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As a third and final part of this study on the temperature window of reduced flow resistance in polyethylene 
the consequences for flow instabilities and extrudate distortions have been investigated. Through the fact 
that, within the temperature window, melt extrusion could be carried out to much higher flow rates than 
usual without flow instabilities and extrudate distortions, we not only extended the practically useful 
throughput range, but also acquired a useful handle for the appreciation of such instabilities in general and 
for their control under more wide ranging conditions. Categorizing extrudate distortions as surface 
roughness, periodic bulk distortions and gross shape distortions, definitive confirmation was obtained that 
the site of gross shape distortions is at the entry orifice, that of periodic bulk distortions is in the capillary 
interior and those manifest as surface effects at the capillary exit. The latter two are absent under window 
conditions, but gross shape distortions (closest to what is conventionally referred to as 'melt fracture') 
always set in, i.e. both at window conditions and otherwise, when a critical stress level is attained. The 
corresponding critical flow rate was found to scale as a - 1.5 power of the molecular weight. This combined 
with the previously found -4.0 power dependence of the critical flow rate for the window effect (at the 
appropriate temperature) serves to define the existence regime of the window effect in terms of flow rate and 
molecular weight. Effects investigated in some detail include the nature and the origin of pressure 
oscillations and also the effect of external lubricants. The influence of the latter is the creation of conditions 
similar to the window effect which, from this point of view, could be considered as corresponding to 'self 
lubrication'. Finally, the findings in the present work invite a general approach to flow instabilities and 
extrudate distortions on the basis of a specific stress criticality pertaining to each class of effects the 
underlying causes of which the present work has helped to identify. © 1997 Elsevier Science Ltd. All rights 
reserved. 
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I N T R O D U C T I O N  
This is the final par t  o f  a series o f  three papers on a 
recently discovered melt flow singularity taking place in 
the course o f  capillary extrusion o f  linear high molecular  
weight (M) polyethylene (PE) at a round  150°C. As 
opposed to what  is c o m m o n l y  observed for these high M 
melts at convent ional  processing temperatures  (i.e. 
T > 160°C), within this 'w indow'  the extruded filament 
is smooth  and glossy and extrusion is accompanied  by 
significantly reduced pressures, hence flow resistance. 

As described in previous publications 1 6 the basic 
effect is depicted by Figure 1 showing the extrusion 
pressure (p) recorded as a function o f  cont inuously  
increasing temperature  (T) at constant  piston velocity 
(v). Fo r  appropr ia te ly  high M, and for a sufficiently high 
v there is a p ronounced  decrease in p within a nar row T 
range o f  148 152°C (the temperature 'window' )  with a 
sharply defined min imum at 150-151 °C. 

*Permanent  address: DSM Research BV, PO Box 18, 6160 MD 
Geleen~ The Netherlands 
f To whom correspondence should be addressed 

The variables affecting this min imum are described in 
parts 1 and 2 o f  the series 5'6. In line with previous works 
f rom this labora tory  I 4 the origin o f  the window effect is 
at t r ibuted to a phase t ransformat ion  at the part icular  
temperature.  The format ion  of  a transient, hexagonal  
crystal phase, which is known to contain  the chains in a 
highly mobile form, was suggested, as created through 
flow-induced chain extension. Using a purposefully 
constructed rheometer,  in a different study we could 
indeed identify this hexagonal  phase within the capillary 
por t ion o f  the die by conduct ing high intensity in situ 
X-ray studies in the course o f  flow 7. 

In par t  2 it was shown that  the site responsible for the 
window effect resides along the walls o f  the capillary 6. 
This is in contras t  to the previously held view 1 4 that  the 
window effect originates in the elongational  flow 
upstream o f  the capillary, which is known to induce 
the crystallization effects as first observed by van der 
Vegt and Smit s. In addition, the separation o f  effects in 
the entry orifice f rom those in the capillary pursued in 
part  2 provided an unexpected, new approach  to the 
explorat ion o f  flow instabilities to be taken up further in 
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the present part. To this end, first the complex subject 
area of  flow instabilities and extrudate distortions will be 
briefly introduced. 

Flow instabilities and extrudate distortions 

Since the pioneering studies by Nason 9, Tordella 1° 13 
and others 14 24 it has been known that, beyond a critical 
throughput,  irregularities occur during melt extrusion. 
These irregularities, which are commonly referred to 
collectively as 'melt fracture',  fall into two categories, 
namely instabilities during melt flow and extrudate 
distortions, and have not always been clearly delineated. 

15 
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Figure 2 Schemat ic  representa t ion  of  the mul t i -va lued flow curve  for 
H D P E  in case a fixed rate of  extrusion is mainta ined.  The  vertical 
arrows denote oscillations in pressure 

The two often occur simultaneously, but are not 
necessarily equivalent, i.e. distortions on the extrudate 
can take place without flow instabilities being present, 
but unstable flow conditions always lead to distortions, 
their severity being dependent on the experimental 
conditions and the constitutive properties of  the polymer 
in question. In extrusion practice the occurrence of 
defects marks the boundary of  the commercial produc- 
tion rates at which polymers can be processed. Extensive 
reviews on instabilities in polymer flow have been 
published, e.g. by Tordella m J1, Petrie and Denn 25, 
Vinogradov et al. 26, Denn 27, and recently by Larson -'s 
and Piau el al. 29. 

In terms of the relevant instability and distortion 
effects there are two classes of  behaviour which may best 
be introduced by the examples of  linear high density 
polyethylene (HDPE) and long chain branched low 
density polyethylene (LDPE) 25. HDPE,  of  course, is the 
polymer of  our experiments to be discussed in the 
experimental work to follow, while LDPE, important  
historically, also serves to illuminate some issues relevant 
for general appreciation. 

At the lowest rates the two classes of  material behave 
similarly. The first appearance of extrudate distortions 
sets in at rates at which the upstream flow pattern is 
stable in both classes of  material. These irregularities 
only affect the exterior of  the extrudate and the effect 
itself has been referred to as 'surface melt fracture',  'loss 
of gloss', 'mat te '  or 'mattness '  and in its more severe 
form 'sharkskin' .  Here, we shall refer to it as 'surface 
roughness'.  For H D P E  the first appearance of surface 
roughness has been reported to be accompanied by a 
small change of slope of the flow curve (i.e. p vs 
throughput curve, usually expressed as wall shear stress 
and apparent  wall shear rate respectively), while for 
LDPE the flow curve remains continuous (see for 
example the recent review by Piau et al. 29 and refs therein). 

