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Abstract This paper reports experimental observations on
the way polypropylene (PP) and high-density polyethylene
(HDPE) can crystallise during flow. Both a deep and a
shallow slit geometry were chosen for the rheo-optical
study. Preliminary linear viscoelastic rheological tests
enabled the temperature window for quiescent crystallisa-
tion to be established. Flow-induced crystallisation (FIC)
studies were performed in a temperature regime above the
normal quiescent crystallisation conditions. In the case of
HDPE, FIC occurred during flow at the sidewalls of the slit
and in localised regions downstream and the processing
pressure increased during the piston movement. In the case
of PP, flow-induced crystallisation was generally observed
after flow cessation, and the processing pressure did not
change during flow. For PP, FIC also occurred preferen-
tially at the walls in the form of elongated crystallites, but
the fibres gradually emerged after flow cessation. The
difference in the FIC behaviour was attributed to differ-
ences in both the rheology and the crystal growth kinetics
of the two materials at the particular super-cooling used.
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Multi-pass rheometer . Fibrous crystals

Nomenclature
FIC flow-induced crystallisation
MPR multi-pass rheometer

Mw weight average molecular weight (g/mol)
Mn number average molecular weight (g/mol)
TC crystallisation temperature (°C)
TDSC
M melting temperature (°C)

ΔTexp degree of super-cooling in the FIC experiments
(°C)

�gapp;w apparent wall shear rate (s−1)
l viscosity average relaxation time

Introduction

Flow-induced crystallisation (FIC) of polymer melts can
occur in several ways. In industrial processes, different types
of FIC can occur simultaneously under complex thermo-
mechanical histories. In the case of injection moulding, for
instance, both the complex flow and the presence of
temperature gradients are responsible for the onset of different
crystal morphologies that are generated in various parts of the
mould. Generally, a fine trans-crystalline morphology is
observed near the walls, dominated by the nucleating effect
of the surface (see for example Billon et al. 2002). Further into
the melt, an oriented layer is present, where crystallisation is
governed by the orientation and stretch of the polymer
molecules due to the flow (Jerschow and H Janeschitz-Kriegl
1996). Finally, in the core of the material, where the strain
rates are often the lowest, crystallisation is generally
spherulitic, and develops gradually over time after injection
(Swartjes 2003).

Flow in general can either enhance spherulitic isotropic
crystallisation (see for example Eder et al. 1990 and Jay et
al. 1999) or induce fibrous nuclei that then form shish-
kebab-like crystals (see for example Keller 1968 and
Saquet et al. 2000).
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The physical phenomenon that drives flow-induced
crystallisation is the configuration of the polymer molecules
during flow (van Meerveld et al. 2004). Flow can orient/
stretch the macromolecules, and the deviation from the
spherical coil configuration decreases the barrier for both
crystal nucleation and growth (Keller 1968). The longest
molecules in the melt (i.e. the high-molecular weight
fraction) tend to orient/stretch most readily during the flow
and are thought to play a key role in the development of
FIC (see for example Keller and Mackley 1974, Somani et
al. 2000 and Kornfield et al. 2003). Once the crystallites
have nucleated and grown up to a critical number and size,
they modify the local flow around the growing crystal and
can also influence the primary flow (Mackley 1975). Other
authors discuss the possibility of small crystal nuclei
formation where polymer chains ‘bridge’ the nuclei and
where this ‘physical cross-linked’ network can then be
stretched by the flow (Zuidema et al. 2001), resulting in
fibrous crystal nucleation. Once the nuclei have formed,
other chains can crystallise around the “shish” in the form
of folded lamellae “kebabs”.

At present, a comprehensive model that can explain all
the features of the FIC of polymers for a broad range of
conditions does not exist. The prediction of the flow-
induced crystallisation kinetics and the local morphology
starting from observation is challenging, and currently, the
modelling of flow-induced crystallisation in industrial flows
is limited in most cases to using the Avrami model of
nucleation and growth (Avrami 1939) as a frame of
reference (see for example Doufas et al. 1999, Smirnova
et al. 2005 and Zuidema et al. 2001).

Previous work on flow-induced crystallisation under
complex processing flows has been carried out by several
groups (see for example McHugh et al. 1991, McHugh
and Khomami 1990 and Peters 2003). Mc Hugh and co-
workers performed optical observations of polymer melts
extruded through pseudo-2D dies and observed that, for
FIC occurring in a slit with parallel walls, corresponding
to a simple shear flow, highly oriented crystals formed at
the walls and then propagated towards the centreline.
However, oriented crystallisation occurring within a
converging channel originated at the centreline, where

the orientation of the molecules by the extensional flow-
field is maximum.

