rate effects in
self-reinforced polypropylene composites. J Compos Mater 2007;41(20):
2457–70.

[16] Abraham T, Banik K, Karger-Kocsis J. All-PP composites (PURE) with
unidirectional and cross-ply lay-ups: dynamic mechanical thermal
analysis. Express Polym Lett 2007;8:519–26.

[17] Banik K, Karger-Kocsis J, Abraham T. Flexural creep of all-
polypropylene composites: model analysis. Polym Eng Sci
2008;48:941–8.

[18] Kim KJ, Yu W-R, Harrison P. Optimum consolidation of self-
reinforced polypropylene composite and its time-dependent
deformation behavior. Compos Part A Appl Sci Manuf
2008;39(10):1597–605.

[19] Abraham TN, Siengchin S, Karger-Kocsis J. Dynamic mechanical
thermal analysis of all-PP composites based on a and b polymorphic
forms. J Mater Sci 2008;43(10):3697–703.

[20] Bárány T, Izer A, Karger-Kocsis J. Impact resistance of all-
polypropylene composites composed of alpha and beta
modifications. Polym Test 2009;28:176–82.

[21] Rasburn J, Hine PJ, Ward IM, Olley RH, Bassett DC, Kabeel MA. The
hot compaction of polyethylene terephthalate. J Mater Sci 1995;30:
615–22.

[22] Hine PJ, Ward IM. Hot compaction of woven poly(ethylene
terephthalate) multifilaments. J Appl Polym Sci 2004;91:2223–33.

[23] Rojanapitayakorn P, Mather PT, Goldberg AJ, Weiss RA. Optically
transparent self-reinforced poly(ethylene terephthalate)
composites: molecular orientation and mechanical properties.
Polymer 2005;46(3):761–73.

[24] Hine PJ, Astruc A, Ward IM. Hot compaction of polyethylene
naphthalate. J Appl Polym Sci 2004;93(2):796–802.

[25] Hine PJ, Ward IM. Hot compaction of woven nylon 6,6
multifilaments. J Appl Polym Sci 2006;101(2):991–7.

[26] Gilbert JL, Ney DS, Lautenschlager EP. Self-reinforced composite
poly(methyl methacrylate) – static and fatigue properties.
Biomaterials 1995;16(14):1043–55.

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

[28] Wright DD, Gilbert JL, Lautenschlager EP. The effect of processing
temperature and time on the structure and fracture characteristics
of self-reinforced composite poly(methyl methacrylate). J Mater Sci
Mater Med 1999;10:503–12.

[29] Wright-Charlesworth DD, Lautenschlager EP, Gilbert JL. Hot
compaction of poly(methyl methacrylate) composites based on
fiber shrinkage results. J Mater Sci Mater Med 2005;16(10):967–75.

[30] Peers WJ, Wright-Charlesworth DD, Miskioglu I. Pin-on-disc
evaluation of self-reinforced composite poly(methyl methacrylate)
for total joint replacements. J Biomed Mater Res B Appl Biomater
2006;79B(1):16–24.

[31] Pegoretti A, Zanolli A, Migliaresi C. Flexural and interlaminar
mechanical properties of unidirectional liquid crystalline single-
polymer composites. Compos Sci Technol 2006;66(13):1953–62.

[32] Pegoretti A, Zanolli A, Migliaresi C. Preparation and tensile
mechanical properties of unidirectional liquid crystalline single-
polymer composites. Compos Sci Technol 2006;66(13):1970–9.

[33] Cabrera N, Alcock B, Loos J, Peijs T. Processing of all-polypropylene
composites for ultimate recyclability. Proc Inst Mech Eng J Mater Des
Appl 2004;218(Part L2):145–56.

[34] Alcock B, Cabrera NO, Barkoula N-M, Spoelstra AB, Loos J, Peijs T. The
mechanical properties of woven tape all-polypropylene composites.
Compos Part A Appl Sci Manuf 2007;38(1):147–61.

[35] Alcock B, Cabrera NO, Barkoula N-M, Loos J, Peijs T. The mechanical
properties of unidirectional all-polypropylene composites. Compos
Part A Appl Sci Manuf 2006;37(5):716–26.
[36] Alcock B, Cabrera NO, Barkoula N-M, Peijs T. Direct forming of all-
polypropylene composites products from fabrics made of co-
extruded tapes. Appl Compos Mater 2009;16(2):117–34.

[37] Deng H, Reynolds CT, Cabrera NO, Barkoula N-M, Alcock B, Peijs T. A
comparison of the environmental properties of all-polypropylene
composites based on co-extruded tapes and GMT and NMT. Compos
Part B, submitted for publication.