Upon increasing the rate, once an upper critical stress 
(rw.UC) is attained, H D P E  displays a flow curve 
discontinuity, such as shown schematically in Figure 2. 
Beyond ~'a,crit,l in Figure 2 the stress starts oscillating and 
the extrudate shows periodic distortions. The flow 
instability responsible for this effect is referred to as 
'oscillatory flow' or 's l ip-st ick flow'. We shall refer to it 
as to the appearance of  the extrudate, hence we shall 
term it periodic bulk distortions. The stick to slip 
transition itself is conceivably a stress-controlled process. 
When a fixed pressure level is maintained a ' jump'  in the 
flow rate occurs upon attaining rw.t~'c. The % vs "5'A curve 
will become multi-valued and a hysteresis area l(' is 
present*. 

In both constant rate and constant pressure extrusion 
of HDPE,  when the upper branch of the flow curve is 
attained, beyond a certain rate, the extrudate becomes 
gnarled. In the literature this type of instability has not 
always been clearly delineated from the one responsible 
for the periodic bulk distortions. Several experimental 
studies indicate that the instability responsible for these 
random effects resides in the entry orifice. This instability 
would be associated with rupture (cohesive failure) of  the 
melt. The effect itself is referred to in the literature as 
"waviness', 'gross melt fracture'  or 'elastic turbulence'. 

* It has also been repor ted  > that  two hysteresis areas  are present in the 
flow curve  co r respond ing  to different values of  rate. This will not 
concern us fur ther  
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Again referring to the appearance of  the extruded strand 
we shall term it 'gross shape distortions'. 

Contrary to HDPE,  LDPE does not display a 
discontinuity in the flow curve: T w keeps on rising with 
increasing X/A. Nevertheless, in addition to surface 
roughness already present at lower rates and stresses, 
gross shape distortions in LDPE set in at comparable 
stress values (of order 0.1-1 MPa) as in HDPE.  These 
first take a regular helical form and become increasingly 
more nonuniform and uneven upon increasing the rate. 
There seems to be general agreement in the literature as 
to the site of initiation of the disturbances responsible for 
the gross shape distortions in LDPE being in the 
approach to the capillary at the entrance orifice. 

Reverting to HDPE,  in this case there is no conclusive 
attribution of  the specific site of initiation of the flow 
instability in the extrusion system. By some views it is in 
the entrance. However, most studies reveal that it resides 
within the capillary. As regards the physical origin there 
are two basic views: in the first 3° 33 failure of adhesion of 
the polymer at the capillary wall, and hence slippage at 
the solid boundary, is held responsible for the onset of  
surface roughness, and eventually leading to periodic 
bulk distortions. The mechanism responsible could be 
polymer desorption from the melt-wall  interface. Here, 
the effect would be entirely due to the strength of  the 
polymer wall interface. Another way in which the 
violation of  the stick condition at the wall can be 
explained is disentanglement of  adsorbed and bulk chain 
molecules at the melt-wall  interface, causing a sudden 
reduction of the interaction at the interface 33'34. For  the 
stick slip transition to occur, this would imply that the 
strength of  the polymer-wall  interface, and hence the 
material of construction of  the wall, be irrelevant. 

By the second view 35 39, intrinsic constitutive proper- 
ties of  the polymer would lead to unstable flow 
conditions, and hence to a multi-valued flow curve. In 
principle, again, there are two ways in which the 
constitutive properties of the polymer may lead to 
instabilities: First, yield of  the polymer material in 
closest vicinity to the wall, i.e. where the velocity 
gradient, hence shear flow rate, is maximum, may 
ensue as a consequence of a lower viscosity of  the 
material near the wall compared with the bulk (shear 
thinning behaviour). This situation may be regarded as a 
slip film. Secondly, unstable flow may ensue when the 
rubber plateau is attained 26"38. Once a mechanically 
effective network is present, which is the case in a rubber, 
the strains that can be imposed onto the melt are limited. 
In this case, primary stress build up would take place in 
the entry and, once the rubbery behaviour sets in, beyond 
some critical stress, wall slippage would occur in the 
capillary portion of  the die. 

In order to gain a ready overview of this complex 
subject area, we propose that, in principle, each of  the 
above mentioned failure mechanisms could become 
operative at their appropriate stress level. For  a given 
system and material the type of failure behaviour will 
then be determined by which of  these critical stress levels 
is attained first. Amongst others, the differences for 
LDPE and HDP E could now be explained by stronger 
bonding at the interface for LDPE (or, alternatively, the 
presence of long chain branches hampering the forma- 
tion of a low viscosity slip film). This would suppress 
adhesive failure before other sources of failure become 
operative, the onset of unstable flow at the entry in 

particular. Further, the course of the slip stick process 
would then be accountable to consecutive happenings in 
the capillary: i) stress build up, leading to failure at the 
appropriate critical stress, i.e. for any of the proposed 
mechanisms; followed by ii) stress relief after failure; in 
turn leading to iii) re-establishment of the situation 
pertaining to stable flow, i.e. readhesion. After this a new 
cycle will take place. 

In view of  the above it will be readily apparent how 
these failure sources will be influenced by altering 
interfacial and constitutive properties. If, as a result, 
one of the critical failure stresses is raised (e.g. by 
increasing adhesion through altering the material of 
construction and/or wall surface topology) then the 
corresponding failure mode may be delayed until higher 
stress levels are reached. In the course of this the 
extruded material may stay smooth up to such higher 
stresses, and corresponding flow rates, or alternatively 
other modes of failure, may intervene. In either case, we 
see, that we have acquired an understanding of what is 
happening with the possibility of  purposeful planning of  
the outcome of extrusion practice. 