Optical and X-ray studies of flow-induced crystallisation
using a multi-pass rheometer have been carried out at
Cambridge in the past years. Saquet et al. (2000) reported
experimental observations on the way that flowing poly-
ethylene melts can crystallise within a processing channel
geometry. Using a multi-pass rheometer, the evolution of
crystallisation was followed by rheological, rheo-optic and
coupled X-ray data. The formation of the crystals occurred
during flow at the wall of the slit, and this was associated
by the authors to a coil-stretch transition of the polymer
chains (Brochard and De Gennes 1992). More recently,
Hernandez de Müller (2007) performed similar experiments
and proposed a simple model to predict the increase in
pressure difference due to the accumulation of fibrous
crystals in the slit. The work presented in this paper extends
these studies by analysing in detail the FIC of both HDPE
and PP using two different flow geometries. Significant
differences have now been observed between the two
polymers, and rather than providing a comparison based on
a complete parameter space description of FIC for PP and
HDPE, the objective of this work was to provide experi-
mental data for future numerical simulations that allow the
prediction of the onset of FIC under conditions close to those
encountered in industrial processing. The significant differ-
ences in the way FIC occurs for these two polymers in
typical processing conditions have also been highlighted,
together with the effect of slit depth on optical observations.

Experimental section

Materials

The materials used were a high-density polyethylene
(HDPE), DOW96003E, and an isotactic polypropylene
(iPP), Atofina M2501R. The molecular weight data and
the melting temperature determined by non-isothermal DSC
at 20 °C/min are shown in Table 1. Both polymers are
commercial grades, contain no additives and have a log-
normal molecular weight distribution.

Table 1 Molecular weight, polydispersity, melting temperature, degree of super-cooling and average relaxation time of the two materials used

Label Description Mw (g/mol) Mn (g/mol) Mw/Mn TDSC
M (°C) ΔTexp (°C) l (s) Notes

96003CPE DOW HDPE 180k 23k 7.8 133 1–5 220
3250MR1 ATOFINA i-PP 213k 42.5k 5 170 35–40 ~1 Isotactic index, 0.97

Molecular weights determined by size exclusion chromatography (courtesy of Dow Benelux); melting temperatures obtained by DSC
ΔTexp typical values of the degree of super-cooling used during the FIC experiments, l viscosity average relaxation time as defined in the text
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Experimental techniques

Shear rheology and quiescent crystallisation times

The determination of linear viscoelastic rheology and the
timescales for quiescent crystallisation provided base
experimental data from which flow-induced crystallisation
experiments could be carried out. The linear viscoelastic
characterisation of the materials in the molten state and the
determination of the quiescent crystallisation times over a
wide range of temperatures were carried out using an ARES
strain-controlled rheometer with 25-mm parallel plates.
From frequency sweeps in the linear region (maximum
strain 10%), the linear relaxation spectra of eight-mode
Maxwell elements were determined for both materials
(Mackley et al. 1994) at temperatures just above the
temperature imposed in the subsequent crystallisation
experiments, i.e. 140 and 142 °C for HDPE and PP,
respectively. The spectra in terms of viscous contributions
to the zero shear viscosity of the relaxation modes as a
function of their characteristic relaxation times are pre-
sented in Fig. 1. At conditions close to those in the
crystallisation experiments, both the magnitude of the
viscosity and the viscosity contributions of the modes are
different for the two samples. In the case of HDPE, the
viscosity is considerably higher, and the major viscosity
contributions arise from the long relaxation modes, whereas
the modes dominating the viscosity of the PP sample are
those in the middle of the range of relaxation times
investigated. The higher viscosity of the long relaxations
modes of the HDPE will influence the level of chain
extension and, therefore, the potential to nucleate flow-
induced crystals. This effect, combined with the faster
crystallisation kinetics of HDPE, contributes to differences
in the crystallisation behaviour during the FIC experiments.
HDPE crystallised during flow at low degree of super-
cooling, whereas PP crystallised gradually after flow
cessation at higher degrees of super-cooling.

To characterise the timescales of quiescent crystallisation
in the temperature range of interest, time sweeps in quasi-
static conditions were performed at a constant strain of 1%
and angular frequency of 10 rad/s. The samples were kept
for 5 min well above their melting temperature to erase
their molecular memory and then cooled in the rheometer
from the melt (HDPE, from 180 to 140 °C; PP, from 190 to
142 °C).The cooling took about 3 min. Subsequently, the
temperature was kept constant. The onset of crystallisation
was identified from the upturn in the G′ (storage modulus)
curves, as shown in Fig. 2. All the subsequent flow-induced
crystallisation experiments on the two materials have been
carried out at temperatures where quiescent crystallisation
does not readily occur within the observation timescale of
the flow experiment. Figure 2 shows that, for HDPE
(Fig. 2a) at 127 °C, quiescent spherulitic crystallisation
does not become rheologically significant until after 500 s.
Subsequent multi-pass rheometer (MPR) flow-induced
crystallisation experiments were carried out above this
temperature. For the case of PP, a temperature of significant
quiescent crystallisation was detected at 132 °C in a 500-s
timescale, and a flow-induced crystallisation temperature of
134 °C was chosen to avoid as much as possible
competition with spherulitic growth.