[38] Alcock B, Cabrera NO, Barkoula N-M, Reynolds CT, Govaert LE, Peijs
T. The effect of temperature and strain rate on the mechanical
properties of highly oriented polypropylene tapes and
all-polypropylene composites. Compos Sci Technol 2007;67(10):
2061–70.

[39] Alcock B, Cabrera NO, Barkoula N-M, Wang Z, Peijs T. The effect of
temperature and strain rate on the impact performance of recyclable
all-polypropylene composites. Compos Part B Eng 2008;39(3):
537–47.

[40] Barkoula N-M, Alcock B, Cabrera N, Peijs T. Fatigue properties of
highly oriented polypropylene tapes and all-polypropylene
composites. Polym Polym Compos 2008;16(2):101–13.

[41] Carothers WH, Hill JW. Studies of polymerization and ring
formation. XV. Artificial fibres from synthetic linear condensation
superpolymers. J Am Chem Soc 1932;54:1579–87.

[42] Cifferri A, Ward IM, editors. Ultra-high modulus polymers. Applied
Science Publishers; 1979.

[43] Yang J, Chaffey CE, Vancso GJ. Structure, transitions, and mechanical
properties of polypropylene oriented by roll-drawing. Plast Rubber
Compos Process Appl 1994;21(4):201–10.

[44] Bartczak Z. Deformation of high-density polyethylene produced by
rolling with side constraints. I. Orientation behavior. J Appl Polym
Sci 2002;86:1396–404.

[45] Bartczak Z, Moraweic J, Galeski A. Deformation of high-density
polyethylene produced by rolling with side constraints. II.
Mechanical properties of oriented bars. J Appl Polym Sci 2002;86:
1405–12.

[46] Bartczak Z, Moraweic J, Galeski A. Structure and properties of
isotactic polypropylene oriented by rolling with side constraints. J
Appl Polym Sci 2002;86:1413–25.

[47] Ajji A, Legros N, Dumoulin MN. High performance materials from
oriented plastics. Adv Perform Mater 1998;5:117–36.

[48] Chaffey CE, Taraiya AK, Ward IM. Orientation in polypropylene
sheets produced by die-drawing and rolling. Polym Eng Sci
1997;37(11):1774–84.

[49] Taraiya AK, Richardson A, Ward IM. Production and properties of
highly oriented polypropylene by die drawing. J Appl Polym Sci
1987;33:2559–79.

[50] Takayanagi M, Yamada K. Analysis of zone-drawing process in
preoriented polypropylene. J Appl Polym Sci 1982;27:2091.

[51] Hu X, Alcock B, Loos J. The influence of drawing temperature on
mechanical properties and organization of melt spun polyethylene
solid-state drawn in the pseudo-affine regime. Polymer 2007;47(6):
2156–62.

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

[53] Hull D, Clyne TW. In: Clarke DR, Suresh S, Ward IM, editors. An
introduction to composite materials. Cambridge: Cambridge
University Press; 1996.

[54] Alcock B, Cabrera NO, Barkoula N-M, Peijs T. Low velocity impact
performance of recyclable all-polypropylene composites. Compos
Sci Technol 2006;66(11–12):1724–37.

[55] Bigg DM. Mechanical properties enhancement of semicrystalline
polymers – a review. Polym Eng Sci 1988;28(13):830–41.

[56] Baranov AO, Prut EV. Ultra-high modulus isotactic polypropylene I.
The influence of orientation drawing and initial morphology on the
structure and properties of oriented samples. J Appl Polym Sci
1992;44:1557–72.

[57] Abo El-Maaty MI, Bassett DC, Olley RH, Dobb MG, Tomka JG, Wang
IC. On the formation of defects in drawn polypropylene fibres.
Polymer 1996;37(2):213–8.

[58] Schimanski T, Peijs T, Lemstra PJ, Loos J. Influence of postdrawing
temperature on mechanical properties of melt-spun isotactic
polypropylene. Macromolecules 2004;37:1810–5.

[59] Loos J, Schimanski T. Effect of postdrawing temperature on structure,
morphology and mechanical properties of melt-spun isotactic
polypropylene tapes. Macromolecules 2005;38:10678–85.

[60] Alcock B, Cabrera NO, Barkoula N-M, Loos J, Peijs T. Interfacial
properties of highly oriented coextruded polypropylene tapes for the
creation of recyclable all-polypropylene composites. J Appl Polym
Sci 2007;104(1):118–29.



2894 B. Alcock et al. / European Polymer Journal 45 (2009) 2878–2894
[61] Cabrera N, Alcock B, Klompen ETJ, Peijs T. Filament winding of
co-extruded polypropylene tapes for fully recyclable all-
polypropylene composite products. Appl Compos Mater
2008;15(1):27–45.

