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Abstract The sensitivity of flow-induced crystallisation
(FIC) to the nature of flow type is demonstrated using a
high-density polyethylene (HDPE) for two different flow
geometries. A contraction–expansion slit geometry was
used to create a mixed, but primarily simple shear flow,
while a cross-slot geometry provided a region within the
flow of high extension. Flow-induced birefringence was
captured at a melt processing temperature of 155 °C to
identify the principal stress difference within the two flows
and determine regions of higher stress within the HDPE.
The experiments were then repeated at 125 °C, and FIC
was identified using bright-field observation. Crystallisation
was observed within the regions that previously exhibited
high stress levels. It was found that lower deformation rates
in pure shear were required when compared with simple
shear to create the crystal filaments.

Keywords Flow-induced crystallisation . Crystallisation .

Flow visualisation . Birefringence

Introduction

In polymer processing, flow, molecular orientation and
molecular stretch affect the crystallisation process and
influence the orientation, morphology and mechanical
properties of the final solid product. In the absence of
flow, polymers crystallise to form spherulitic superstruc-

tures (see for example Keller 1968). Initial studies of flow-
induced crystallisation (FIC) of polymers found that both
extensional (van-der Vegt and Smit 1967) and shear flow
(Haas and Maxwell 1969) can induce crystallisation above
the quiescent crystallisation temperature range. Early work
focussed mainly on polymer solutions and culminated in
the discovery of the shish-kebab morphology (Pennings and
Kiel 1965; Keller 1968), which were observed in both
stirred vessels (Pennings and Kiel 1965) and a rotating
cylinder device (Iguchi et al. 1966). In the latter case, the
onset of shish-kebab crystallisation was related to the
rotational speed at which Taylor vortices started to form,
and fibres were generated within the elongational region at
the centre of the vortices (Pennings and Kiel 1965;
Mackley 1972).

More recently, there have been extensive studies of FIC
from a number of research groups throughout the world (see
for example Doufas et al. 1999; Guo et al. 1999; Jay et al.
1999; Nogales et al. 2001; Zuidema et al. 2001; Janeschitz-
Kriegl et al. 2003; van Meerveld et al. 2004; Heeley et al.
2006; Acierno et al. 2003; Byelov et al. 2007; Hadinata et al.
2007; Kimata et al. 2007). Hadinata et al. (2007) investigated
FIC of the same material using both parallel plate simple
shear and uniaxial extensional flow, applying viscosity as a
measure of crystallisation. The extensional flow displayed a
greater enhancement on crystallisation kinetics because of
the greater molecular orientation produced by this type of
flow for similar deformation rates.

For more complex flows, numerous bright-field obser-
vations have been performed in a long slit die. This flow
exhibits predominantly shear flow, with high levels of shear
at the walls, and it was within these regions of the flow that
crystallisation was observed (Mackley et al. 2000; Hadinata
et al. 2006; Scelsi, private communication; Hernandez de
Muller 2007). Various devices have been used to investi-
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gate extensional flow, and these include impinging jets
(Mackley 1972), a four-roll mill (Crowley et al. 1976) and a
cross-slot device (Swartjes 2001). Both bright-field obser-
vation and optical birefringence found crystallisation within
the extensional regions of the flow emanating from the
stagnation point at the centre of the flow.

Modelling of FIC is difficult and, in most cases, is
limited to using the Avrami model of nucleation and growth
(Avrami 1939) as a frame of reference (see for instance,
more recent work by Doufas et al. 1999; Smirnova et al.
2005). A recent review (van Meerveld et al. 2004)
concluded that molecular orientation and stretch were
important for enhanced crystallisation, while the high
molecular weight (HMW) chains govern the FIC dynamics.
This HMW sensitivity has been observed in other work
(Jay et al. 1999; Nogales et al. 2001; Heeley et al. 2006;
Hadinata et al. 2007; Kimata et al. 2007). Other work
(Janeschitz-Kriegl 2003; Janeschitz-Kriegl et al. 2003) has
suggested the application of a critical work criteria to
describe the onset of FIB, successfully applied to enhanced
shear-induced isothermal crystallisation in isotactic poly-
propylene (Chen et al. 2006). These studies illustrate an
increasing understanding of the physics taking place during
the complex process of FIC.

