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Fibre reinforced thermoplastic tapes are subjected to high heating and cooling rates during the

tape placement process. Such high cooling rates can significantly inhibit the crystallisation of the

thermoplastic polymer and thereby affect its mechanical properties, such as strength or

toughness. In the present work, the crystallisation of poly(phenylene sulphide) (PPS) subjected to

high cooling rates was investigated using a fast scanning calorimeter. The PPS was found to be

unable to crystallise when subjected to cooling rates higher than 20uC s21. The influence of the

degree of crystallinity on fracture toughness was investigated using an essential work of fracture

approach. The amount of plastic work during the fracture process was found to decrease after

moderate annealing.
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Introduction

Background and motivation
The laser assisted tape placement process, schematically
illustrated in Fig. 1, is a promising manufacturing technique
for thermoplastic composites, combining in situ consolida-
tion with high productivity.1 Unidirectionally (UD) fibre
reinforced thermoplastic tapes can be deposited at high rates
onto a pre-consolidated (in some cases double curved)
laminate. This laminate can be produced by either the tape
placement process itself or by an alternative, more
conventional, manufacturing technique. The mechanical
properties of the final component can be tailored to a high
degree by incrementally placing the tapes in the desired
orientation. The process shows great potential for automa-
tion, which makes it attractive for the aerospace or
automotive manufacturing industries. Moreover, the tapes
can potentially be welded in situ, that is without an energy
consuming consolidation step in an autoclave.1 Currently,
however, such a post-consolidation step is still required in
order to obtain the desired mechanical properties. Much
effort is spent optimising the process in order to omit this
expensive step and reach truly in situ tape placement. Such
an optimisation procedure requires a thorough under-
standing of the interrelation between processing parameters,
constituent material properties and final component
performance.

The characteristic process time, i.e. the time available
for consolidation, is extremely short for the tape
placement process. Such short process times can only

be achieved when the material is subjected to extremely
high heating and cooling rates,2,3 which can easily
exceed 400uC s21. In the case of semicrystalline poly-
mers, these high rates can significantly influence the
resulting degree of crystallinity of the matrix material,
and thereby the final product properties. The emergence
of these fast manufacturing processes calls for an
improved understanding of the crystallisation under
highly non-isothermal conditions. Moreover, the influ-
ence of the degree of crystallinity on the material
properties also becomes of increased interest.

The present work focuses on poly(phenylene sulphide)
(PPS), which is a thermoplastic used in composite
structures for aerospace applications. Earlier work by
Grouve et al.4 focused on the tape placement of UD
carbon reinforced PPS tapes onto woven fabric rein-
forced PPS laminates. It was shown that the UD
carbon–PPS tapes exhibited a very low degree of
crystallinity after tape placement. Apparently, the high
cooling rates prevented the PPS in the tape from
crystallising. Mandrel peel experiments demonstrated
that these tape placed specimens exhibited a very high
interfacial fracture toughness compared to press
moulded (and slowly cooled) specimens. This difference
was partly attributed to the low degree of crystallinity of
the PPS in the tape, making it more susceptible to
dissipate energy through plastic deformation during the
fracture process. The present work aims to support these
observations and investigates the crystallisation and
fracture behaviour of neat PPS under tape placement
conditions.

Literature overview
The isothermal5–7 and non-isothermal8,9 crystallisation
kinetics of PPS have been investigated thoroughly in the
literature. The literature reviews of Lopez and Wilkes10
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and Cebe11 provide a comprehensive overview of the
earlier work. Despite the abundance of literature on this
topic, little work has been performed on the crystal-
lisation of PPS under highly non-isothermal conditions.
The present work employs fast scanning calorimetry
(FSC) to investigate at which rate the PPS is unable to
crystallise. The results aim to support the earlier
experimental observations4 that the carbon–PPS tapes
cannot crystallise during the tape placement process.

Spruiell and Janke12 provide a comprehensive over-
view of the research on the effect of crystallinity and
morphology on the mechanical properties of neat and
fibre reinforced PPS. The tensile modulus and strength
are, for the high molecular weight PPS used in
composites, found to increase with an increasing degree
of crystallinity. The fracture toughness of PPS and its
composites, however, has not been researched exten-
sively. Davies et al.13 investigated the influence of
crystallinity on fracture toughness of PPS based
composites and showed that the mode I and mode II
fracture toughness of carbon–PPS composites slightly
decrease with increasing crystallinity. A similar observa-
tion was made by Nishihata et al.14. Nevertheless, there
is, to the best of the authors’ knowledge, not much
literature available on the influence of the degree of
crystallinity on the fracture toughness of neat PPS. The
present work, therefore, investigates the fracture tough-
ness of as received (low degree of crystallinity) and
annealed PPS film using the essential work of fracture
(EWF) approach.