In the light of this we can also see why these 
irregularities are delayed under 'window' conditions: 
namely, by the work in parts 1 and 2 we create a new 
phase in close vicinity to the wall promoting slippage. As 
a result, at a given rate of flow, the stress (and, hence, the 
pressure drop over the capillary) is lowered. In the 
window the stress at the wall does not attain the level 
required to activate the agencies responsible for surface 
roughness (e.g. polymer fracture at the die exit) and for 
periodic bulk distortions (e.g. polymer desorption from 
the wall). Consequently stable flow can then be main- 
tained at rates at which otherwise (i.e. at higher 7) 
extrudate irregularities such as surface roughness and 
periodic bulk distortions would have occurred. The 
presence of  the new phase relying on flow-induced chain 
extension is secured as long as the velocity gradient is 
maintained. 

Scope of the paper 
This final part will both entail new experimental work 

related to the melt fracture phenomenon also leading to 
some newly recognized effects involving the extrusion 
window. These, in addition to consolidating the views 
adopted in the previous parts, will further our under- 
standing as to which of  the distortions are suppressed 
when extrusion is conducted at temperatures within the 
window interval. 

Specifically, the variation of capillary dimensions 
introduced in part 2 for temperatures pertaining to the 
window will be taken up further to separate entrance 
from capillary effects also for conventional extrusion 
temperatures. In order to gain further understanding on 
the origin of the melt flow instabilities, the relation 
between the pressure (stress) vs flow rate curve (flow 
curve) and the extrudate appearance will be scrutinized. 
Furthermore, the molecular weight dependence of gross 
shape distortions will be investigated, with the aim of 
designing stable flows and controlling extrudate irregu- 
larity, thereby also defining the intrinsic limitation of the 
window effect. Finally, with the objective of creating a 
flow type where conditions of slippage are established a 
priori, the role of external lubrication agents will be 
explored. In all the above window extrusion will be 
compared with extrusion at conventional temperatures. 
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E X P E R I M E N T A L  

The majority of  extrusion experiments were performed 
on a Davenport  capillary rheometer (Daventest Ltd.), 
described in detail elsewhere 5. These experiments were 
performed at a fixed rate of extrusion. Some extrusion 
experiments at constant pressure were also carried out 
using a Rheograph 2002 instrument (G6ttfert). Here a 
constant force was maintained on the piston using a 
PID-control system 6. In most extrusions short cylind- 
rical, stainless steel capillary dies were used having a 
length over diameter ratio (L/D) of  7 and lengths of 14 
and 10.5ram respectively. The entrance angle was 90 ° 
(whole apex). 

In order to study the influence of the presence of a 
capillary portion on the melt fracture phenomenon, 
experiments with zero-length capillary dies (orifice dies) 
were carried out. The orifice had a 90 ° entrance angle and 
a 120 ° exit aperture, and experiments were performed at 
temperatures both below the temperature window 
(146°C), where flow-induced crystallization effects are 
known to set in, at temperatures within the interval 
(151°C), and at conventional extrusion temperatures 
(160°C) respectively. Die swell ratios were evaluated (as 
the ratio of extrudate and orifice diameters) and a 
qualitative comparison was established with results from 
similar studies using capillary dies, 

Extrusion experiments with an 'external' lubricating 
agent were conducted to study the flow behaviour at 
conditions where slip at the wall is known to occur (see 
e.g. ref. 29). The additive used was a fluoroelastomer, 
namely a copolymer of  vinylidene difluoride and hexa- 
fluoropropylene (KYNAR FLEX 2801, p =1.78 g cm 3, 
Mw > 106 (data from supplier), T m = 139°C (as deter- 
mined by d.s.c, at 10°Cmin 1 heating rate)). A standard 
LID = 14/2 stainless steel capillary die was used and the 
flow behaviour was examined at temperatures corre- 
sponding to the window interval (151°C) and at higher 
temperatures (154°C and 160°C). The polymer powder 
(HD6720 pr200, see Table 1) and the fluoroelastomer 
additive were mixed in a mill for several hours, prior to 
loading the rheometer barrel. A 2.5 wt% concentration 
was chosen as to ensure wetting of the metal wall of the 
capillary. 

The materials used in the extrusion experiments were 
linear HDPEs of  molecular weight between conventional 
moulding grades and ultra high molecular weight 
polyethylene, i.e. the weight-average molecular weights 
ranged from 105 to 106gmol -I as determined by gel 
permeation chromatography (g.p.c., see Table 1). The 
majority of experiments was carried out with a polymer 
having Mw = 2.8 x 105 (HD6720 pr200, Mw/M,1 ~ 7.5, 

Table  1 High density polyethylene samples used in extrusion 
experiments 

Sample code Mw (gmol i) M,,/Mn Supplier 

Rigidex 006-60 1.30 x 105 5.9 BP Chemicals 
LAHD 01 4.40 x 105 4.9 BP Chemicals 
HD6720 pr200 2.80 x 10 s 7.5 DSM 
A 2.62 x 105 3.1 DSM 
B 3.81 × l0 s 5.1 DSM 
C 5.08 x 105 4.3 DSM 
D 7.08 x 105 6.5 DSM 
E 1.0 x 106 4.2 DSM 

(Experimental grades A E have approx. (/.15 CH3 per 1000 C atoms) 

supplied by DSM, The Netherlands). For the studies on 
the role of polymer molecular weight only samples with 
Mw/Mn ~ 3 6 were used in order to keep the poly- 
dispersity within well defined limits. 

Samples for extrusion were prepared in the rheometer 
by compaction of the powder at ambient temperature 
and heating to 180°C (30min) to erase any residual 
powder or nascent grain structure. Prior to the extrusion 
experiment the specimens were cooled to preselected 
temperatures and conditioned for at least 20 min. G.p.c. 
results had indicated that the procedure adopted did not 
lead to significant changes in the molecular weight 
distribution. 

