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Abstract

The creation of highly oriented, co-extruded polypropylene (PP) tapes allows the production of recyclable ‘‘all-polypropylene’’ (all-
PP) composites, with a large temperature processing window and a high volume fraction of highly oriented PP (>90%). The wholly ther-
moplastic nature of these ‘self-reinforced’ composites implies that the mechanical performance may vary with temperature. This paper
describes the mechanical performance of all-PP composites by measuring the mechanical properties of highly oriented PP tapes and sub-
sequent all-PP composites at a range of temperatures by static and dynamic testing methods. The time–temperature equivalence of all-PP
composites is investigated by creating mastercurves of dynamic modulus and tensile strength. A comparison of the performance of these
composites with commercial glass fibre reinforced polypropylene composites is included.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

In a series of recent papers [1–4], composite materials in
which both the fibre and the matrix are based on polypro-
pylene (PP) have been described. These so-called ‘‘all-PP’’
composites are designed to compete with traditional ther-
moplastic composites such as glass fibre reinforced PP, so
must possess comparable or superior mechanical proper-
ties. One of the main advantages of all-PP composites is
the enhanced recyclability which is achieved by using the
same polymer for both fibre and matrix phase of the com-
posite. Unlike glass fibre reinforced PP composites, all-PP
composites can be entirely melted down at the end of the
product life for recycling into PP feedstock. However, the
0266-3538/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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entirely thermoplastic nature of these composites raises
important questions regarding the mechanical performance
at elevated temperatures and low strain rates.

The concept of improving the mechanical properties of
polymers by molecular orientation, without the addition
of foreign reinforcements is not new. So-called ‘‘self-rein-
forced polymers’’ have been the subject of numerous pub-
lications focussing on a range of polymers and processing
routes including polypropylene [5–8], polyethylene [9–14],
polyethylene terephthalate [15–17], polyethylene naphtha-
late [18], poly(methyl methacrylate) [19–22], polyamide
[23] and liquid crystal polymers [24,25]. Numerous studies
have also been presented specifically for biomedical appli-
cations, where the self-reinforcement of bioresorbable
polymers is required for load bearing orthopaedic applica-
tions, in which foreign reinforcements may complicate bio-
compatibility or bioresorption profiles [26,27].
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Table 1
Summary of PP tape properties

Width 2.15 mm
Thickness 60 lm
Density, q 0.732 g cm�3

Draw ratio, k 17
Composition (copolymer:homopolymer:copolymer) 5.5:89:5.5
Tensile modulus 15 GPa
Tensile strength 450 MPa
Strain to failure 7%
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Like many of the ‘‘self-reinforced’’ polymers described
in literature, the all-PP composites presented in this paper
are wholly thermoplastic, and they can be expected to show
varying mechanical properties with temperature and strain
rate. This can limit the application of such materials and so
must be understood. In the general case of partially or
wholly amorphous polymers, the effect of temperature
and time during mechanical loading can be considered
equivalent. For example, loading such a polymer at a high
strain rate can be considered equivalent to loading at a low
temperature and vice versa. With increasing temperature,
the modulus of polymers generally decreases, although
thermal transitions occur which can impart a dramatic
step-change in stiffness over a relatively small range of tem-
peratures. These thermal transitions are caused by confor-
mational changes becoming possible due to increased
thermal energy in the system and can greatly affect the
practical applications of a polymer under load. Polypropyl-
ene is semi-crystalline and exhibits a complex combination
of thermal transitions occurring in the crystalline phase as
well as in the amorphous phase. The presence of the crys-
talline phase can also impose restrictions on the mobility
of the amorphous phase, which further complicates the
prediction of the mechanical performance of such semi-
crystalline polymers at elevated or reduced temperatures.