Recent advances in constitutive models and computa-
tional techniques now mean that is it possible to accurately
predict the behaviour of molten polymers flowing through
complex geometries (see for example Peters et al. 1999;
Lee et al. 2001; Agassant et al. 2002; Bent et al. 2003;
Valette et al. 2006). The application of FIC kinetics to these
techniques is currently being developed to allow the
prediction of FIC in these complex flows (see for example
Zuidema et al. 2001 and Smirnova et al. 2005). However,
before an accurate comparison between prediction and
experimentation is possible, controlled experimental results
for both flow types are required, which use a polymer of
known architecture under tightly controlled flow con-
ditions. In this paper, an experimental comparison is
presented of the effect of predominantly simple shear and
extensional flow on FIC for the same polymer and
temperature. A polydisperse polyethylene, the subject of
successful ab initio linear rheological characterisation from
molecular theory (Das et al. 2006), was used in both
geometries under the same thermal conditions. The regions
of high stress within the flow were identified using flow-
induced birefringence at a temperature ∼30 °C above the
quiescent melting point. Subsequently, bright-field studies
were then performed at a temperature slightly above the
quiescent crystallisation temperature where FIC only was
observed. This work provides a robust test for predictive
FIC models under different flow conditions while simulta-
neously providing insight into some of the physical
mechanisms through which FIC occurs.

Materials and methods

Materials

The material used was a polydisperse high-density polyeth-
ylene (HDPE), labelled HDB6. It has aMw of 68,000 g/mol,
Mw/Mn of 2.08 and comes from a family of HDPE
materials having increasing levels of long-chain branch-
ing. Differential scanning calorimetry identified the
following quiescent crystallisation temperatures; crystal-
lisation onset ∼123 °C, peak ∼120 °C and end ∼113 °C.
Unlike many commercial polyethylenes, HDB6 has a pre-
dictable architecture and has been used in recent experi-
mental (Wood-Adams and Costeux 2001) and theoretical
(Das et al. 2006) studies where the ab initio theoretical
modelling successfully captured the linear rheological
response of the material.

Experimental processing geometries

A Cambridge multi-pass rheometer (MPR; Mackley et al.
1995) was used for the processing experiments, and its
application with an optical configuration has been previ-
ously described by a number of authors (see for instance
Collis and Mackley 2005). The MPR is a dual-piston
capillary-type rheometer designed for small quantities of
material (∼10 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 measurements to be
made and resembles a cube with holes in 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.

Two different geometries were investigated. The first
was a contraction–expansion (CE) slit geometry similar to
those used in previous work (see for instance Collis and
Mackley 2005). This geometry creates regions of high
simple shear near to the slit walls and extensional flow in
the region of the symmetry line in the inlet and outlet areas
of the flow. The second is a cross-slot geometry. This flow
configuration creates a pure shear flow deformation in the
central region about the stagnation point of the flow,
together with essentially simple shear near the outer curved
walls (see for instance Coventry and Mackley 2008).

The two insert geometries used during this study are
shown in Fig. 1. For the CE slit inserts, the material can be
repeatedly passed through the midsection, from one
reservoir to the other and back again at different flow rates,
allowing multiple experiments to be performed on one
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sample. Optical observation of the CE slit section enabled
interrogation of the entry and exit flow together with flow
within the slit. The inserts used for the cross-slot geometry
utilised slave pistons, which used a pressurised nitrogen
system to facilitate multi-pass operation. The system was
developed by Coventry (2006) and is reported by Coventry
and Mackley (2008). During operation, the two MPR
pistons are moved towards one another at a controlled rate,
pushing material through the top and bottom of the insert
and out through two horizontal side channels. Slave pistons
in these horizontal channels maintain the material within
the MPR, and the subsequent retraction of the pistons to
their original position allows the pressurised nitrogen to
force the material back through the cross-slot and into the
top and bottom reservoirs. A schematic illustration of the
MPR for both geometries is shown in Fig. 2.