RESULTS 

Observations at conventional extrusion temperatures 

Figure 3 shows an (apparent) flow curve recorded at 
180°C. Photography of the extruded strands correspond- 
ing to Figure 3 is displayed in Figure 4. (The values for ")A 
in Figure 4 are indicated by the arrows in Figure 3. The 
direction of extrusion in Figure 4 is from left to right.) In 
addition to measuring the pressure and examining the 
extrudate appearance as a function of  X/A, the exit flow 
rate of  the extrudate was observed visually during these 
experiments. When gradually increasing the flow rate, 
the following events are noticed: 

(i) At the very lowest rates the extrudate is smooth and 
glossy (X/A =1.1  s-J in Figures 3 and 4 (top)). Upon 
increasing the rate of extrusion to 3.8s ~ the 
extrudate develops fine scale surface distortions 
which have a screw-like appearance. These striations 
are perpendicular to the flow direction and become 
more pronounced upon increasing the rate further. 
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Figure 3 Flow curve for HDPE (M -- 2.8 × 105 ) recorded at 180C. 
The vertical lines denote pressure oscillations. The arrows designate the 
apparent  wall shear rate values for which the corresponding extrudates 
are shown in Fi,¢ure 4 
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Figure 4 Photograph of  extrudates produced at 180°C. Values of  apparent  wall shear rate correspond to arrows in Figure 3 

(ii) When increasing the rate still further, periodic 
fluctuations are observed in the pressure (the range 
of these p oscillations are designated by vertical lines 
in Figure 3). During these p oscillations the exit flow 
rate of  the extrudate is found to vary periodically, i.e. 
the melt exits in spurts. The oscillation in p itself 
entails a regular pattern of  increasing and decreasing 
pressures as a function of  time. More specifically, at 
the lower rates in this oscillatory flow regime 
('~A = 11.3 s l), each oscillation 'cycle' was observed 
to consist of three well defined stages4°: In the first 
stage, i.e. in the region corresponding to an increase 
of  pressure, there is a steady etttux of an extrudate 
possessing a distorted, screw-like exterior (Figure 4 
at x/A = l l .3s - l ;  the strand shown displays three 
repeating units, each corresponding to an oscillation 
'cycle'). At the end of  this first stage, i.e. at the 
pressure maximum of each cycle, the flow rate 
suddenly increases sharply, accompanied by a 
smooth portion being ejected from the die. A steep 
drop of pressure is observed accordingly (stage 2). 
The portion of  the smooth extrudate which emerges 
first (right hand side in Figure 4) has a diameter 
slightly larger than that of the final portion (left hand 
side in Figure 4) in stage 2. After this sharp drop, a 
third region is observed where the pressure is again 
decreasing, but at a rate lower than in stage 2. In 
stage 3 an extrudate possessing a rough surface, with 
fine scale striations perpendicular to the flow 
direction, is obtained at a comparatively high exit 
flow rate. The latter surface distortions are seen to be 
finer than the ones corresponding to the increasing 
pressure portion of the cycle (stage 1), and are similar 
to those observed at the lower rates in Figure 4 
('~A z 3.8s 1). 

As can be deduced from Figure 4 (')A = l l . 3 s  1) 
the volume of extrudate ejected when the pressure 
decreases during the oscillation cycle, i.e. the smooth 

portion (stage 2) and the portion with the fine 
striations (stage 3), roughly corresponds to the 
capillary volume*. This implies that, at the lowest 
rates of extrusion in the oscillatory flow regime, the 
stressed material in the capillary is thus expelled in its 
entirety 4° . 

(iii) At higher rates in the oscillatory flow regime 
(')A = 15.1 and 22.6s -1) the number of  periodic 
pressure changes per unit time (i.e. frequency) was 
observed to be enhanced. At the same time, the 
volume (length) of the strand extruded during (the 
part corresponding to decreasing p of) each oscilla- 
tion cycle appears to be reduced compared with the 
one at lower rate (see Figure 4 where the extruded 
strand shown now corresponds to seven successive 
cycles). Since the volume (length) of the strand 
extruded during each cycle is smaller than the 
capillary volume (length), it thus follows that 
removal of the stressed polymer within the capillary 
is incomplete. (This effect will be accounted for in 
Appendix I.) 

At ")A = 22.6 s -1 in Figure 4, the part with the fine 
scale surface distortions is seen to be completely 
absent. When monitoring the pressure as a function 
of time, the oscillation cycle is now found to consist 
of only two stages, namely the first one correspond- 
ing to increasing p and a distorted extrudate 
exterior emerging at low rate and the final one 
to decreasingp and an extruded strand possessing 
a smooth surface finish leaving the die at high exit 
rate without the stage with slower falling p being 
present. 

(iv) When the rate is enhanced beyond --~35s -1, 

* Since the average extrudate diameter is approximately similar to the 
capillary diameter (2 mm),  it is readily seen from Figure 4 that, here, the 
length of the smooth  and the finely striated portions is similar to the 
capillary length (14 mm) 
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pressure oscillations still prevail. However, with 
increasing "~A, the amplitude of the pressure oscilla- 
tions is now observed to diminish: as seen from 
Figure 3, the higher pressure level (hence upper  
critical stress, ~-w,UC) decreases with ~A, whereas the 
lower pressure level (hence Tw,L¢) remains essentially 
unaffected. The corresponding extrudate loses its 
periodic appearance and becomes grossly distorted 
(Figure 4; ~A = 7 5 . 6 s - ] ) .  The decrease of  the 
amplitude of the oscillations is accompanied by an 
exit of  fluid becoming gradually less discontinuous 
until at the highest rates in the oscillatory flow 
regime the spurting has ceased altogether. 

(v) Upon  increasing the rate to 226s ], the pressure 
oscillations have totally disappeared while the 
output flow rate of  the melt remains continuous. 
However, at these high rates of  flow the random 
shape distortions of  the extruded strand are becom- 
ing more pronounced (Figure 4: ~A : 2 2 6 s  1 
(bottom)). 

The above experiment displays all features of  the 
extrudate irregularities as discussed in the Introduction. 
In the order of  increasing ~/A these are : i) stable flow 
corresponding to an initially smooth extrudate, subse- 
quently developing a rough surface; ii) oscillatory flow 
conditions leading to periodic bulk distortions; iii) 
another  continuous branch of the flow curve at the 
highest rates corresponding to a grossly, yet randomly 
distorted filament. 

Additionally, for the oscillatory flow regime, they have 
revealed two important  new features, namely: 1) gross 
shape distortions commencing at rates at which pressure 
oscillations still prevail; 2) gross shape distortions at first 
appearance being accompanied by a reduction of the 
amplitude of the pressure oscillations with the output 
flow rate becoming increasingly more continuous. These 
effects were noticed for LID = 14/2 capillary at 180°C 
(Figures 3 and 4), but most prominently for a slightly 
narrower capillary having LID = 10.5/1.5 at the lower 
extrusion temperature of  160°C (Figure 5). Here, the 
sudden decrease of  pressure maxima (hence upper 
critical stress "rw,UC) with "YA during the oscillation 
cycles is even more conspicuous. 