Processing experiments in a multi-pass rheometer

Controlled isothermal complex-flow experiments that re-
semble elements of polymer processing conditions were
carried out using a MPR in its optical configuration. This
technique has been previously described by several authors
(see for example Collis and Mackley 2005). The MPR is a
dual piston capillary-type rheometer designed for small
quantities of material (~12 g of polymer) and consists of
three sections. The top and bottom sections contain
reservoirs for the polymer material, servo hydraulically
driven pistons and pressure/temperature transducers. The
midsection enables simultaneous pressure and optical
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Fig. 1 Log–log plot of the
viscosity ηi (ηi=gi×λi) associat-
ed to each mode as a function of
the corresponding relaxation
time λi, indicating the viscous
component contribution for each
mode, λi, obtained by fitting
frequency sweeps of the two
materials at 1% strain in an
ARES rheometer with an eight-
mode Maxwell model
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measurements to be made, and resembles a cube with holes
through all six faces. The vertical faces accept a pair of
stainless steel die inserts in one direction and a pair of
stress-free quartz windows in the other while polymer flows
through the top and bottom holes. All three sections are
surrounded by heating channels and insulation as shown
schematically in Fig. 3.

During experiments, the pistons were moved synchro-
nously, forcing the material to flow within the contraction
geometry in the midsection. Optical observation was
carried out in bright field or through crossed polarisers,
using monochromatic polarised light with a wavelength of
514 nm and a digital video camera. The optical train for the
flow-induced birefringence (FIB) observations—polariser
lens at 0°, quarterwave plate at 45°, sample between quartz
windows, quarter wave plate at 135° and analyser lens at
90°—was removed for the bright-field visualisation of
localised crystallisation.

Two different geometries that allow complementary
observations were used, and their configuration and
dimensions are shown in Fig. 4. Geometry 1 (Fig. 4a)
has an optical depth 8 times greater than its width and was
named “deep slit”. Being 10-mm deep and 1.25-mm wide,
it has been approximated to a slit of infinite depth, in
which the flow is essentially 2D, making flow-field
interpretation easier (the validity of the assumption for
this specific geometry has been confirmed by a study from
Clemeur et al. 2004). Geometry 2 or the “shallow slit”
(Fig. 4b) has a nearly square cross-section and thus is fully
3D, and the walls of the glass windows have a significant
influence on flow and crystallisation. The essential
advantage of the shallow slit is that it allows a higher
resolution of the morphology of the polymer during flow-
induced crystallisation, as in the case of PP under certain
conditions, it allows visualisation of the individual
spherulites.
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Fig. 2 Time evolution of the
storage modulus of HDPE (a)
and PP (b) crystallising in quasi-
static conditions (strain, 1%;
angular frequency, 10 rad/s) at a
constant temperature (see leg-
end) within an ARES rheometer.
The upturn in the curves corre-
sponds to the onset of crystal-
lisation. The samples were
cooled to the experimental tem-
perature from a starting temper-
ature of 180 °C (HDPE) or
190 °C (PP)
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A mean Weissenberg number has been used as an
indicator of the average rheological response of the
materials and has been defined as:

We ¼ �gapp;w � l ð1Þ
where �gapp;w� is the apparent wall shear rate as defined in
page 8, and l is a viscosity average relaxation time
determined from the relaxation spectrum in the following
way:

l ¼
PN

i¼1
gi � l2i

PN

i¼1
gi � li

ð2Þ

where gi is the modulus and li is the relaxation time of the
ith mode. The HDPE at a reference temperature of 140 °C
has a long relaxation timescale (l=220 s), whereas the PP
at 142 °C has a much shorter relaxation time (l=1 s).

As the nucleation of flow-induced crystals correlates
most strongly with the high-end tail of the molecular weight
distribution, the Weissenberg number defined here repre-

sents merely an indication of the average relaxation time-
scales of the molecules in the flow but has a limited
significance in modelling the onset of flow-induced
crystallisation.

Melt flow birefringence

Flow-induced birefringence (FIB) observations of the melt
flow were carried out close to temperatures at which
crystallisation could occur. FIB is a well-established
technique that allows visualisation of the principal stress
difference generated by flow and hence identification of the
stress distribution in the polymer (see for example Valette et
al. 2006). According to a stress-optical rule, each fringe
observed in the pattern represents a constant increment in
the principal stress difference in the polymer fluid.