Both geometries have been used in previous work
(Coventry and Mackley 2008; Hassell et al. 2008) and are
10-mm deep. While the cross-slot and contraction–expansion
slit have aspect ratios of around 7, equating approximately to
two-dimensional flow (Wales 1976), the inlet and outlet to

the contraction–expansion have an aspect ratio of order 1,
and thus three-dimensional flow is expected in this region.
Because of the enclosed nature of the system, there was no
noticeable degradation of the material during the processing
experiment.

Stress-induced birefringence was captured using mono-
chromatic polarised light with a wavelength of 514 nm,
which passed through the midsection and orthogonal
analyser before being captured using a digital video camera.
Quarter wave plates were used to eliminate the isoclinic ex-
tinction bands and leave only the stress-related isochromatic
fringes. For the bright field visualization of flow induced
crystallization, these optics were removed.

The flow through the two geometries was characterised
in the following way: The apparent wall shear rate used to
characterise flow through the CE slit was based on the
solution for Newtonian flow through infinite parallel plates
and is given by,

g
�
app

¼ 6Q

w2l
¼ 150pVp

w2l
ð1Þ

Fig. 1 The geometries used in
the MPR midsection and asso-
ciated flow directions for (left)
contraction–expansion slot and
(right) the cross-slot

Fig. 2 Schematic outlining the MPR design of (left) the contraction–expansion slit and (right) the cross-slot
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where Q is the volumetric flowrate (mm3 s−1), w is the
width of the slit (1.4 mm), l is the depth of the slit (10 mm)
and Vp is the speed of the pistons (mm s−1).

The central extension rate in the cross-slot was estimated
from the flow geometry, and the relationship between the
maximum extension rate and the piston speed was defined as

e
�
max ¼ AVp ð2Þ

where A is a constant defined by the geometry. As an
approximation, the centre line velocity accelerates from
zero at the centre to the maximum channel velocity within
the cross-slot over a distance equal to the channel width.
Numerical simulations using a Newtonian and integral
Wagner model were initially performed by Coventry (2006)
and found A to be equal to approximately 8. Subsequent
modelling using the multi-mode POM-POM constitutive
model for various lightly branched polyethylenes found A
equal to 8.6, and this value was used in the subsequent
sections.

Results and discussion

Birefringence

Figure 3 shows the steady flow principal stress difference
(PSD) for flow through the two geometries at 155 °C. The
apparent wall shear rate for the contraction–expansion slit
flow was ∼24 s−1, and for the cross-slot flow, central
extension rate was ∼3.8 s−1 with a wall shear rate of
∼9.2 s−1. The fringe numbers, f, highlighted in the figure,
correspond to increasing levels of PSD as defined by the
stress-optical rule (see for instance Macosko 1994). As
stated previously, both flows exhibit regions of simple shear
close to the walls and extensional flow along the symmetry
planes of the flow. This is in the central entry and exit
region of the CE slit and along the outlet centre line near
the stagnation point for the cross-slot. The stress pattern in
the CE slit shows asymmetry between the slit inlet and
outlet and the formation of stress fangs, similar to those
reported in previous work (Lee et al. 2001). The greatest
level of stress, counting back from the zero stress “eye” at
the slit outlet where the polymer has relaxed subsequent to
entry into the slit, shown as f=0 in the figure, is clearly seen
to be at the walls of the slit. This is not unexpected as it is
within this region that the simple shear is greatest. For the
cross-slot, an asymmetric fringe pattern between the inlet
and outlet is seen, similar to previous observations
(Verbeeten 2001; Soulages et al. 2007 and Coventry and
Mackley 2008), with an additional formation of a “W” cusp
fringe pattern at the outlet centre line. The formation of this

W cusp has been observed for other highly branched
materials using both this cross-slot device (Hassell et al.
2008) and elsewhere (Soulages et al. 2007), and this will be
discussed in more detail in subsequent work. It is thought to
be the result of extreme strain hardening at the centre line,
and the appearance of this local singularity may be related
to “birefringent pipes” reported for exit flow in certain
polymer solutions (Harlen et al. 1990, 1992). For the cross-
slot flow, the PSD in the regions of high extension near the
centre line is much higher than for similar levels of simple
shear near the wall and is believed to be the result of the
increased orientation and chain stretch within this type of
flow. In both flows, the high levels of PSD are at areas of