This paper has two aims. The first aim of this paper is to
investigate the response of highly oriented polypropylene
tapes to dynamic mechanical loading at a range of temper-
atures. These highly oriented polypropylene tapes are ther-
mally bonded together to form all-PP composite structures,
and so the precursor tapes are solely responsible for the
mechanical performance of the resulting composites. The
second aim of this paper is to investigate the response of
all-polypropylene composites to mechanical loading at a
range of temperatures and strain rates. By characterising
these responses, mastercurves can be created in order to
help predict the performance of all-PP composites at strain
rates outside those achievable in the laboratory.

2. All-polypropylene composite manufacture

The all-PP composites described in this paper are com-
posed of highly oriented PP tapes that have been woven
into a plain weave fabric and consolidated into laminates.
The entire composite fabrication process is described in full
detail elsewhere [3,28,29], but is summarised here. PP tapes
are co-extruded using two single screw extruders to pro-
duce a tape with a skin–core–skin (A:B:A) morphology,
with a thickness ratio of 5.5:89:5.5. The core layer is a
homopolymer blend composed of a 50:50 blend of two
PP homopolymers with molecular weights (Mw) of 280
and 350 kg mol�1, respectively, and a melting temperature
of �160 �C. The skin layer is a propylene:ethylene copoly-
mer (Mw = 320 kg mol�1) with a first melting peak endo-
therm of �107 �C [4].

It is well known that polymers can be oriented to
achieve molecular orientation and hence dramatically
improved tensile properties in the direction of orientation,
via a variety of routes [30]. To achieve a high degree of
molecular alignment in these PP tapes and so attain the
high mechanical properties required for the creation of
competitive composites, this co-extruded tape is drawn in
a continuous two-stage drawing process through a hot air
oven. A draw ratio, k, of 17 is achieved with approximate
final tape dimensions of 2.15 mm width and 60 lm thick-
ness, although lower draw ratio tapes were also produced,
for research purposes [31]. During drawing, the tape is
drawn to k = 17, and has a tensile modulus of 15 GPa
and a tensile strength of 450 MPa (see Table 1), which is
almost entirely due to the highly oriented core layer of
the tape that comprises the bulk of the tape [1]. Since the
copolymer skin layer has a melting temperature below that
of the highly oriented homopolymer core, these tapes can
be effectively welded together by bonding them at temper-
atures which allow the interdiffusion of the isotropic
copolymer skin layer without the molecular relaxation of
the oriented homopolymer core layer [4]. Thus, these highly
oriented PP tapes possess the potential to be bonded
together without a loss in mechanical properties and all-
PP composites can be created, although the composites
described in this paper are produced by consolidating fab-
rics woven from these tapes.

After drawing, the tape is woven into a plain weave fab-
ric with an areal density of �100 g m�2. This woven tape
fabric is the precursor for composite laminate fabrication.
Fabric plies are stacked in a close fitting mould with dimen-
sions of 180 mm · 180 mm and heated to the compaction
temperature under a pressure of 4 MPa. The all-PP com-
posite laminates described in this paper are compacted at
140 �C. All-PP composites have previously been created
with compaction temperatures ranging between 125 �C
and 160 �C, and the effect of this compaction temperature
on the mechanical properties of the resulting composite
has been fully described elsewhere [3]. A compaction pres-
sure is essential to prevent relaxation of the highly oriented
structure and so prevent the loss of the mechanical proper-
ties of the woven tapes [32–35] and aid the consolidation of
the fabric plies in a coherent composite laminate [3]. The
resultant all-PP composite laminates created for this
research have a thickness of �1 mm and can be cut into
testing specimens, with dimensions appropriate to the par-
ticular test. It must be emphasised that no additional mate-
rial (reinforcement or matrix) is introduced during
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composite consolidation; the entire composite is manufac-
tured by bonding together co-extruded tape fabrics.