Figure 5a and b shows melt flow birefringence observa-
tions of PP and HDPE flowing downwards in the deep slit.
This geometry creates regions of high simple shear near the
slit walls (fringes parallel to the flow direction) and
extensional flow in the region of the symmetry line in the
inlet and outlet areas of the flow (fringes perpendicular to
the flow direction). Due to the length of the slit (8 mm), the
polymer fluid resides for a longer time in a simple shear-
flow region as compared to the extensional entry and exit
regions. Within the slit region, stress levels are highest at
the wall and lowest at the centreline. The apparent wall
shear rate used to estimate shear rates through geometry 1
was based on the solution for Newtonian flow through
infinite parallel plates and is given by Eq. 3,

g
�
app;w ¼ 6Q

w2l
¼ 3pD2

pVp

2w2l
ð3Þ

where Q is the volumetric flow rate (mm3 s−1), Dp is the
piston diameter (10 mm), w is the width of the slit
(1.2 mm), l is the depth of the slit (10 mm) and Vp is the
speed of the pistons (mm s−1).
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Fig. 4 a The deep slit (depth, 10 mm) and b the shallow slit (1 mm)

Fig. 3 Schematic view of the
MPR midsection with an optical
cell (courtesy of Dr. D. G.
Hassell)
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The corresponding FIB within the shallow slit contrac-
tion geometry is illustrated in Fig. 5c for PP. Because the
depth of the slit is only 1 mm, the glass window walls affect
the flowfield, and the stresses are more evenly distributed
across the channel width. However, for the shear rates
investigated, which are close to those in the FIC experi-
ments, the stress profile cannot be identified from integer
fringe counting because the birefringence levels were below
that of the first extinction fringe. The hydraulic diameter of
a square section corresponds to its side length, so the
apparent wall shear rate used to characterise the shear rate
through geometry 2 was calculated through the following
approximate expression:

g
�
app;w ¼ 4Q

pl3
¼ D2

pVp

l3
ð4Þ

where Q is the volumetric flow rate (mm3 s−1), Dp is the
piston diameter, l is the average side length of the cross-

section (1.1 mm) and Vp is the speed of the pistons
(mm s−1).

In geometry 2, the mechanical history that the polymer
undergoes before entering the slit region is complex. The
transition from 10×10 mm (square section of the midsec-
tion barrel) to 1.2×1 mm occurs in two stages, as the
polymer, before entering the slit, comes in contact with a
contraction generated by the presence of the windows,
where the section is reduced to 10×1 mm. Due to this
contraction, the crystal fibres form not only in the slit
region but also upstream.

Flow-induced crystallisation

The materials and experimental conditions have been
chosen to obtain the most effective visualisation of the
FIC development. A birefringence image of HDPE crystal-
lising during flow in a deep slit (Fig. 6) shows that, under
the conditions described in this paper, it was not possible to
simultaneously monitor the stress distribution and the flow-
induced crystal formation due to an excessive number of
fringes in the slit region. For this reason, subsequent
crystallisation experiments were monitored only in bright
field to maximise the resolution of the images. The polymer
was initially held for several minutes well above the
melting temperature TDSC

M + 40 °C) to erase the thermo-
mechanical history. Then, the oil circulator that controls the
MPR temperature was set to a lower temperature value so
that the sample was cooled down to the desired temperature
for the crystallisation experiment. While cooling down,
slow adjustments of the pistons position were needed to
follow the thermal shrinkage of the sample. The pistons
were then moved in single pass mode (i.e. they were moved
simultaneously downwards and then stopped), and the
optical observations of the crystallising polymer during
and after flow were recorded by a digital camera (Q-

1 mm

(c)

1 mm 1 mm

(a)                    

1 mm

(c)

1 mm 1 mm

(a)                    (b)

Fig. 5 Steady state FIB observation of melt flow within the
midsection. a PP in the deep slit. T=161 °C; 5 mm/s piston speed,�gapp;w≈200 s−1. b HDPE in the deep slit . T=140 °C; 0.5 mm/s piston
speed, �gapp;w≈20s−1. The fringe pattern allows the stress distribution
in the flowing polymer to be established. c PP in the shallow slit. T=
175 °C; 5 mm/s, �gapp;w≈2,900 s−1. The shallow slit is only 1-mm
deep, and, at flow conditions close to the ones in the FIC experiments,
the flow birefringence fringes could not be identified