Objective and outline
The present work investigates the crystallinity and
fracture behaviour of PPS that has been subjected to
high cooling rates. For this purpose, the work is divided
into three coherent parts. First, the critical cooling rate
is determined at which PPS is still able to crystallise. The
experiments are performed using a, recently introduced,
fast scanning calorimeter from Mettler–Toledo: the
Flash DSC 1. The experiments aim to confirm whether
the PPS in the tape is indeed unable to crystallise under
typical tape placement conditions. Second, tensile tests
are performed on as received (low degree of crystallinity)
and annealed PPS film to study the effect of crystallinity
on the tensile properties. These tests provide qualitative
information concerning the amount of plastic deforma-
tion during failure. Finally, the effect of crystallinity on
the fracture properties is investigated quantitatively
using a fracture mechanics approach. The present work
employs the EWF approach. The EWF method can be
used to quantify the fracture toughness for materials

which show significant crack tip plasticity, when the
linear elastic fracture mechanics approach becomes
invalid.

The next section introduces the experimental work,
which comprises FSC and mechanical testing. Subse-
quently, the experimental results are presented, followed
by a discussion. Finally, the conclusions are presented.

Experimental
The material under consideration is PPS film known as
Fortron 0214 from Ticona. The PPS has a glass
transition temperature and melting temperature of 85
and 285uC respectively, according to the data from the
manufacturer. The calorimetry experiments and tensile
tests were performed on film with a thickness of 160 mm,
while the EWF experiments were performed on film
having a thickness of 60 mm. The mechanical tests were
performed on both as received and annealed film
specimens. The degree of crystallinity xc of the samples
was measured using a standard differential scanning
calorimeter from Mettler–Toledo (DSC 822) under inert
atmosphere. These specimens were heated with a rate
of 10uC min21 to a temperature of 330uC. The mass
fraction of the crystalline region is then given by

xc~
DHfzDHc

DH0
f

(1)

in which DHf and DHc are the measured value of the
melting enthalpy and the energy associated with the cold
crystallisation exotherm respectively. By convention,

DHf is positive and DHc is negative. The value for DH0
f

represents the melting enthalpy of PPS with 100%
crystallinity and equals 150?4 J g21, based on the data
provided by Spruiell and Janke.12

Critical quench rate
The investigation of the crystallisation of PPS under
tape placement conditions requires FSC. In the present
work, an FSC based on microelectromechanical system
technology is applied: the Flash DSC 1 from Mettler–
Toledo, which was released by the end of 2010.15–18

Recently, it has been elaborately investigated for its
performance and for finding and defining the calibration
protocols required for reliable results and adequate
interpretation of the data generated.19 The Flash DSC 1
equipment was kindly made available at DSM Resolve
laboratory.

The Flash DSC 1 does not measure samples in
crucible, because the heat capacity and thermal con-
ductivity of the pan would have a significant influence
on the end results. Instead, the sample is placed directly
onto a chip, which allows measurements under extre-
mely high heating and cooling rates16 of more than
20000uC s21. A small specimen, in the order of 500 ng,
was cut from the as received PPS. The specimen was
loaded in the Flash DSC 1, melted down in order to
stick on the sensor and cooled from 350 to 250uC
with a cooling rate varying from 1 to 5000uC s21.
Subsequently, the specimen was heated with a scan rate
of 100uC s21, which was high enough to prevent cold
crystallisation (i.e. crystallisation during heating) during
the heating scan. The data was evaluated with the StarE
software version 10 of Mettler–Toledo. The subsequent
heating curves after cooling at a specific rate are
monitored to observe whether or not a melting peak

1 Schematic illustration of laser assisted tape placement

process
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can be identified. The presence of a melting peak points
that the PPS was able to crystallise on the preceding
cooling run.

Tensile properties
Tensile tests were performed on dumbbell shaped PPS
film specimens having a thickness of 160¡2 mm. The
gauge width and length, as shown in Fig. 2(right), were 6
and 35 mm respectively. All specimens were cut using a
manual die cutting machine with their length oriented
parallel to the roll direction. A total of 12 specimens
were produced of which six were annealed in an oven at
130uC for 30 min. The DSC showed that the as received
film had a crystallinity xc of 5?5%, while for the annealed
specimens a degree of crystallinity of approximately 24%
was found. The specimens were loaded in a universal
testing machine fitted with a 1 kN force cell and Zwick
sensor arm extensometer. Furthermore, the specimens
were marked every 5 mm to provide an estimate of the
local strain in the necking area after testing. The
crosshead displacement rate equalled 0?5 mm min21

for all specimens.