3. Experimental procedure

3.1. DMTA of single tapes

Dynamic mechanical thermal analyses (DMTA) were
performed on co-extruded PP tapes, with draw ratios of
k = 1(undrawn), 4, 6, 12 and 17. Specimens were tested
in a TA Instruments DMAQ800 DMTA machine operat-
ing in a tensile testing mode. A gauge length of 10 mm
was used, and since all tapes were drawn from the same ori-
ginal co-extruded tape, thickness and width of tape
decrease with increasing draw ratio. The test specimen
was cooled to below �50 �C, allowed to stabilise and then
heated at a rate of 1 �C min�1 to 160 �C. A static stress of
0.1 MPa was applied to ensure that the tape was taut
between the tensile grips, and a sinusoidal (dynamic) tensile
load was applied, to produce a dynamic strain with a con-
stant maximum. The static stress was constant during test-
ing to allow longitudinal shrinkage of the tape during
heating.

3.2. DMTA of woven tape composites

DMTA of all-PP composites was performed in a dual
cantilever flexure mode on woven tape composite plates
manufactured as described earlier. Specimens were cut
from these plates with dimensions of approximately
30 mm · 8 mm · 1 mm, either [0�/90�] to the tape direction
or [±45�] to the tape direction. These specimens were tested
in a Rheometric Scientific Mk II DMTA machine fitted
with a dual cantilever bending test assembly and data
acquisition software. The specimens were placed in the test
grips inside a heating chamber and then the specimen and
grips were cooled to below �80 �C, by the manual addition
of liquid nitrogen to the chamber. The temperature was
allowed to stabilise, and then the chamber was heated at
a rate of 1 �C min�1 to 170 �C, although useful data above
165 �C was not achieved due to relaxation and shrinkage of
the test specimen. The specimen was subjected to a sinusoi-
dal flexural displacement applying a maximum tensile
strain of 0.2% at frequencies of 100 Hz, 10 Hz, 1 Hz and
0.1 Hz. For each frequency, the dynamic modulus and
the loss factor were recorded. The data acquisition at this
heating rate provided data points at a rate of approxi-
mately 1 measurement per frequency per 2 min interval.

3.3. Estimation of heat distortion temperature (HDT)

The heat distortion temperature (HDT) test is a popular
industry standard with little actual scientific value, used as
a simple comparison of the thermal flexural stability of
materials. The test is described fully in ASTM D648. The
HDT test yields a single temperature value at which a
mid-span deflection of 0.25 mm is attained, due to a static
flexural load applied to the test specimen during exposure
to increasing temperature at rate of 2 �C min�1. The two
standard loads used are 0.45 MPa and 1.82 MPa; only
1.82 MPa is considered in this research. Since this test spec-
ifies a flexural deformation and specimen dimensions, a
flexural strain is also specified:

r ¼ 6dD

L2
ð1Þ

where r is the strain of outermost fibres; D, the midspan
deflection; d, the specimen thickness and L is the span
length. For the HDT test in ASTM D648, d = 0.25 mm,
D = 13 mm, and L = 100 mm, giving r = 0.195%. There-
fore, the HDT test can be interpreted to specify the temper-
ature at which a certain strain is achieved. Moreover, since
the applied stress of 1.82 MPa is constant, the HDT tem-
perature can be considered to specify the temperature at
which a flexural modulus of 0.93 GPa is achieved. The
standard HDT test involves the static loading of a body.
Thus molecular relaxation processes may operate, but if
these are ignored, the HDT test can be compared to
DMTA of plates, as described above, since DMTA also de-
scribes the relationship between modulus and temperature.

3.4. Static tensile testing at elevated temperatures

Static tensile tests were performed on woven tape com-
posite plates at a range of discrete temperatures between
�40 �C and 150 �C using an Instron 5584 tensile testing
machine, equipped with a 5 kN load cell and data acquisi-
tion software. Specimens were placed in composite grips
which allow 10� free rotation to reduce the effect of
moments in the off-axis specimens. To achieve the desired
range of testing temperatures, an Instron 3119 environmen-
tal chamber was fitted to the tensile testing machine. This
chamber is a circulating air oven and with a liquid nitrogen
supply to control temperature and allow sub-ambient tem-
peratures to be reached. A gauge length of 70 mm and a
crosshead displacement speed of 5 mm min�1 were used,
giving an initial strain rate of 1.2 · 10�3 s�1. The specimens
were fitted between tensile testing grips at room tempera-
ture and then the chamber was cooled/heated to testing
temperature. The temperature was held for 5 min to allow
uniform temperature within the specimen, and then tensile
testing was commenced. The tensile moduli were deter-
mined using a thermally stable Instron clip-on extensome-
ter and the moduli were measured in a strain range of 0.05–
0.2%, which proved to be a linear and reproducible region
in all cases. For each temperature, a minimum of 5 repeti-
tions were performed.
3.5. Time–temperature superposition of polymers