[62] Cabrera NO, Alcock B, Peijs T. Design and manufacture of all-PP
sandwich panels based on co-extruded polypropylene tapes.
Compos Part B 2008;39:1183–95.

[63] Cabrera NO, Reynolds CT, Alcock B, Peijs T. Non-isothermal stamp
forming of continuous tape reinforced all-polypropylene composite
sheet. Compos Part A 2008;39(6):1455–66.

[64] Peterlin A. Molecular model of drawing polyethylene and
polypropylene. J Mater Sci 1971;6:490–508.

[65] Coates PD, Ward IM. Drawing of polymers through a conical die.
Polymer 1979;20:1553–60.

[66] Amornsakchai T, Olley RH, Bassett DC, Al-Hussein MOM, Unwin
AP, Ward IM. On the influence of initial morphology on the
internal structure of highly drawn polyethylene. Polymer 2000;41:
8291–8.

[67] Wenig W, Hammel R. Optical properties and structure of drawn
polyethyleneterephthalate–polyethylene films. Colloid Polym Sci
1982;260:31–6.

[68] Hope PS, Richardson A, Ward IM. Manufacture of ultrahigh-modulus
poly(oxymethylenes) by die drawing. J Appl Polym Sci 1981;26:
2879–96.

[69] Petermann J, Karbach A, Felt K. Ultradrawing of ‘‘Springy”
polypropylene films. Polym Bull 1987;18:355–60.

[70] 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.

[71] Schimanski T. High-performance polypropylene structures for eco-
friendly, fully recyclable composites, Ph.D. Thesis. The Netherlands:
Technische Universiteit Eindhoven; 2002.

[72] Schimanski T, Loos J, Peijs T, Alcock B, Lemstra PJ. On the
overdrawing of melt-spun isotactic polypropylene tapes. J Appl
Polym Sci 2007;103(5):2920–31.

[73] Clark ES, Scott LS. Superdrawn crystalline polymers: a new class of
high-strength fiber. Polym Eng Sci 1974;14(10):682–6.

[74] Yamada K, Kamezawa M, Takayanagi M. Relationship between
orientation of amorphous chains and modulus in highly oriented
polypropylene. J Appl Polym Sci 1981;26:49–60.
[75] Flood JE, Nulf SA. How molecular weight distribution and drawing
temperature affect polypropylene physical properties and
morphology. Polym Eng Sci 1990;30(23):1504–12.

[76] 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.

[77] 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.

[78] Peterlin A. Annealing of drawn crystalline polymers. Polym Eng Sci
1978;18(6):488–95.

[79] Garton A, Stepaniak RF, Carlsson DJ, Wiles DM. Some effects of melt-
induced orientation on drawing of polypropylene monofilament. J
Polym Sci B Polym Phys 1978;16:599–612.

[80] Taraiya AK, Unwin AP, Ward IM. The role of differential scanning
calorimetry and x-ray diffraction in identifying crystal continuity in
highly drawn oriented samples of die-drawn polypropylene. J Polym
Sci B Polym Phys 1988;26:817–38.

[81] Capaccio G, Ward IM. Shrinkage, shrinkage force and the structure of
ultra high modulus polyethylenes. Colloid Polym Sci 1982;260:
46–55.

[82] Ward IM. Recent developments in the science and technology of
ultra-high modulus polyolefins. Contemp Top Polym Sci
1984;5:139–74.

[83] Pakula T, Trznadel M. Thermally stimulated shrinkage forces in
oriented polymers: 1. Temperature dependence. Polymer 1985;26:
1011–8.

[84] Trznadel M, Pakula T, Kryszewski M. Thermally stimulated
shrinkage forces in oriented polymers: 2. Time dependence.
Polymer 1985;26:1019–24.

[85] Boyd RH. Relaxation processes in crystalline polymers: molecular
interpretation – A Review. Polymer 1985;26:1123–33.

[86] DeCandia F, Romano G, Vittoria V, Peterlin A. Shrinkage and
retractive forces of drawn isotactic polypropylene during heating.
J Appl Polym Sci 1985;30:4159–73.


	The effect of processing conditions on the mechanical properties and thermal stability of highly oriented PP tapes
	Introduction
	Manufacture of PP tapes and all-PP composites
	Experimental methods
	Density measurements
	Tensile testing
	Free shrinkage measurements
	Shrinkage force measurements

	Results and discussion
	Influence of draw ratio on the mechanical properties of PP tapes
	Influence of draw temperature on the mechanical properties of PP tapes
	Free shrinkage of PP tapes
	Shrinkage force of PP tapes at elevated temperatures

	Conclusions
	Acknowledgements
	References