Fig. 3 Stress-induced birefringence images taken at 155 °C. a
Contraction-expansion, volumetric flow rate 78.5 mm3 s−1, apparent
wall shear rate within the slit ∼24 s−1. b Cross-slot, volumetric flow
rate through each channel 34.5 mm3 s−1, wall shear rate ∼9.2 s−1,
maximum extension rate ∼3.8 s−1
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high molecular orientation, either at the slit wall because
of shear or at the cross-slot outlet centre line due of
extension.

Bright-field crystallisation observations

After the birefringence measurement experiments had been
carried out, the material was cooled to 125 °C over a period
of 20–30 min, allowing the previous flow history to return
to their quiescent state. The flow was then repeated for both
geometries at the same flow conditions used for the PSD
measurements, and FIC was visualised using bright-field
techniques. Flow rate and temperatures were chosen, which
gave the best optical clarity and kinetics for observation.
One complete multi-pass cycle was performed for the two

geometries, which for the CE slit involved two runs at the
same flowrate. For the cross-slot, the rate of return flow
was reduced to 3.45 mm3 s−1 per inlet to avoid entrainment
of N2 gas past the slave pistons and into the polymer. The
molecular relaxation time-scales at the crystallisation
temperature will be longer than those at the higher
temperature birefringence experiments. While this will
correspond to an increase in the effective flow Weissenberg
number, this does not effect the location of the regions of
high stress within the flows. The Weissenberg number has
been used with success in previous studies to illustrate the
dependence of relaxation times on shear-induced crystal-
lisation for various branched polyethylenes (Bustos et al.
2006). In this study, the relaxation spectrum could only be
acquired at 155 °C between 0.01<l<100 s, which did not

Fig. 4 Bright-field crystallisa-
tion during flow within the
contraction–expansion geometry
at 125 °C, apparent wall shear
rate within the slit ∼24 s−1.
tf represents the time after the
beginning of flow. tr represents
the time after the beginning of
flow in the reverse direction.
a tf=0 s, no crystallisation pres-
ent. b tf=3.8 s, crystals have
formed at the high-strain region
at the slit wall and outlet corners
and begin to travel downstream
with the flow. c tf=10.3 s,
cessation of flow. d tf=64 s,
over 50 s after flow has stopped
and no visible change in the
crystalline material is observed.
e tf=64.7 s, tr=0.7 s, on flow
reversal, a similar process of
crystal formation and migration
downstream from the high-strain
regions is observed but occurs
more quickly than in the first
pass. f tf=66.5 s, tr=2.5 s, the
upstream crystal filament travels
back towards the slit with the
flow, while downstream of the
slit the crystal filament is prop-
agated in a similar manner as in
the earlier pass
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fully capture the broad relaxation spectrum and the
contribution of the high molecular weight (Mw) tail. The
average relaxation time based on this spectrum, used to
define the Weissenberg number within the two flows, will
not be a true representation of the material and molecular
stretch. As a result, this approach is not used in the
following discussion, although direct comparison of shear
and extensional rates is valid as the material and temper-
atures are constant for both geometries. Because of the
complex nature of the streamlines present within the two
devices, it was also impractical to calculate the specific
work of deformation on the materials as carried out by
Janeschitz-Kriegl et al. (2003).

Figure 4 shows the development of crystallisation over
time for the CE slit flow, and Fig. 5 illustrates the matching

development seen in Fig. 4 once the background zero flow
image is removed. The observed flow birefringence pattern
within the slit geometry was consistent with previous
studies (Hernandez de Muller 2007), where crystallisation
occurred at the slit wall outlet corner before being advected
downstream from the slit. Subsequent growth occurred as a
downstream filament emanating from the downstream lip of
the slit, which is clearly seen in Fig. 5, and the crystal
filament forms a fang pattern similar to the stress
birefringence pattern. Reversal of the flow, seen in
Fig. 4e, f, illustrates the stability of the initial FIC and the
repeatability of the process. The crystallisation on flow
reversal occurs more quickly than on the first pass because
of the previous orientation and nucleation of the proceeding
flow. In particular, the results show that for this polymer in