Experimental data determining the dynamic response of
a polymer loaded at different strain rates is limited by the
range of strain rates which can practically be applied for
a particular test method. It is desirable to obtain informa-
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Fig. 1. Dynamic modulus vs. temperature for a range of PP tapes with
increasing draw ratio showing the greater temperature stability of more
highly oriented PP tapes (note: log scale of y-axis).
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tion about strain rates outside the range that can be
achieved experimentally, in order to predict the behaviour
of materials over very long loading times. By assuming
equivalence of time and temperature, the viscoelastic
behaviour of a polymer at a chosen reference temperature,
Tref, can be related to the viscoelastic behaviour of the
polymer at a different temperature by a shift, aT, in the
time-scale [36].

Practically, data is obtained at the widest range of strain
rates experimentally possible, at a range of temperatures.
This data can then be shifted by aT to higher or lower time
scales since these are equivalent at higher or lower temper-
atures; lower temperature experimental data provides
information about shorter loading rates and vice versa.
This shift factor can be modelled using an Arrhenius equa-
tion [37,38]. The result of shifting data in this way is a mas-
tercurve of data which provides a much wider range of
information than experimentally possible for the reference
temperature, Tref. It is also widely accepted that a minor
vertical shift factor may also be applied to more accurately
model mastercurves [36]. However, in this study, a vertical
shift was not applied since this was only seen to make a sig-
nificant effect at extremes of strain rate, where the predic-
tion of mechanical properties is inherently much less
accurate.

In order to use mastercurves to predict the long term
behaviour of polymers, the polymer must show a constant
temperature dependence and a constant thermal activation
energy, Ea. While the prediction of mechanical behaviour
of amorphous polymers is possible, these mastercurve pre-
dictions grossly oversimplify the complex behaviour seen in
semi-crystalline polymers which may possess numerous
thermal transitions and an irregular temperature
dependence.

In the case of a thermo-rheologically simple material,
the shift factor, aT, can be given by Eq. (2)

ln aT ¼
Ea

R
1

T
� 1

T ref

� �
ð2Þ

where aT is the shift factor; Ea, the activation energy for the
change in property; R, the universal gas constant
[8.314 J mol�1 K�1]; T, the absolute temperature of data
to be shifted and Tref is the absolute reference temperature
of data. Using this shift factor, aT, it is possible to create a
mastercurve to predict the mechanical behaviour over a
much wider range of strain rates at a single reference tem-
perature, Tref. The use of these techniques assumes time
and temperature equivalence and does not include any
allowance for degradation or aging of the polymer due to
environmental effects, which may occur due to actual load-
ing at large time scales.

3.6. Reference materials

In addition to co-extruded PP tapes and all-PP compos-
ites presented in this paper, two popular types of commer-
cial glass reinforced polypropylenes are reported for
comparison. The first is Symalite� [57] (hereafter referred
to as GMT), and is a random, discontinuous glass rein-
forced PP with a fibre weight fraction of 23% and was sup-
plied in 4 mm thick sheets. The second, Twintex� [56], is a
balanced, woven glass reinforced PP with a fibre weight
fraction of 40% and supplied in 2.3 mm thick sheets.