Observations in the window temperature interval 
In Figure 6 the flow curve obtained for the poly- 

ethylene melt is given at 151 °C, i.e. corresponding to the 
p-minimum of the p vs T curve. The extrudates produced 
at several rates in Figure 6 are contained in Figure 7. 
(Again, in Figure 6 the "~A values corresponding to the 
extrudates of  Figure 7 are indicated by arrows.) With 
increasing rate of  extrusion the following events are 
noticed: 

(i) At the lowest rates ('~A = 1.1s - l )  the extrudate 
exhibits a smooth surface finish and is glossy. Here, 
"rw is found to increase with "~A in a manner  consistent 
with the observations made at higher temperatures 
(compare Figure 3: ~/A < 11.3 s I). 

(ii) However, at a critical flow rate ('~A "~ 2 S I in Figure 
6) this increasing trend is reversed. Now % is found 
to decrease with "~A until a plateau is reached. The 
photograph of Figure 7 (x/A = 15.1 s- i )  illustrates 
that the extrudate is still smooth and glossy the 
same holds for ~A = 30.2 s l---which is the opposite 
to the observations made at higher temperatures at 

which pressure oscillations set in leading to periodic 
disturbances of  the extruded filament (compare 
Figure 4: "~A = 15.1 S-I). 

(iii) At and beyond an upper critical rate ('~A ~ 50 s l) 
severe gross shape distortions set in, such as the ones 
illustrated at "~A : 75.6 s -] in Figure 7. These shape 
irregularities are similar to the ones observed for 
high rates of  extrusion at 160°C and 180°C and their 
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Figure 5 Flow curve for HDPE (M = 2.8 × I05) recorded at 160C. 
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onset of gross shape distortions 
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Figure6  F l o w  curve  for  H D P E ( M - 2 8  x 105 ) r e c o r d e d  a t  151 C 
The  a p p a r e n t  wall  shear  r a t e  in terva l  a s soc i a t ed  wi th  the "window" 
effect is ind ica ted .  The  a r r o w s  des igna te  the a p p a r e n t  wall  shea r  ra te  
va lues  for  wh ich  the e x t r u d a t e s  a re  s h o w n  in Figure 7 
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Figure 7 Photograph of  extrudates produced at 151°C. Values of  apparent  wall shear rate correspond to arrows in Figure 6 

inception marks the boundary of the smooth 
extrusion ' interval '  in Figure 6 (compare Figure 4: 
~A = 75.6 and 226s l). 

The flow curve displayed by Figure 6 (which is 
characteristic of  all temperatures within the 'extrusion 
window interval'  of  148 152°C) is distinct from the ones 
recorded at higher, more conventional temperatures of  
extrusion, exemplified by Figures 3 and 5 (for T = 180 
and 160°C respectively). First, there are no pressure 
oscillations and instead, there is a region of flow rates 
where rw first decreases with ~/A, subsequently levels off 
to a plateau (the length of  which being an increasing 
function of  capillary length6), and finally increases 
again. Secondly, it is seen that both surface roughness 
effects and periodic bulk irregularities are completely 
absent within the extrusion window. Another  difference 
relates to the critical (uncorrected) stress level at the 
onset of  the window effect. It is to the latter issue that we 
shall turn next. 

The flow experiments reported so far were conducted 
at fixed piston displacement rate. The results of  the 
studies conducted at constant value of  pressure (hence 
rw) are contained by Figure 8. (Note that Figure 8 only 
shows the lower branch of  the flow curves such as in 
Figures 2, 3 and 5.) For  both temperatures of  150°C 
( 'window') and 160°C ~/a is seen to increase with 
constant stress up to a critical stress level at which a 
sharp discontinuity takes place. In both cases this 
singularity is accompanied by a manifold increase in 
output flow rate up to a value that was beyond the range 
accessible for the rheometer used and the appearance of 
gross shape distortions on the extrudate (indicated by 
arrows in Figure 8). It is further seen that the critical 
(uncorrected) stress level at the respective flow curve 
discontinuity is different for both temperatures: at 150°C 
( 'window') rw ~ 0.25 MPa, whilst at 160°C ( 'spurting') 
%, ~ 0.35 MPa. The latter value of ~ 0.35 MPa is in full 

accord with the value at the onset of  pressure oscillations 
observed in the fixed rate experiments (compare Figures 
3 and 5). Moreover,  within the range of  temperatures 
investigated (152-220°C) this stress level was found to be 
independent of  temperature. 

Another  difference noticed concerned the appearance 
of the extruded strand. At 160°C, except for the very 
lowest value tested (rw ~ 0.11 MPa), surface roughness is 
present for all stress levels up to the discontinuity. On the 

v 

101 

I0 ° 

! m i | 

10 -I 2.10-' 3.I0-' 5.10 -I 

uncorrected wall stress (MPa) 

Figure 8 Flow curves for HDPE (M - 2.8 x 105) recorded at constant 
pressurc at temperatures of 150°C (0) ('window') and 160"C ([q) 
respcctivcly (Notc that only the lower branch of the multi-valued flow 
curve as given in Figure 2 is shown) 
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contrary, for the lower extrusion temperature of  150°C, a 
smooth and glossy extrudate is obtained for all stresses 
up to the singularity. These observations are in line with 
those made at constant rate. 

Finally, for both temperatures of  extrusion, upon 
attaining the respective critical stress level, first a smooth 
plug is ejected at a progressively increasing rate, which 
subsequently becomes gnarled when some critical 
throughput  value is attained. The length of the smooth 
portion was considerably larger at 150°C. 

The extrusion experiments both at fixed rate and 
constant stress thus reveal significant differences between 
operation at conventional and window temperatures. 
These differences become apparent  both in terms of the 
flow behaviour (i.e. rheology) and the appearance of the 
extrudate. 

The studies reported so far all comprised a single 
polymer material (M = 2.8 × 105). Flow experiments 
involving different molecular weights will be reported in 
what follows next. 