Fig. 5 Crystal development
within the slit geometry. (Left)
The raw image and (right) the
image after the raw image at
tf=0 has been removed for (a–c)
times tf=1.77, 3.8 and 10.3 s,
respectively. The development
of the filament strand occurs
initially at the corner of the slit
outlet before propagating down-
stream with the flow
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this particular geometry at the temperature under test, FIC
occurs initially at the wall and edges of the slit. In this
region, the flow is dominantly simple shear. For these flow
conditions, FIC was not observed in either the upstream or
downstream centre line extensional region of the flow.
These observations are similar to those reported for
polyethylene solutions (Pennings 1977), which proposed a
growth mechanism of bundle-like nucleation caused by
stretching of an entanglement network attached to the
surface.

Advection of the crystal filament tip downstream was
tracked with time and is presented in Fig. 6 for both flow
passes. As expected from viewing Fig. 4, the left and right
crystal trajectories are symmetric for each pass. Slight
discrepancies are observed and are the result of the
difficulty involved with accurately capturing the precise
filament tip location for each time. The trajectory of the
crystal fibre tip is observed to be different between pass one
and two. This is probably due to the increased kinetics of
the already pre-aligned material within the slit resulting in
increased fibre growth during the second pass, obvious
from the increased growth observed in Fig. 4. This would
then result in a modified flow profile because of the
increased constriction in the slit caused by crystal growth at
the walls.

Figure 7a illustrates the left and right hand filament tip
progression for the first pass alongside that observed for
three particles seen within the flow over the course of the
experiment. The flow field is transient with time, shown by
the cross-over of the trajectories of the right crystal filament
tip and that of P3. P3 does not cross the crystal filament but
instead moves along a streamline close to the crystal (see
Fig. 8 for a comparison of crystal and particle). Over time,
the crystal filament moves further along the slit wall before
detaching into the molten polymer. This results in a net

Fig. 6 Graph illustrating the crystal tip position with respect to the slit
corner at various times for the left (filled) and right (open) crystal
filaments for the two passes

Fig. 7 a Graph showing the position of particles (open) and the
crystal filament tip (filled) within the flow at various times for pass
one, illustrating their trajectory. b The corresponding graph of
distance travelled as a function of time for the particles and crystal
tip. The right crystal filament was found to follow the same linear fit
as the left but with more noise and has not been included for clarity.
The distance at time t is defined as the summed distances at all
previous times, Dt+1=Dt+ΔD

P3

Crystal tip

D

Dx

Dy

P3

Crystal tip

D

Dx

Dy

Fig. 8 Graph showing position of P3 in relaxation to the crystal tip.
The distance between P3 and the tip is defined as D, while the
distances in the x and y axes are given as Dx and Dy, respectively
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movement of the advected material further from the slit in
the direction perpendicular to the bulk flow. Assuming that
the particles follow the fluid and do not modify the flow
itself, a graph illustrating the distance the particles move as
a function of time from when they first move away from
the slit outlet is given in Fig. 7b. The velocities of the
individual particles, represented as the gradient of the
curve, are seen to decrease as they move away from the slit.
This is unsurprising, as the material is flowing into an
expansion and is thus expected to slow down. The velocity
of the crystal tip, however, is seen to remain constant with
time. This illustrates that the crystal filament does not slow
down as it leaves the contraction and moves more quickly
away from the slit than the surrounding fluid. This is best
shown by the comparison of the tip velocity and that of P3,
the particle observed closest to the filament during the
course of its development. It is seen that while P3 initially
has a velocity greater than the filament tip, over time it
slows until its velocity is less than the filament tip.