4. Results and discussion

4.1. Dynamic thermal mechanical behaviour of individual

tapes

The effect of temperature on the dynamic modulus, E*,
of a range of tapes with increasing draw ratio at a fre-
quency of 1 Hz is shown in Fig. 1. Also shown for compar-
ison in Fig. 1 is the dynamic modulus of an undrawn PP
tape. The dynamic moduli of these tapes clearly decreases
with increasing temperature as would be expected. Each
of the tapes show a curve that is similarly shaped to the
undrawn (isotropic) specimen and in the case of drawn
tapes, the dynamic modulus increases with increasing draw
ratio.

Fig. 2 shows this data as a function of draw ratio.
Dynamic modulus at room temperature increases almost
linearly with draw ratio. At �50 �C, the dynamic modulus
for each draw ratio is 4 GPa ± 0.8 greater than the
dynamic modulus at 20 �C. At 120 �C, lower draw ratio
tapes (k = 4 and 6), possess similar dynamic moduli
(<0.5 GPa) as undrawn PP. This suggests that these lower
draw ratio tapes have totally relaxed at 120 �C and reflects
the lower thermal stability of these low draw ratio tapes as
seen in early results predating this paper [29].

The higher draw ratio tapes, k = 12 and 17, retain a
higher modulus at elevated temperatures, possessing
dynamic moduli of 1.5 GPa and 3.7 GPa, respectively, at
120 �C. These values are similar to those reported for PP
oriented to similar draw ratios by roll drawing [39,40]
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and hot air drawing [41]. This data shows that a tape
drawn to k = 17 still possesses a greater dynamic modulus
at 120 �C than undrawn PP possesses at 20 �C, so there is
still residual orientation even at these high temperatures.

Fig. 3 shows the variation of loss factor, tand, with tem-
perature for tapes with draw ratios k = 1(undrawn), 4, 6,
12 and 17. Firstly a decrease in sub-Tg tan d is seen with
increasing k. This can be explained by the increasing orien-
tation (and so order) of interlamellar amorphous PP, with
increasing draw ratio [42]. A similar trend in loss factor was
also reported for LDPE oriented by hydrostatic extrusion
[43], with the loss factor decreasing with increasing draw
ratio, k.

In Fig. 3, the undrawn (isotropic) specimen shows a
peak in tan d at approximately 0 �C. This is associated
with the glass transition temperature, Tg, (b relaxation)
of isotactic PP [39,44], although it is not possible to
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Fig. 3. Loss factor vs. draw ratio for a range of PP tapes with increasing
test temperature. This graph shows a gradually decrease in the magnitude
of Tg and a shift to higher Tg with increasing draw ratio (note: log scale of
y-axis).
exactly define the value of Tg from this graph since the
peak is rather broad. A similar peak is seen in the tape
drawn to k = 4, although the peak is shifted to a slightly
higher temperature, and the height of the peak is
reduced. There is a suggestion of a peak in tand for
the tape drawn to k = 6, but much reduced in magnitude.
Since this tand peak is associated with Tg, it is reason-
able to expect a reduced effect of Tg for tapes with higher
draw ratio, as with increasing draw ratio the amorphous
phase of PP becomes oriented along the drawing direc-
tion [45]. If the amorphous phase becomes highly ori-
ented between crystalline regions and forms taut tie
molecules, it has less freedom to engage in small segmen-
tal motions [40,46]. Therefore, in highly oriented PP sys-
tems, the magnitude of glass transition peaks normally
seen in isotropic PP are greatly reduced. This can also
be seen in Fig. 1, in which no significant decrease in
dynamic modulus of highly oriented PP (k = 17) is seen
around the normal glass transition temperature. The
highly oriented amorphous phase can be given sufficient
energy to allow these conformational changes to occur,
but requires greater thermal energy than in unoriented
PP. This is reflected in the slight increase of Tg with
increasing k shown in Fig. 3. From Fig. 1, the most
noticeable decrease in the dynamic modulus of the tape
drawn to k = 17 occurs at 50 �C, and this could account
for a glass transition effect which has been shifted to
higher temperatures by the high degree of orientation
of the amorphous phase.