Fig. 6 Development of FIC
for HDPE in the deep slit;
T=130 °C; 5 mm/s, piston speed,�gapp;w≈200 s−1 (We=40,000).
Birefringence observation of FIC
occurring during flow. Image
taken at t=1 s after the inception
of flow. Under the conditions
investigated, it was not possible
to simultaneously observe the
formation of flow-induced
crystals and the stress distribution
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imaging QI CAM FAST 1394). The pressure difference
evolution was also acquired using pressure transducers
(Omega Eng. PX335K-3KGV). After each experiment, the
polymer was re-heated, and the pistons were gradually
moved back to their original positions. In principle, it
would be desirable to examine FIC of HDPE and PP at
similar level of super-cooling. This however is not possible.
In the experiments presented in this paper, ΔTPE=1–5 °C
and ΔTPP=32–40 °C. Having comparably low super-
coolings for PP would involve timescales of hours or days.
Equally, a higher level of super-cooling for HDPE would
mean that spherulitic crystallisation would occur in frac-
tions of second. The choice of the crystallisation tempera-
ture is based on the ability to super cool the polymer and
perform the FIC experiments in a realistic timeframe. These
limitations are also generally reflected in industrial forming
processes, where normally, in the case of HDPE, the
oriented flow-induced crystals form at low super-cooling,
and for PP, most of the FIC occurs at high super-cooling.

Results and discussion

HDPE DOW 96003E

Due to the low cooling rates used in the MPR (approxi-
mately 1 °C/min) and the fast crystallisation kinetics of
HDPE, the experimental temperature window for FIC
without spherulitic crystallisation was limited to low levels
of super-cooling, 1–5 °C below the quiescent mean melting
temperature determined by DSC (133 °C). Under these
conditions, if the shear rate and, thus, the wall stress was

above a threshold value, HDPE crystallised during flow,
generating fibrous crystals.

HDPE–flow-induced crystallisation–geometry 1 (deep slit)

It was found preferable to carry out experiments using the
10-mm-depth slit for HDPE, as this gave good optical
contrast and the essentially 2D flow facilitated interpreta-
tion of the results.

A series of “single pass” experiments were carried out in
a temperature range in which FIC occurred. Figure 7 shows
the development of flow-induced crystallisation observa-
tions within the deep slit, and Fig. 9a shows a matching
pressure profile for these experiments. Figure 7 shows the
time evolution of bright-field observations of FIC at 130 °C
and an apparent wall shear rate of 200 s−1. The very high
Weissenberg number (We=44,000) is an indicator of the
high level of orientation/stretch to which the polymer
chains are subjected during the flow. At t=0 (Fig. 7a),
flow had not yet started, and some particle debris are
observable. The pistons were then moved synchronously
downwards with amplitude of 10 mm. With the application
of flow, fibrous crystals were formed, appearing as dark
zones near the wall. Figure 7b–d shows the substantial
fibrous crystal nucleation and growth from the walls of the
slit, and the propagation of the crystals downstream.
Figure 7d shows that, at the end of the piston movement,
the flow became partly blocked by the crystals that had
accumulated at the exit of the slit region. The downstream
crystals were very clearly visible and formed “crystal
fangs” downstream of the slit exit. Flow birefringence
“fangs” without crystallisation, corresponding to regions of
stress concentration at the exit of a contraction, have

Fig. 7 Development of FIC for HDPE in the deep slit; T=130 °C;
5 mm/s piston speed, �gapp;w≈200 s−1 (We=40,000). Optical observa-
tion in bright field. a t=0 (before flow); b, c during flow; d t=2 s (end
of flow). 1 Fibrous crystals generated at the wall, 2 downstream

crystal “fangs”. After the cessation of flow, the crystals formed stop
evolving and are stable during the observation time (30–60 min). The
flow direction is indicated by a white arrow
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previously been reported by Lee et al. (2001) for LDPE
flowing in a entry–exit geometry. Moreover, in a recent work
using a metallocene-catalysed HDPE, Hassell and Mackley
(2008) observed sharp crystal fangs forming at the outlet
region of a contraction and performed a quantitative study of
the growth of the crystal tip.

FIC was concentrated at the walls and in the fang regions
downstream, and following flow cessation, the crystals did not
significantly evolve further throughout the observation time
(30–60 min), showing that, under these conditions, further
FIC does not occur and the flow did not considerably enhance
spherulitic crystallisation. The particle debris present at the
beginning of the experiments did not appear to have a
significant effect on the global flow and on crystal nucleation.

The matching pressure difference evolution for the above
experiment is shown in Fig. 9a. The figure shows that the
pressure difference across the midsection during the exper-
iment at 130 °C continued to build up during the piston
movement and gradually relaxed after the pistons had
stopped, as opposed to a normal melt flow experiment
carried out on the same material at 170 °C, where the
pressure difference through the contraction quickly reached a
steady state value during flow and did not change. The
increase of the pressure difference during the pass at 130 °C,
without attaining a steady state, was attributed to the
continuous crystal formation during that time and the
consequent partial slit blockage, and forms a separate study
(Hernandez de Müller 2007).

HDPE–flow-induced crystallisation–geometry 2 (shallow slit)

Similar experiments were carried out for the same
material using the shallow slit. The combination of

observations in the two geometries allowed the differences
in the flowfield to be investigated. As the depth of the
shallow slit (1 mm) is similar to its width (1.2 mm), the
geometry generates an essentially 3D flowfield, which is
more complex to interpret but at the same time yields a
higher resolution of the microstructure formation in the
flowing polymer.