To further illustrate this, Figs. 8 and 9 show the distance
between the filament tip and P3 as a function of time. The
distance between the two, D, was plotted alongside the
distance in the bulk flow direction (Dy) and that perpen-
dicular to the bulk flow (Dx). These distances are shown in
Fig. 8. If both travel along their respective streamlines and
follow the flow field, then over time P3 should catch up
slightly to the filament tip assuming that no further crystal
growth occurs at the tip. Dx, would become smaller as the
particle moved along its streamline, away from the slit exit
and towards the developed channel flow downstream. At
the same time, Dy would initially increase as the main flow
of the tip is in this direction, but over time, this would
stabilise as the trajectory of P3 followed the bulk flow
direction. In reality, the distance between P3 and the tip

increases with time, and while as expected, Dx decreases
with time, the increase in distance D is result of a
continually increasing distance in the bulk flow direction,
Dy. This indicates that the filament is accelerating away
from the bulk flow in the downstream direction and that the
downstream filament velocity is defined by conditions
within the slit rather than local flow conditions.

The length of the crystal filaments can be determined
using a range of techniques, and various filament segment
distances are highlighted in Fig. 10. As stated previously,
the filament begins at the slit and moves along the slit wall
until a certain point before detaching. It then curves
downstream in an arch, similar to stress birefringent fangs
observed in previous work (Lee et al. 2001). Two
techniques are plotted in Fig. 11 as a function of filament

Fig. 9 Graph of D, Dx and Dy as defined in Fig. 8 against time from
start of flow

Fig. 10 Approximation of fibre contour length, L1=d1, L2=d2+d3+d4

Fig. 11 Graph of crystal length (L2) and tip displacement (L1) against
time from the start of flow
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length against time for the case of the left hand filament.
The first technique uses the distance from the filament tip to
the slit corner as a crude indication of the length, where
L1=d1. The second uses a more accurate approach and takes
into account the length of filament at the wall and a simple
approximation of the curved length, where L2=d2+d3+d4.

While the crude approximation of filament length, L1, is
a linear function of time, indicating a constant formation of
crystal within the filament, the gradient of the more
accurate definition of crystal length, L2, is seen to increase
with time. This indicates that the rate of growth of the
crystal filament increases over time. The results in Figs. 7b
and 9 indicate that the tip moves relative to the surrounding
fluid, and previous work showed that this led to crystal
growth at the tip (Mackley 1975). However, the movement
of the tip relative to the surrounding flow is opposite in this
case, and it is unclear how this flow could lead to an
increase in growth at the tip. It is more likely to be a result
of the conditions within the slit itself. Equally, it is possible
that the crystal growth within the slit leads to a modified
flow field, resulting in increased shear and FIB. Another
possibility is the increased tethering of the filament to the

wall resulting in increased growth because of a process
similar to that outlined by Pennings (1977). At this stage, it
is uncertain what the exact mechanism for the enhanced
growth is, although it is clear that the crystal does not flow
downstream with the local flow field.

The cross-slot observations shown in Figs. 12 and 13
illustrate the time evolution of FIC. Figure 12 is the direct
bright-field observation and Fig. 13 the observations with
the starting image removed. At the start of flow, the black
images of the cross-slot inserts of Fig. 12a are clearly
identified, and the polymer melt is optically transparent.
After flow has commenced, a dark line appears along the
central exit symmetry plane of the flow shown in Fig. 12b,
and this constitutes FIC in a very localised region of flow.
In addition, FIC has occurred at the walls of the cross-slot,
and this can only be seen without ambiguity in the right
hand image in Fig. 13 where the original image has been
subtracted from the final one. On flow reversal, Fig. 12d, it
can be seen that the initial centre line filament is advected
back along the new exit channel of the cross-slot,
demonstrating that the centre line flow-induced crystal is
a solid entity. The observation for this geometry shows