Fig. 3 shows another peak in tand occurring at higher
temperatures than associated with Tg. The temperature of
this a transition, Ta, increases with increasing draw ratio.
While Tg concerns mobility within the amorphous regions,
Ta dictates the onset of segmental motion within the crys-
talline regions (chain diffusion) [46–48]. As draw ratio
increases from k = 4 to 6, the magnitude of the Ta peak
in tand becomes larger. The greater crystal continuity,
and greater crystalline stem length, achieved by high draw
ratios seems to result in a higher temperature requirement
for this Ta transition to occur. As k reaches 12 and 17, the
tapes become more thermally stable due to the drawn
structure, and the greater crystalline stem length requires
greater thermal energy to allow conformational changes
[49].

4.2. Dynamic thermal mechanical behaviour of woven tape
composites

All of the all-PP composites were manufactured from
woven tape with a draw ratio k = 17 and were tested in a
dual cantilever bending mode either [0�/90�] or [±45�] to
the tape direction. These composites show a similar
dynamic response to the individual tape (k = 17) presented
earlier. Fig. 4 shows the dynamic modulus of an all-PP
composite plate compared to a plate of isotropic PP.

All-PP specimens show the same behaviour when tested
at [0�/90�] or [±45�] to the tape direction (see Fig. 4). Since
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loading in the [±45�] direction does not transfer forces
along the tape direction, the dynamic modulus is lower
than for [0�/90�] specimens. The proportional difference
between composites tested at [0�/90�] to tape direction
and [±45�] to tape direction is approximately 45% and is
the same as the difference seen in static tensile testing of
these composites [3]. The loss factor as a function of tem-
perature for all-PP composites compared to isotropic PP,
is shown in Fig. 5. The trend is the same as seen in Fig. 3
(note that the tapes present in all of the all-PP composites
described here are drawn to k = 17). As in the DMTA data
from the single tape, composite specimens do not show a
clear peak in tand (attributable to glass transition) in
Fig. 5. A more definite peak is seen in tand corresponding
to Ta at approximately 90 �C.
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the all-PP composite does not show a significant glass transition, and this
is reflected in a negligible decrease in dynamic moduli near Tg as seen in
Fig. 4.
Having established the effect of temperature on the
dynamic modulus of all-PP composites, a heat distortion
temperature can be estimated, as described in Section 3.3.
The dynamic modulus value, which approximates the
HDT at a stress of 1.82 MPa, is shown in Fig. 6. The values
estimated by DMTA for GMT compare very well with
those reported by conventional HDT testing in literature
[50]. The HDT values are presented in Table 2, which com-
pares this method with manufacturers data obtained using
standard HDT test equipment, and shows that HDT
approximations by DMTA provide a good correlation in
each case. It must be emphasised that determining HDT
by DMTA is an estimation and does not account for ther-
mal relaxation of the specimen which may occur in static
HDT testing but not in the DMTA comparison. This
means that DMTA should overestimate the HDT, due to
the absence of creep in the dynamic method. However,
the HDT values estimated for both the GMT and woven
glass reinforced PP represent a flexural deformation near
the melting point of PP so a total collapse of the specimen
would be expected at these temperatures. It is clear that the
HDT of all-PP composites is 100 �C greatly than isotropic
PP and only 20 �C less than GMT.
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Fig. 6. Dynamic modulus vs. temperature for an all-PP composite,
isotropic PP, woven glass PP and GMT (all-PP and woven glass PP tested
at 0�/90� to tape/fibre direction). The modulus of 0.933GPa is associated
with the flexural modulus experienced in static heat distortion tests.

Table 2
Table of heat distortion temperatures estimated from DMTA compared
heat distortion temperature results from literature

Material HDT estimation
(DMTA) [�C]

HDT (ASTM D648)
[�C]

Woven glass PP
(40 wt.%)

158.6 159 [56]

GMT (23 wt.%) 154 155 [57]
All-PP composite 134 –
Undrawn PP 36 –
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4.3. Static mechanical properties of woven tape composites at

elevated temperatures

To further clarify the static properties of all-PP compos-
ites at elevated temperatures, tensile tests were performed
on woven tape all-PP composite tensile specimens at a
range of discrete temperatures. The modulus of all-PP
composites loaded along the [0�/90�] tape direction at a
range of temperatures is shown in Fig. 7, and compared
to GMT. The comparison with GMT is important since
the reinforcing component of GMT, i.e. glass fibres, is
not greatly affected by temperature in the temperature
range investigated here.