Figure 8 illustrates the development of flow-induced
crystallisation of HDPE during a single pass within a
shallow slit contraction geometry. The apparent wall shear
rate (290 s−1) and the temperature (130 °C) were similar to
those in the previous deep slit experiments. The Weissenberg
number was equal to 63,000. In addition to the occurrence of
flow-induced crystallisation at the sidewalls of the slit and in
the downstream “fang” region, flow-induced elongated
structures formed in the central part of the field of view
(Fig. 8). From a closer analysis of the moving images, it was
inferred that these flow-induced fibrous crystals formed at
the wall of the quartz windows. The elongated crystals were
either at rest or moved slower than the bulk of the fluid, and
they tended to adhere to the wall itself. The region near the
glass wall represents a favourable region for crystal
formation due to the higher stress and the possible nucleating
effect of the surface. Figure 9b shows the matching pressure
difference evolution across the midsection for the above
experiment, and the data show a similar trend to those for
HDPE in the deep slit where the pressure difference
progressively increased during flow as FIC occurs to
partially block the slit.

Key observations for FIC of HDPE are that fibrous
crystallisation occurs during the pistons movement and the
formation of the fibrous crystals affects the local flow
conditions in which crystallisation occurs. The experiments

Fig. 8 Development of FIC for HDPE in the shallow slit; T=130 °C;
0.5 mm/s piston speed, �gapp;w≈290 s−1 (We=63,000). Optical
observation in bright field. a t=0 (before flow), b during flow, c end of

flow. After the flow cessation, further crystal development is very limited
(d), and the crystals are stable over the observation time (approximately
30 min). The flow direction is indicated by a white arrow
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Fig. 10 FIC of PP in the deep
slit; T=134 °C; 5 mm/s piston
speed, �gapp;w≈200 s−1

(We=200). Optical observation
in bright field. a t=0 (before
flow); b t=2 s (end of flow). No
crystallisation has been detected
during flow. c–f After the flow
has stopped, crystallisation
evolves preferentially at the
fangs region downstream and at
the walls, and subsequently
everywhere. The morphology
cannot be resolved due to the
depth of the slit
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Fig. 9 Evolution of the pressure
drop through the midsection
as a function of time. a HDPE in
the deep slit, T=130 and 170 °C,
VP=5 mm/s ( �gapp;w≈200 s−1)
and amplitude=10 mm. t=0,
pistons start moving; t=2 s,
pistons stop. Note the continuous
build up in ΔP during flow
associated with FIC when T=
130°C as opposed to the melt
flow case at 170°C in which the
pressure drop reaches a steady-
state value. b Analogous pressure
drop build up in a shallow slit due
to flow-induced crystallisation of
HDPE. VP=0.5 mm/s,
amplitude=10 mm and T=130°C
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were carried out at temperatures where no observable
spherulitic crystallisation occurred in the absence of flow.
Further crystallisation did not develop any further after the
flow had stopped, indicating that, under these conditions,
flow must be present for fibrous crystals to form.
Observations in the deep and shallow slit indicate that
flow-induced crystallisation of HDPE originated in both
cases from the walls.

Separate in situ wide angle x-ray scattering (WAXS)
measurements of HDPE flowing in a 2-mm berillium
capillary at an apparent wall shear rate of 28 s−1 and
130 °C showed the presence of equatorial spots and an
amorphous halo (Scelsi 2006), consistent with the findings
of Saquet et al. (2000). All the fibrous crystals formed in
these experiments are therefore highly oriented at the
nanoscale.

PP ATOFINA 3250MR1

In the absence of flow, crystallisation of PP proceeded
slowly for temperatures down to approximately 40 °C

below the DSC melting temperature (approximately 170 °C).
For this reason, PP had a broader operating window for
MPR experiments, corresponding to a wider range of
observations that could be performed. The experiments
presented in this paper were carried out at high degrees of
super-cooling (TC=134–137 °C) to be able to induce
crystallisation within timescales that are reasonably short
and comparable to those attained for HDPE. Despite the
higher degree of super-cooling, PP had a slower crystal-
lisation kinetics than HDPE due to large differences
between the two polymers, both in the crystal nucleation
density and in the growth rate (Eder 1999). In analogy with
the observations on HDPE, both slit geometries were used.
Also in the case of PP, birefringence images during FIC
were not helpful in identifying the stresses due to low
birefringence levels.