Fig. 12 Bright-field crystallisa-
tion during flow within the
cross-slot geometry at 125 °C,
wall shear rate ∼9.2 s−1, maxi-
mum extension rate ∼3.8 s−1.
tf represents the time after the
beginning of flow. tr represents
the time after the beginning of
flow in the reverse direction.
a tf=0 s, no crystallisation pres-
ent. b tf=11.6 s, crystallisation
appears on the outlet centre line,
where the strain is highest, and
crystals travel downstream with
the flow on the outlet centre
line. c tf=26.3 s, no visible
increase in crystallisation is seen
∼15 s after cessation of flow.
d tf=40.7 s, tr=14.4 s, flow is
reversed and the crystal fibre is
transported upstream in one di-
rection with the flow, although
no further extensional crystalli-
sation occurs because of the
reduced flow rate and associated
extension rate and strain. The
crystal fibre retains its integrity
for the reversal of flow
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clearly that nucleation and growth has occurred at the metal
walls of the cross-slot and also in the central region of the
flow where there are no solid boundary conditions. The
centre line observations bear strong similarities to earlier
optical observations (Mackley 1972; Crowley et al. 1976)
for polyethylene solutions within an impinging jet appara-
tus and is similar to previous FIC visualisation in a cross-
slot device (Swartjes 2001). In these studies, centre line
localisation was identified with regions of both pure
extensional flow and also high levels of strain (Crowley et
al. 1976). Chain extension occurred when the coil stretch
transition ("

�
1 > 1) occurred, where ɛ is the extension rate

and 1 the longest relaxation time of the chain. In addition,
"
�
t � 1 was necessary to provide sufficient strain to stretch

the chain. The strain imposed in the central region is
essentially inversely dependant on the distance from the
exit symmetry plane (Crowley et al. 1976), and localised
fibrous crystallisation is observed here for regions where
the level of strain exceeds a certain value. Unfortunately it
was not possible to quantify the crystal growth, as for the
CE slit flow, as the crystal tip is advected downstream too
quickly and no noticeable increase in filament width with
time was detected.

These findings demonstrate the sensitivity of FIC to both
flow type and the presence of a physical wall. The situation
near the wall is dominantly simple shear, where high chain
extension may not necessarily be expected, however, it has
been previously identified (Pennings 1977; Brochard and
deGennes 1992) that the potential for chain stretch of
tethered chains to a wall is greater than untethered chains.
The results presented here lend support to this concept of
enhanced chain extension because of tethered chains.

For both flow geometries, the FIC experiments were
carried out at a temperature where quiescent crystallisation
would not occur within the time scale of the experiment. At
125 °C, localised FIC occurred for both geometries and if
the level of supercooling was increased, i.e. the crystal-
lisation temperature reduced below 125 °C, more massive
FIC would occur. The optical observation in the CE slit
would then follow observations similar to those of Mackley

et al. (1975) and more recently Scelsi (private communica-
tion), where massive upstream fibrous crystallisation was
observed.

For the situations reported in this paper, FIC nucleates
either from the wall or the central region of the cross-slot.
The presence of the crystal fibres does not appear to
significantly modify the overall flow pattern; however, once
formed, the local flow around the fibre will influence the
subsequent crystal growth (see for example Mackley et al.
1975).

Conclusions

Results reported in this paper for a well-characterised
polyethylene show clearly that highly localised FIC can
occur for a particular flow condition, illustrating important
features in relation to crystal nucleation and growth. In
particular, for the CE geometry, the FIC occurred solely
near the walls of the geometry. In this geometry, regions of
stretching extensional flow do exist in the upstream
region, but the levels of extensional strain in these regions
are low when compared to the levels of strain that can be
obtained in the cross-slot geometry. The filament was
found to advect downstream at velocities greater than the
surrounding fluid, and over time, an increase in the
kinetics of crystal formation were observed. It is unclear
at this point if both phenomena are the result of conditions
within the slit. In the case of the cross-slot, FIC was seen
both at the walls and also in the central region. The
deformation rate in the central region was lower than that
at the walls, suggesting that high-strain pure extension is
more efficient at nucleating FIC than simple shear flow.
The observation also shows that a solid boundary is not an
essential component to nucleate FIC for these conditions.
Overall, the experimental observations offer scope for
comparison with numerical simulation once a suitable
model of FIC is developed.

Fig. 13 Crystal development
within the cross-slot geometry
after the cessation of flow (tf=
11.6 s) for the first pass. (Left)
raw image and (right) the same
image once the tf=0 image has
been removed. This illustrates
more clearly not just the forma-
tion of crystal filament at the
cross-slot centre line but also at
the walls because of shear
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