These results show similar trends to those obtained by
DMTA. The static tensile modulus of the all-PP composite
is higher than GMT at temperatures below 40 �C and lower
above 40 �C. This is unlike the DMTA results, in which the
two materials have similar dynamic moduli between 20 �C
and 80 �C (see Fig. 6); outside this region, GMT has a
higher dynamic modulus than the all-PP composite. The
approximately linear behaviour of the tensile modulus of
GMT with increasing temperature (between 20 �C and
120 �C) has previously been reported [50], although a
decrease in dynamic modulus at Tg is also reported but this
decrease is not clearly visible in Fig. 7.

The strength of these composites at elevated tempera-
tures also provides useful comparative data on the possible
application temperature of all-PP composites. This infor-
mation is shown in Fig. 8. With increasing testing temper-
ature, the tensile strength of both the all-PP and the GMT
specimens decreases; the decrease in strength of the all-PP
composite can be seen to decrease in two approximately
linear regions, with a transition at approximately 90 �C,
which coincides with Ta shown in Fig. 5. Since a transitions
are associated with increased molecular mobility within the
crystalline phase, this rapid decrease in strength above Ta

may be due to the reduced shear strength of the crystals
at this temperature [51].

The work absorbed in tensile failure has been measured
from all-PP composite specimens and is presented in Fig. 9.
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Fig. 7. The tensile modulus of all-PP composites and GMT vs. temper-
ature. The tensile modulus of the all-PP composite is greater than GMT at
temperatures below 40 �C.
The work to failure during tensile failure is approximately
constant up to approximately 90 �C, since the same failure
modes of tape breakage and delamination operate. As Ta is
reached (see Fig. 5), there is a sudden increase in toughness
due to greater strain to failure of the composite. This may
be attributed to increased mobility within the crystals
allowing the tape to yield more easily in tension, so encour-
aging greater deformation before failure. This suggests that
while the modulus is governed by a contribution of highly
oriented amorphous phase together with the crystalline
phase, the tensile strength is mainly governed by the crys-
talline phase. This may explain why no effect of Tg is seen
on the tensile strength of the all-PP composites, since Tg

affects the amorphous regions, but an effect due to Ta on
the crystalline phase is clearly visible.

4.4. Time–temperature superposition of dynamic modulus

and static strength data of woven tape composites

Using the principle of time–temperature superposition
(described in Section 3.5), data obtained from DMTA
and static tensile tests can be adapted to predict the
dynamic modulus at a wider range of frequencies. Fig. 10
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Fig. 10. Dynamic modulus vs. frequency for a range of temperatures,
showing an increase of dynamic modulus with increasing frequency and
decreasing temperature.
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Fig. 12. Tensile strength vs. strain rate for a range of temperatures
showing an increase in tensile strength with increasing strain rate and
decreasing temperature.

10-6 10-4 10-2 100 102 104

100

120

140

160

180

200

220

240

260

Temperature
 -40OC
 0OC
 20OC
 40OC
 60OC
 80OC

T
en

si
le

 S
tr

en
gt

h 
[M

P
a]

Strain Rate [s-1]

Fig. 13. Strength mastercurve for a reference temperature of 20 �C created
from data shown in Fig. 12.
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shows the variation of dynamic modulus for a range of
temperature between �20 �C and 70 �C, tested in DMTA
at strain rates of 100 Hz, 10 Hz, 1 Hz and 0.1 Hz. Using
a horizontal shift factor aT, these can be shifted to create
a mastercurve at a reference temperature of 20 �C.
Fig. 11 shows the dynamic modulus mastercurve created
by horizontal shifting of these data.