PP–flow-induced crystallisation–geometry 1 (deep slit)

Figure 10 illustrates the way PP crystallises in a deep slit at
134 °C and an apparent wall shear rate of 200 s−1,

Fig. 11 PP in the shallow slit;
T=134°C; 0.02 mm/s piston
speed, �gapp;w≈20 s−1 (We=20).
The fibrous nuclei appear during
flow (a–c) and continue to grow
after the flow (indicated by the
white arrow) has stopped,
alongside with enhanced
spherulitical crystallisation (d–f)
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corresponding to a Weissenberg number of 200. The onset
time of quiescent crystallisation in these conditions (36 °C
super-cooling) is about 30 min (refer to Fig. 4b). At the
start of the experiment, the polymer was uniformly
transparent in the entire field of view (Fig. 10a). The
pistons were then moved synchronously downwards at
5 mm/s through a displacement of 10 mm. Figure 10b
corresponds to the observation just after the pistons had
stopped. No visible flow-induced crystals were formed
during flow. The matching pressure difference profile is
shown in Fig. 13a. The extrusion pressure difference during
flow reached a constant steady-state value, did not change
during the piston movement and then quickly relaxed to
zero after flow cessation. Visible FIC developed with
subsequent time after the flow had stopped. Within 70 s,
flow-induced crystallisation was visible at the wall of the
slit inserts and in the fang regions (Fig. 10c). Crystallisation
then evolved preferentially in those regions and also in the
rest of the field of view, gradually propagating towards the
centreline, as shown by the progressive darkening of
Fig. 10c–f). After 300 s, the polymer appeared to have
crystallised in the entire slit (Fig. 10f). Due to the excessive
depth of sample characterising the deep slit, the morphol-
ogy could not be resolved. It is speculated that the crystals
generated were both oriented (shish-kebabs) at the slit walls
and at the fang regions, and unoriented (enhanced spher-
ulites) in the rest of the field of view. The oriented crystals

developed with a faster kinetics. In this case, flow enhanced
nucleation and growth kinetics of both oriented and
unoriented crystallisation.

The optical observations of both HDPE and PP
crystallising from the side walls in a deep slit are
consistent with those of McHugh et al. (1991) and Saquet
et al. (2000).

PP–flow-induced crystallisation–geometry 2 (shallow slit)

A higher resolution of the morphology of the crystallising
polymer was achieved by using a shallow slit geometry
(1 mm-deep). However, the flow was in this case fully 3D,
and the walls of the glass windows had a significant
influence on both the flowfield and FIC development.

Figure 11 illustrates a single-pass experiment carried out
at 134 °C and a piston speed of 0.02 mm/s, corresponding
to an apparent wall shear rate of 20 s−1 and Weissenberg
number of 20. The flow direction was downwards, as
indicated by the arrows. The corresponding pressure
difference profile can be found in Fig. 13b.

Several spherulites were already present before the
application of flow. Figure 11a shows that these were
evenly distributed in the entire view field and were barely
visible due to their small starting size. These crystallites
have an influence on the subsequent flow-induced crystal-
lisation because they both affect the flow field and act as

Fig. 12 PP in the shallow slit;
T=137 °C; 0.1 mm/s piston
speed, �gapp;w≈100 s−1

(We=100). The fibrous nuclei are
generated during the flow (a, b),
but in this case, they become
visible after flow (c) and continue
to grow throughout the observa-
tion time, alongside with enhanced
spherulitical crystallisation (d–f)
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physical cross-links, increasing the effective relaxation time
of the material. To fully understand the observations, it will
then be necessary to estimate the nucleation and growth
kinetics of the spherulitic crystallisation that occurs during
cooling.

Then, the pistons were moved at a very low speed for a
total time of 500 s. Figure 11b was captured during flow
and illustrates the progressive appearance of lines in the slit
region. These elongated lines were parallel to the stream-
lines and slowly built up, both in number and lateral
diameter over the flow time. At flow cessation (Fig. 11c),
they occupied the entire slit region. The streaks formed at
the glass walls and were not advected downstream by the
flow. It is possible that these lines were generated as a result
of the relative motion between the main flow and small
spherulites anchored to the glass wall. Simultaneously,
spherulitic growth continued to develop at an enhanced rate
throughout the observation time. Figure 13b shows the
matching extrusion pressure difference profile for this
experiment. As in all the other experiments on PP presented

in this paper, the pressure difference during flow reached an
approximately constant value, showing that crystallisation
did not have a significant effect on the flow. The optical
observations continued for approximately 25 min after the
flow cessation. Figure 11d–f illustrates the development of
FIC during that time. No further streaks were generated, but
those already present appeared to thicken. It is thought that
the lateral growth of the fibrous line crystals corresponded
to chain-folded lamellar growth around the line nuclei. The
fibrous line crystals also appeared to grow longitudinally
both at the entry and at the exit regions (Fig. 11c–f). It is
thought that the longitudinal growth was just apparent due
to the thickening of the parts of the line crystals that were
not previously visible. Enhanced spherulitic growth also
proceeded, and some spherulites appeared positioned on the
streaks. After 25 min, crystallisation was complete in the
slit region and downstream (Fig. 11f).