The role of molecular weight 
By either of  the two methods, such as underlay Figures 

1 and 6, the onset of  the window effect in terms of 
~A, apparent  as the occurrence of a minimum in p at 
a sharply defined T and a sharp discontinuity in 
the flow curve respectively, was mapped as a 
function of molecular weight (M) for M in the range 
105 106gmol 1. A precise negative fourth power rela- 
tion with M could be established, which is plotted in 
Figure 9 (bottom)*: 

/Jc C~ "~A,c O( M -4"0 (1 )  

By recording flow curves at Ts within the window 
interval, we could then determine the apparent  wall shear 
rate at the onset of  gross extrudate distortions by a visual 
criterion quite accurately. This is in sharp contrast  to the 
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Figure 9 Cri t ica l  appa ren t  wall  shear  rate at the onset  of  the w indow 
effect (O) and  gross  shape  d i s to r t ions  (&) as a funct ion of  molecu la r  
weight  

situation at conventional temperatures of  extrusion, in 
which case several features of  irregularities were found to 
overlap (Figures 3 and 5). The critical values of*}A at the 
inception of  gross distortions obtained for several Ms at 
150°C are also included in Figure 9 (top). Despite the 
inevitably broad molecular weight distributions of  the 
polyethylenes used, these data points again fall on a 
straight line, albeit with a much reduced slope compared 
to the one applying to the onset of the extrusion window 
effect. Accordingly, the apparent wall shear rate at the 
onset of  gross distortions, "}A,g, is found to obey a 
negative 1.5 ~ 0.5 power relationship: 

"~A,g vc M -15 (2) 

Given the different power relationships displayed by 
equations (1) and (2), it follows that the two singula- 
rities the window effect and the occurrence of  
gross shape d is tor t ions- -must  have widely different 
origins. 

From equations (1) and (2) it follows further that the 
two lines in Figure 9 must intersect. At intersection, 
@A,c = ~/A,g, the corresponding M (M*) defines the limit 
above which the window effect leading to a smooth 
extrudate can be realized, and below which it cannot. 
Namely, for M _> M*, 7A,g --> +A,c, where ~/A,g --  g/A,c 
defines the apparent  shear rate interval for the window 
effect; for M < M*, X/a,g < X/Ax, which means that the 
apparent  shear rate required for the window effect 
yielding a smooth extrudate cannot  be reached. 

From Figure 9 this critical M* is estimated to be 
105 gmol 1. It is further seen that for M > M* the range 
of extrusion rates at which 'window flow conditions' can 
be realized, "}A,g -- ~/A,c, widens upon increasing M. 

Orifice die experiments on extrudate irregularities 
It was shown previously 6 that the window effect could 

not be realized when using an orifice die. This was in 
line with the expectation that the presence of a capillary 
(wall) would be a prerequisite for the window effect to 
occur. In the present study, orifice dies were used also to 
study the sequence of the various extrudate irregula- 
rities (window effects apar t ) - - i .e ,  surface roughness --+ 
periodic distortions ~ gross distortions occurring as a 
function of extrusion rate. These orifice dies were 
further employed to evaluate the amount  of  die swell. 
The results of  these experiments are as follows: The 
extrudate resulting from an orifice die shows no surface 
roughness, and no periodic bulk distortions, yet can 
display pronounced gross shape distortions at the 
appropriate  elevated flow rate when extrusion is carried 
out within the window interval. At conventional 
extrusion temperatures, surface roughness is observed 
already at very low rates (v/A ~ 1-25s  1 at 160 C), 
becoming more pronounced upon increasing the rate 
and turning into gross distortions at the highest rates of  
extrusion (~/A > ~ 25s-1 at 160~C): for orifice dies 
periodic bulk distortions are never displayed (i.e. 
oscillatory flow conditions never occur). At tempera- 
tures below the window interval none of the extrudate 

* In this paper  we re ta in  the symbols  "~A and r~ to denote  appa ren t  wall 
shear  rates and  (uncorrected)  wall  stresses respectively as defined 

• q 6  previously  " : "Sa = 32Q/7rD3, where Q = volume th roughpu t  and 
D capi l la ry  diameter ,  and  r,~ = Aptot/4(L/D ), where A/?to ~ total  
pressure d rop  measured  and L = capi l la ry  length 
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irregularities is observed. Yet, the die swell ratios are 
considerably higher than at conventional extrusion 
temperatures (see below). 

Overview of extrudate irregularities 
The outcome of the preceding experiences on extru- 

date irregularities, including capillary and orifice dies are 
summarized in Table 2. The comparisons are applied to 
temperatures below the window interval (Tin) (146°C), 
within the window interval (151 °C) and at conventional 
extrusion temperatures (160°C) with the extrusion 
carried out at "~A = 5 S -1 throughout.  

In accord with the expectation that the presence of  a 
capillary enables relaxation of the strain accumulated 
by the melt in the constriction at the entry orifice, the 
die swell ratio is appreciably lower when a capillary is 
present. This appears to be the case at all Ts studied. At 
T < Tin (146°C), extrudate irregularities such as dis- 
cussed above were never observed. Instead, the extru- 
date exhibited considerable die swell. At the appropriate  
elevated flow rates the diameter of  the extrudate became 
nearly equal to the diameter of  the reservoir upstream 
of  the constriction. Thus, at these ' low' temperatures 

nearly full recovery of  the strain accumulated by the 
melt in the entrance takes place .4. 

At T = Tin (151°C) neither capillary nor orifice die 
flow gives rise to surface roughness and periodic 
distortions. As demonstrated in previous work 5, at 
these temperatures, the die swell ratio is minimum. At 
highest rates (i.e. at "TA > ~ 50s 1), however, gross 
shape distortions occur both for the orifice and the 
capillary die. 

Flow experiments using a fluoroelastomer additive 
The flow curves of  the pure polymer (top) and polymer 

to which the fluoroelastomer was added (bottom) are 
shown in Figure 10 for T = 151°C (i.e. corresponding to 
the p-minimum of  the p vs T curve in Figure 1). The flow 
curve for the pure polymer has been taken from Figure 6. 