Fracture toughness
Background

The EWF method allows the fracture characterisation of
ductile polymers for which the linear elastic fracture
mechanics approach is invalid. The foundation of the
EWF approach was laid down by Broberg20 who
proposed that the region near the crack tip may be
divided into two zones: i. an inner fracture process zone
and ii. an outer plastic deformation zone. Figure 2(left)
shows the specimen and illustrates these process zones.
The work in the inner fracture process zone comprises
the energy required to create new surfaces and includes
the necking and subsequent tearing of the ligament. The
work in the outer plastic deformation process zone
comprises various deformation mechanisms such as
shear yielding or microvoiding.21 The total work of

fracture Wf, calculated from the area under a force–
displacement curve, can now be partitioned into two
terms

Wf~WezWp (2)

The EWF We represents the work expended in the inner
fracture process zone and is assumed to be proportional
to the ligament length ,. The non-EWF Wp represents
the work spent in the outer plastic deformation zone and
is assumed to be proportional to the squared ligament
length

Wf~wet‘zwpbt‘2 (3)

in which t represents the film thickness and b represents
a shape factor. Normalising equation (3) with respect to
t, yields the specific total work of fracture wf

wf~wezwpb‘ (4)

The specific EWF we is now determined as the y intercept
of a linear least square fit of wf versus , data, while the
slope of the fit gives the value for bwp which is known as
the specific non-EWF. The specific EWF we is considered
a material parameter for a given sheet thickness,
independent of specimen geometry.22,23 The non-EWF
bwp measures the amount of plastic deformation around
the crack tip and is not regarded as a material property
but depends on the specimen geometry.

The experimental procedure reduces to obtain the
total work of fracture Wf from the area under the force–
displacement curves of film specimens with different
ligament lengths.24,25 The simplicity of this procedure is
one of the major reasons for the increasing popularity of
the EWF method. The method has been applied to a
number of different polymers of which the recent review
work by Bárány et al.25 gives a broad overview. The
influence of crystallinity (or rather an annealing proce-
dure) on the specific essential we and specific non-essential
bwp work of fracture has been investigated for a few
thermoplastics, such as LDPE26 and PP.27 Generally, it
can be said that an increase in crystallinity results in an
increase of we, but reduces bwp.25 However, to the best of
the authors’ knowledge, no results have been published
on EWF on PPS.

Experimental procedure

The procedure followed for the EWF experiments was
based on the latest ESIS TC4 protocol.28 The specimens
were cut from the PPS film using a sharp scalpel. They
had a thickness of approximately 60¡2 mm and width
and length of 35 and 100 mm respectively. The length
between the clamps equalled 70 mm, as is also shown in
Fig. 2(left). The notches were applied by sliding a sharp
razor blade through the notches of a steel template. A
total of four templates were used, having ligament lengths
of nominally 3, 4, 6 and 8 mm. A new razor blade was
used for every specimen. The final ligament length , was
measured using a travelling microscope and the thickness
of the film at the ligament was measured using a film
thickness gauge with a resolution of 0?5 mm. At least five
specimens were tested for each steel template.

The tests were performed on as received film and on
annealed film. A few specimens were subjected to the
annealing procedure followed for the tensile specimens,
i.e. these were annealed at 130uC for 30 min. The
majority of the specimens, however, were annealed at a

2 PPS film test specimen dimensions (hatching repre-

sents clamped part). Left: notched specimen for EWF

experiments showing fracture zones (i. inner fracture

process zone; ii. outer plastic deformation zone). Right:

dumbbell specimen for tensile tests
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lower temperature of 120uC and for a shorter time
period of 15 min. A DSC measurement showed that
these annealed (120uC) specimens had a degree of
crystallinity of approximately 17%, compared to 28%
for the specimens annealed for 30 min at 130uC. The
EWF specimens were loaded in a universal testing
machine fitted with a Zwick 100 N force cell. The
crosshead displacement was measured using a displace-
ment transducer with a resolution of 1 mm. The cross-
head displacement rate equalled 0?5 mm min21.