A similar process can be used to create a mastercurve of
tensile strength. Tensile tests are performed in a tensile test
machine (see Section 3.4), but at a three decade range of
strain rates. These results can be combined to provide a
tensile strength mastercurve, expanding the strain rate
range. In this case, a different shift factor is required.
Fig. 12 shows the tensile strength of the all-PP composite
as a function of strain rate at a range of temperatures.
By applying a horizontal shift factor, a strength master-
curve can be created and this is shown in Fig. 13. The shift
factors used in Figs. 11 and 13 are shown in Fig. 14. The
activation energy Ea can be determined from Eq. (3)

Ea ¼ mð2:303RÞ ð3Þ
where m is the gradient of fit line in Fig. 14 and R is the
universal gas constant. Both shift factors show approxi-
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Fig. 11. Dynamic modulus mastercurve for a reference temperature of
20 �C created from data shown in Fig. 10.
mately constant values (as indicated by the r2 fit parameter)
with an activation energy of �300 kJ mol�1 and
�100 kJ mol�1 for dynamic flexural modulus and static
tensile strength, respectively. Since, when the curves are
shifted to create the mastercurves, an approximately con-
stant aT is found, the extrapolation appears to be valid.
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Fig. 14. Determination of activation energy for time–temperature super-
position of static tensile strength and dynamic flexural modulus.
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Fig. 15. Non-uniform activation energy for time–temperature superposi-
tion of dynamic modulus.
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An activation energy of 300 kJ mol�1 is used to shift the
dynamic modulus mastercurve, which is of the same order
as previously reported using the same simple Arrhenius
shifting of PP: 210 kJ mol�1 [37,52], 273 kJ mol�1 [53]
and 364 kJ mol�1 [54]. Although Arrhenius shifting has
been shown to be empirically successful, the validity of
time–temperature superposition of PP as a thermo-rheo-
logically simple material has been queried and it has been
previously reported that using a simple Arrhenius shift
can yield unrealistically high activation energies [55]. Since
a single activation energy leads to a good fit of the modulus
data it is likely that the same mechanisms are occurring
across the strain rate range, which is likely since the tem-
perature range here is relatively small. It is likely that this
‘activation energy’ describes a complex combination of
effects since simple time–temperature superposition is only
directly applicable to amorphous polymers. The master-
curve provides a useful prediction of the modulus over
loading times from 10�9 to 109 s, i.e. from nanoseconds
to multiple year time scales. However, it must be stressed
that these mastercurves provide a prediction of behaviour
that may be quite valid over relatively short time scales
i.e. <106 s, but significant deviations are to be expected at
greater time scales.

On closer analysis of Fig. 14, it can be interpreted that
the data points for the dynamic flexural modulus shift fac-
tors are better fitted by two lines, as shown in Fig. 15. This
suggests a non-uniform temperature dependent activation
energy and thus reduces confidence in the validity of the
time–temperature superposition principle, when applied
to highly oriented PP. However, since these trend lines
are still of a very similar gradient, it is likely that the effect
is negligible over this relatively small range of temperature
described here. This further illustrates the complexity of
modelling the PP as a thermo-rheologically simple
polymer.

5. Conclusion

All-PP composites have been created which possess sim-
ilar mechanical properties to traditional glass fibre rein-
forced PPs. As a result of the high degree of molecular
orientation present in the all-PP precursor tapes, a signifi-
cant glass transition is not seen in dynamic mechanical test-
ing. This is advantageous as it results in a tough failure
mode at sub-zero (sub-Tg) temperatures and hence has
positive implications for application of all-PP composites
at low temperatures or high strain rates.

The effect of temperature and strain rate on the mechan-
ical properties of all-PP composites has been analysed and
tensile modulus and strength data has been used to create
strength and modulus mastercurves, by assuming time–
temperature superposition with an Arrhenius fit of data.
These mastercurves can be used to predict the response
of all-PP composites to extremes of temperature or strain
rate not easily achievable in the laboratory.
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