In the presence of the fluoro additive, at the lowest 
rates (~/A < ~ 1 S-l), Tw reaches an initial value which 
slowly decays with time elapsed (the latter effect being 
demonstrated by the vertical arrows). At higher rates a 
steady state is attained a few minutes after start-up of the 
flow. Accordingly, with increasing "~a a narrow plateau 
in ~-w is observed ('~A ~ 1 -4s  1), followed by a steep rise 

Table 2 Relative die swell ratios and the presence of distortion as a function of temperature for orifice dies and capillary dies 

Temperature Die type Die swell ratio Surface roughness Periodic bulk distortions Gross shape distortions 

146°C Capi l lary  2 - 3  n n n 

Orifice > 3 n n n 

151°C Capi l la ry  1 1.25 n n y 

Orifice 1.25-1.5 n n y 

160°C Capi l la ry  1.25 1.5" y y y 

Orifice 1 .5-2"  y n y 

n = no, y = yes 
"An estimate since surface roughness is present 
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Figure 10 Flow curves recorded at 1519C for pure HDPE (©) and 
o 5 HDPE containing 2.5wt Vo fluoro additive (NN) (M = 2.8 x 10 ) 

in T w ('~A > ~ 4S-1) - Although the effect of  lubrication 
on Tw is prominent  even for ~A < ~ 15 S -1, it is further 
seen that for the pure polymer, for "~A beyond ~ 15 s l, 
the stresses are comparable to, or even slightly smaller 
than, the Tw values obtained for the lubricated flow. 

At the highest rates both for the pure material and the 
lubricated polymer, gross extrudate distortions are 
found to take place. In the presence of  the fluoroelasto- 
mer the critical onset shear rate was slightly higher (i.e. 

1 ,~ 1 7A ~ 60s -  compared with "~a ~ 50s for the pure 
polymer). 

A further effect was noticed when examining the 
influence of temperature on the flow curves for the 
lubricated polymer. Figure 11 displays the flow curves 
recorded at temperatures of  151, 154 and 160°C, all 
showing a plateau in rw at the lower rates of  extrusion 
(TA < ~ 4 s -1) and an increasing value of  T w at higher 
"~A- By adding the fluoroelastomer pressure oscillations, 
which would otherwise have prevailed at the conven- 
tional extrusion temperatures, are fully suppressed. The 
entire flow curve is seen to shift to progressively lower T w 

* We propose that full recovery can take place since the deformed melt 
is "frozen in' in the form of flow-induced fibrous crystals which prevent 
the melt from relaxing: Upon exit of the extrudate these fibrous crystals 
will melt and the elastic energy stored will be fully recovered 
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when increasing T. Apart from this shift, it is seen that 
the shape of the flow curve is invariant with temperature, 
also including Ts corresponding to the window interval. 
Through adding the lubricant, in addition to the periodic 
bulk distortions, surface roughness is also suppressed 
within the entire T regime studied. At the highest ")AS the 
only type of  extrudate irregularity setting in is gross 
shape distortion. Nevertheless, at the window tempera- 
ture, the rate at which these gross distortions first became 
apparent was substantially higher than for the Ts above 
the window interval (i.e. ~/A ~ 60 s -I at 151°C as opposed 
to 7s I and 10s -1 at 154°C resp. 160°C). (Note that the 
onset of  gross shape distortions is indicated for each T 
by vertical arrows through the corresponding symbols in 
Figure 11.) 

DISCUSSION 

For all of  the relevant extrudate irregularity effects-- 
surface roughness, periodic bulk distortions and gross 
shape dis tor t ions-- the critical onset can be postponed to 
higher values of rate upon increasing temperature (T) 
(Compare, for example, the flow curves in Figures 3 and 
6.) This is in accord with expectation that the resistance 
to flow (i.e. melt viscosity) is a decreasing function of 
increasing T. Since the critical stress level at the onset of 
the irregularity appears to be insensitive to 7", the first 
appearance of the irregularity will set in at a correspond- 
ingly higher throughput. (It is noted that, in the 
literature, there is ambiguity as regards the magnitude 
of the critical stress for the ~spurt' effect (7"w,crit see Figure 
2) as a function of temperature. Most studies indicate 
that the critical Tw remains essentially unaffected by T. 
Others show that 7-w,crit is increasing with T (see, for 
example, ref. 33). We take the difference in Tbetween the 
two extrusion temperatures studied (10°C) as too small 
to significantly affect Tw.crit. 
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Figure II  Flow curves for HDPE containing 2.5 wt% fluoro additive 
recorded at 151°C (11), 154'~C (A) and 16&C (Q). The arrows designate 
the onset of gross shape distortions at the respective temperature. A 
typical error bar is indicated 

In contrast to increasing T, which may have several 
undesirable consequences such as polymer degradation 
and higher operation costs, the present works show that 
a reduction of T to within the 148-152°C 'window' 
interval can also have the effect of  suppressing extrudate 
irregularity at rates at which they should otherwise have 
prevailed (compare Figures 4 and 7). However, the effects 
associated with the 'window' go much beyond: instead of 
delaying surface roughness (the inception of which 
usually marks the boundary of the commercial produc- 
tion rates) and periodic bulk distortions, by extrusion 
within the 'window', these types of irregularity can be 
eliminated altogether. Since smooth extrudability is 
accompanied by a minimum in die swell and good 
shape stability 6, and since it can be realized without the 
need to use lubricating additives, 'window' extrusion 
may offer significant practical advantages for the 
manufacture of unidirectional products such as fila- 
ments, profiles, rods and pipes. 

Apart from its direct application, 'window' extrusion 
provides a useful tool for the appreciation of flow 
instabilities and extrudate irregularities. For  the latter 
purpose we shall briefly recapitulate the results on the 
decomposition of  the pressure (stress) values in the flow 
curve of Figure 6 into the contributions from the 
entrance and the capillary as arrived at previously 6. 
For concise presentation, the various experimental 
results will be categorized as to the relevant type of 
irregularity and will be discussed in the order: gross 
shape distortions, periodic bulk distortions and surface 
roughness respectively. The experiments with the fluoro- 
additive will feature additionally. 