Results

Critical quench rate
The critical quench rate was determined by subjecting PPS
to various cooling rates (from 1 up to 5000uC s21) and one
particular heating rate, which presents melting only (in all
cases absence of crystallisation upon heating, which is
usually called cold crystallisation). Figure 3 represents the
Flash DSC 1 heating curves of the PPS specimen. The PPS
sample was heated in all cases from 250 to 350uC with a
scan rate of 100uC s21. The trace corresponding to a
cooling rate of 1uC s21 clearly shows an endothermic peak
near 275uC, which represents the melting of the crystalline
structure created under these cooling conditions. The peak
demonstrates that the PPS specimen was able to crystallise
during the preceding cooling run. Similar, though smaller,
peaks are observed when the PPS was cooled with rates of
5 and 10uC s21. Nevertheless, when cooled at a rate of
20uC s21, the subsequent heating trace does not show any
endothermic peak signal, from which can be interpreted
that no melting occurs. Apparently, the PPS is unable to
crystallise at scan rates of 20uC s21 or higher. The
subsequent heating curves after respectively 100 and even
5000uC s21 of cooling are similar if not equal to the one for
cooling at 20uC s21.

Firmly, one can state that this type of PPS is fully
quenched, and hence is completely amorphous, at
cooling rates above 20uC s21. This scan rate is far from
the real processing cooling rate. Typically, a fibre
reinforced thermoplastic tape can be subjected to
cooling rates in excess of 400uC s21 during the tape
placement process. This means that during the proces-
sing of PPS tapes the polymer is unable to crystallise.
Discussions are at present going on how large the
contribution of the influence of shear and/or flow is on

the quench rate (typically shear/flow will increase the
crystallisation rate not more than 10 times). Even if one
argues that shear/flow induced crystallisation can take
place during this process, the difference with the quench
rate as defined by FSC and the processing cooling rate is
that large (about 20 times higher) that one can firmly
conclude the PPS film remains amorphous during
processing. As a result, the properties, such as chemical
resistance or fracture toughness, of the resulting
structure might differ from structures manufactured
using more conventional, and slower, production
processes.

Tensile properties
Figure 4 shows a typical stress–strain curve for an as
received and an annealed PPS dumbbell specimen. The
graph shows a significant change in tensile behaviour
upon crystallisation. The as received specimens showed
necking followed by an extensive period of cold drawing
before failure, while the annealed specimens failed in a
more brittle manner.

Table 1 summarises the obtained experimental results.
The tensile modulus and the maximum stress increased
after annealing, while the maximum strain at failure
decreased significantly as shown in Fig. 4. The max-
imum strain listed in Table 1 concerns the global strain
as measured by the extensometer. Locally, the strain
could exceed 250% as determined by measuring the
length change between the markings on the specimens.
All as received specimens failed before the full ligament
length yielded, which was attributed to impurities and
local thickness variations in the film.

Fracture toughness
Figure 5 shows the force–displacement curve for an as
received and an annealed EFW specimen. The specimen
shown here was annealed for 30 min at 130uC. The
graph clearly shows that this specimen failed in a brittle
manner and showed no yielding and tearing prior to
failure, thereby rendering the EWF approach inapplic-
able. The specimens annealed at 120uC for 15 min,
however, did show full ligament yielding prior to failure.
The EWF analysis is, therefore, applied on these as well
as the as received specimens. Figure 6 and 7 show
typical force–displacement curves for the as received and
annealed (120uC) specimens respectively. All specimens,
except the annealed specimens with a ligament length ,
larger than 6 mm, underwent full ligament yielding prior

3 Subsequent Flash DSC heating curves of PPS (scan

rate5100uC s21) after cooling at rates from 1 to

5000uC s21

4 Stress–strain for the as received and annealed PPS

film
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to final fracture. A basic requirement for applying the
EWF approach is a geometrical similarity of the curves
for varying ligament lengths. The graphs show that this
is clearly the case. Furthermore, it can be seen that
annealing reduces the extension at failure, but increases
the maximum force. The tensile tests, presented earlier,
showed a similar trend.

Figure 8 shows the calculated maximum stress for all
tested specimens. The grey areas represent the stress
criterion given in the ESIS TC4 protocol.28 This
criterion states that any essential work data for which
the maximum stress is greater than 1?1sm or less than
0?9sm should be rejected, in which sm represents the
average value of the maximum stress

sm~
Fmax

t‘
(5)

with Fmax the maximum measured force. The graph shows
that the data used in the present work fulfill this criterion.

Figure 9 shows the specific work of fracture wf as a
function of ligament length , for the as received and
annealed specimens. The figure shows a linear relation
between wf and , for both samples, although it must be
pointed out that only three distinct ligament lengths
were used for the annealed sample. A linear fit of the
data demonstrates that the EWF we is not affected by
the annealing procedure. According to the literature,
however, annealing often results in an increase in we.
The chosen moderate annealing procedure (15 min,
120uC) might not have any distinctive effect on the
EWF. The change in slope of the linear fit bwp, however,
does indicate that annealing decreases the amount of
plastic work during failure.