In the case of PP, the nucleation induced by flow and the
subsequent crystal growth were decoupled, and thus, the
modeling of the phenomenon is expected to be consider-

0

2

4

6

8

10

12

0

  0.1 mm/s   134°C

  0.1 mm/s   137°C

  0.05 mm/s 134°C

  0.02 mm/s 134°C

t/ t PASS [-]

∆P
[bar]

0

2

4

6

8

10

12

14

0

time [s]

∆P 
[bar]

(a)

(b)

1 2 3 4

1 2

Fig. 13 Evolution of the pressure
drop through the midsection as a
function of time. a PP in the deep
slit; T=134 °C; VP=5 mm/s
( �gapp;w≈200 s−1); amplitude=
10 mm. t=0, pistons start moving;
t=2 s, pistons stop. The pressure
drop reaches a constant, steady-
state value and then relaxes back
to zero after the flow has ceased. b
Analogous pressure drop profiles
(no substantial pressure build up
during flow) in a shallow slit
during flow-induced crystallisation
of PP at low deformation rates and
similar super-cooling. VP=0.02–
0.1 mm/s, amplitude=10 mm and
T=134–137 °C. Time normalised
to the time of flow
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ably simplified. However, the additional effect of quiescent
nucleation before shearing has a relevant influence on the
way FIC of PP develops during the experiments and must
be included to accurately model the results. Oriented
precursors formed throughout the width of the channel in
Figs. 10 and 11, in which point-like precursors already
existed throughout the melt before inception of flow, but
not in Figs. 7 and 8, in which negligible nucleation
occurred, except where it was induced by flow.

A similar experiment is shown in Fig. 12. In this case, the
temperature, the apparent wall shear rate and Weissenberg
number were slightly higher (respectively 137 °C, 100 s−1

and We=100). Under these conditions, the elongated crystals
generated by the flow were not visible at flow cessation
(Fig. 12b). Only after several minutes did these structures
appear due to lateral growth. The subsequent FIC develop-
ment and the pressure difference profile (Fig. 13b) did not
differ qualitatively from those in the previous experiment.

Figures 11 and 12 show that the fibre-like structures also
appeared in the entry region of the slit. This is due to
another abrupt contraction further upstream that occurs at
the point in which the flowing polymer encounters the
walls of the quartz windows and is squeezed between them.

In situ WAXS measurements of PP flowing in a 2-mm
berillium capillary at an apparent wall shear rate of 28 s−1

and 132 °C showed an arcing in the diffraction rings,
revealing that not only spherulites are present but also
oriented lamellae (Scelsi 2006). It was therefore speculated
that the oriented crystal structures visible in the experiments
on PP discussed in this paper were shish-kebabs rather than
regions of bulk crystal comprised of spherulitic material.

Conclusions

MPR experiments were performed to examine the FIC
behaviour of HDPE and PP under isothermal conditions at
levels of super-cooling and shear rates similar to those
encountered in industrial forming processes. Under these
conditions, flow-induced crystallisation of HDPE and PP
generally occurs in different ways. Crystallisation of HDPE
at low super-cooling occurs during flow, and observation
reported in this paper is consistent with the observation of
Saquet et al. (2000). If crystallisation occurs during flow,
the presence of the crystals itself will influence the local
growth conditions in a way discussed by Mackley (1975)
for HDPE solution growth and Mackley et al. (1975) for
melt crystal growth. Observations of both deep and shallow
slit geometries support the conclusion that nucleation
initiates from the region of the wall. Crystallisation evolves
in the fang region of the flow, and the extrusion pressure is
influenced by the presence of the HDPE crystals.

In contrast, it was found that visible flow-induced
crystallisation of PP occurred predominantly after flow
cessation. Again, the walls appeared to produce preferential
nucleation sites. Again, preferential flow-induced crystal-
lisation occurred in the region near the walls. FIC
developed after flow cessation, and the extrusion pressure
did not change during the experiments. The effect of flow
was to both induce FIC nucleation and enhance sub-
spherulitic crystal growth. It can be concluded that, during
flow, submicron flow-induced fibrous crystal nuclei are
formed and that subsequent crystal growth occurs from
these nuclei after flow cessation. From the experiments
described in this paper, it is probable that modelling flow-
induced crystallisation of PP will be easier than modelling
FIC of HDPE because, in the case of PP, the flow-induced
nucleation can be decoupled from quiescent growth.

At the levels of super-cooling selected in this paper, no
or little spherulitic crystallisation was optically or rheolog-
ically detectable at the start of flow. This however does not
mean that the nucleation process had not begun. It is
possible, indeed probable, that nanoscale crystal nuclei had
formed before the onset of flow, and it is primarily the
subsequent flow behaviour of these nuclei in the flow that
results in FIC rather than just the flow behaviour of
individual chains.
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