Discussion
The previous experiments focused on the crystallisation
and fracture behaviour of PPS under tape placement
conditions. Fast scanning calorimetry experiments
showed that the PPS, considered in this work, is unable
to crystallise when subjected to cooling rates larger than
20uC s21, which is significantly lower than the rate
typically observed during tape placement. Based on
these data, tape placed PPS composites will exhibit a low
degree of crystallinity, as was also demonstrated in an
earlier study.4 It must be pointed out here, however, that
the crystallisation was investigated under quiescent
conditions. There is a limited amount of literature
available concerning the shear induced crystallisation of
PPS,29 and additional research in this subject is desired.

The effect of the degree crystallinity on the toughness
was investigated using the EWF approach. Although the
as received (low crystallinity) specimens showed a higher
specific work of fracture wf than the annealed specimens,
the specific EWF we was approximately equal for both
samples. Apparently, the short annealing time at a
relatively low temperature did not result in a distinctive
change in the amount of energy required to create new

Table 1 Averaged data from tensile tests on as received and annealed (30 min, 130uC) PPS dumbbell specimens*

Sample Crystallinity/% Tensile modulus/GPa Max. stress/MPa Max. strain/%

As received 5 2.91 (0.04) 61.67 (1.10) 19 (12)
Annealed 24 3.32 (0.06) 81.86 (1.22) 4 (0.09)

*The data between brackets represent the standard deviation.

5 Force–displacement curve for as received EWF speci-

men (,52?64 mm) and annealed, at 130uC for 30 min,

EWF specimen (,52?63 mm)

6 EWF force–displacement traces for as received PPS

film specimens

7 EWF force–displacement traces for annealed (15 min,

120uC) PPS film specimens
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surfaces. The amount of specific non-EWF bwp, how-
ever, decreased after annealing, which is attributed to a
reduction of the energy dissipated by plastic deforma-
tion in the outer process zone. The tensile tests results
for the as received and annealed dumbbell specimens
support this observation. Although the EWF results
show a clear trend and can be used in a qualitative
manner, a direct quantitative translation of the EWF
results to the toughness of composites is difficult. The
toughness of composites not only depends on the
polymer properties, but also on for example the fibre–
matrix adhesion and fibre distribution near the crack
interface. Moreover, the properties of the polymer
depend strongly on its thermal history. The tested
annealed PPS film cannot be readily compared to the
PPS in tape placed composites in terms of crystalline
morphology and degree of crystallinity. Nevertheless,
the results support the earlier experimental work
concerning the fracture toughness of UD reinforced
carbon–PPS tapes welded (using laser assisted tape
placement equipment) onto carbon fabric reinforced
laminates.4 There, the fracture toughness of the weld
interface was found to decrease significantly upon
annealing, which was mainly attributed to a decrease
in the amount of plastic work during fracture.

Conclusions
The present work investigated the crystallisation and
fracture toughness of PPS under tape placement
conditions. A new fast scanning calorimeter from
Mettler–Toledo (the Flash DSC 1) was successfully
applied to investigate the critical (quench) rate. The PPS
was found to be unable to crystallise when subjected to
cooling rates in excess of 20uC s21 under quiescent
conditions. As the cooling rates observed during in situ
tape placement can be significantly higher, the PPS in
such composites is anticipated to have an amorphous
morphology. Consequently, the final product properties,
such as chemical resistance or thermal stability, can
differ from conventionally and slowly manufactured
components. Clearly, the introduction of these new
manufacturing methods, involving high heating and
cooling rates, calls for an improved understanding of
polymer crystallisation and its resulting properties.

The effect of crystallinity on the tensile behaviour and
fracture toughness, through an EWF approach, was

investigated experimentally for PPS film. The tests were
performed on as received (low crystallinity) as well as
annealed film specimens. The as received tensile speci-
mens showed extensive plastic deformation prior to
fracture, while the annealed specimens showed a more
brittle fracture behaviour. Similarly, the EWF experi-
ments demonstrated that the amount of plastic work
spent during fracture decreases after an annealing
procedure. The experimental results show that the tape
placement of PPS based composites results in favourable
fracture properties. Nevertheless, for practical applica-
tion other properties, such as chemical resistance or
strength and stiffness should also be taken into account.
Additional research is therefore required to understand
the effect of high heating and cooling rates on the
properties of PPS and its composites.
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