On the separation of entrance and capillary effects in the 
window 

Clearly, the flow field in the present extrusion 
geometry is highly complex, being of essentially simple 
shear flow character within the capillary, and having 
both elongational and shear flow components upstream 
of the capillary orifice. The total pressure drop (mptot), 
which is the one being measured, is compounded by the 
contributions of the entry (Apentry) ,  the capillary (z2XPcap) 
and the exit (Apcxit): 

z2XPto, = z2XPentry - -  APcap 4- z2XPexi t (3)  

In order to determine the capillary constituent and the 
pressure losses at both capillary ends (Apend  s = Apentry 
+ A p e x i t )  the scheme of Bagley 41 was adopted (as 
described in detail elsewhere6). The results of this 
procedure are shown in Figure 12 at 151 °C for a capillary 
having L/D = 8/2. To recall, the end losses are seen to 
be a monotonically increasing function of polymer 
throughput (the small discontinuity occurring just 
beyond the onset of the window apart), whereas the 
capillary pressure drop continuously decreases with 
increas ing  @A beyond the critical value associated with 
the onset of the window effects (i.e. ~/A.,, ~ 2S-I) • For all 
~/AS investigated, the magnitude of the pressure drop over 
the capillary was found to scale linearly with capillary 
length (i.e. APcap o ( L ) ,  also for conditions at which the 
window effects pertain (i.e. ~/A > 2 S 1). Thus, a 'master 
curve' of ends corrected stress (% ~ 2xPcap/L) vs ")'a 
could be constructed. (In the discussion below it will be 
assumed that the rise of z2XPend s with ~"A (i.e. for 
~/A > 2 S-I in F(gure 12), is mainly due to an increase of 
/kPentry, hence APcxi t will be neglected.) 
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Gross shape distortions 
The flow curve of Figure 6 and the corresponding 

extrudates of Figure 7 reveal that neither surface rough- 
ness effects nor periodic disturbances of  the extrudates 
are present when the polymer is extruded from a capillary 
within the extrusion window interval. At the highest rates in 
Figure 6, however, gross shape distortions set in. 

In general, irrespective of  the flow behaviour of  the 
melt in the capillary, gross shape distortions are expected 
to occur as soon as the stress in the material reaches a 
critical value. Since the stress in the capillary 
(7- w = ApcapD/4L ) in Figure 12 is found to be a 
decreasing function of "Ta at T = Tin, whilst APentry 
(APend s, hence the stresses arising at the capillary 
entrance), increases monotonically with 7A, it follows 
that the origin of the gross distortions can only lie in the 
approach to the capillary where the flow is of  predomi- 
nantly elongational character, a conclusion already 
inferred previously 6, but here substantiated from a new 
angle, we maintain in a definitive manner. 

Support for this contention is provided by Figure 9, 
showing that the onset shear rate for the window effect 
has a different dependency on weight-average molecular 
weight ( M w -  M) than the onset of  gross distortions. 
Namely, the precise negative 4th power relationship of  
"YA,c in M (equation (1)) is related to simple shear flow in 
the capillary 5,6. The flow mechanism responsible for the 
negative 1.5th exponent of'~A,g in M at the onset of gross 
shape distortions (equation (2)) must have a different 
origin, which may well be related to instabilities in the 
entry flow. In this respect one could envisage gross 
distortions arising as the consequence of  stress build up 
in the elongational flow field upstream of  the capillary 
leading to rupture of the polymer melt once a critical 
stress level is exceeded. This critical stress level may well 
be related to the cohesive strength of  the material. A 
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Figure 12 Decomposit ion of  the total pressure drop (0)  into end 
losses (A) and capillary pressure drop (C3) as a function of apparent  wall 
shear rate to illustrate the various events that occur when maintaining a 
constant  pressure in the rheometer (for explanation see text) 

negative 1.5 power law exponent for the M dependence 
was observed previously in elongational flow studies, 
even if in a different context, namely for the critical 
elongational strain rate for the coi l~st re tch transition 
(~ oc M -15) of  individual polymer chain molecules in 
dilute polymer solutions 42. This correspondence may not 
be mere coincidence, and could perhaps serve as a 
starting point in a search for an explanation, a point 
which, however, we do not intend to follow up here. 

At the 'cross over' point at M* ~ 105 in Figure 9, the 
inception of gross shape distortions corresponds to the 
same rate which is required for the onset of the window 
effect (i.e. "~A,g = @A,c)' It follows that for M < ~ 105 the 
window effect cannot be reached as smooth extrusion 
(capillary effect) is directly followed by gross shape 
distortions (entry effect). 

The two relationships in Figure 9 were plotted for a 
fixed capillary geometry (L/D = 14/2 and 2a = 90°). 
The critical onset ~/n,c of  the window effect is found to be 
independent of  capillary length (L) and of the entrance 
angle (2a) of  the capillary die, and nearly invariant with 
capillary d i a m e t e r  (0)  6. In contrast, any elongational 
flow effect, such as held responsible for the gross 
distortion effect, would be strongly influenced by 
changes in D and 2a. It is expected that the line 
corresponding to the onset of gross distortions in 
Figure 9 would shift to higher values of  ~/a when the 
'strength' of  the elongational flow component at the 
entry is diminished (e.g. by increasing D at a fixed 
reservoir diameter, or decreasing 2a). The cross-over 
point in Figure 9 would be displaced to lower M 
accordingly. 

Finally, as both the onset of the extrusion window and 
gross melt fracture have different dependencies on M 
(equations (1) and (2)), the range of  throughputs (hence 
"~A) enabling smooth extrusion is seen to widen with 
increasing M. For  example, from Figure 9 it is derived 
that the ~/A-interval equals one decade for M ~ 2.3 x 105 
and two decades for M ~ 6.0 x 105. With increasing M 
this 'processing interval' could be increased still further. 
This is of potential practical importance as it is the high 
M materials that are conventionally the most difficult 
ones to process. All the above illustrates the potential of  
the present findings in the design of  stable flows and in 
the control ofextrudate irregularity, issues to be tested in 
future works. 

At this stage the flow curves recorded at constant 
pressure (hence 7w) at the temperatures of  150 and 
160°C need commenting on (Figure 8). Although these 
curves may, at first sight, seem to be largely similar, i.e. 
they both exhibit a discontinuity ('spurting') at some 
critical value of  stress, the mechanisms underlying the 
spurt must be widely different. This stems from the fact 
that the singularity related to the window effect is 
accomplished at reduced stress (i.e. ~ 0.25MPa as 
opposed to ~0 .35MPa) .  As pointed out in the 
Introduction, the 'spurting' effect commonly observed 
at the higher stress value at 160°C (and any other 
T >  152°C) we attribute to interfacial failure or 
constitutive instabilities, i.e. depending on the critical 
stress levels corresponding to these failure mechanisms. 
On the contrary, we assign the flow curve discontinuity 
observed at the lower value of stress at 150°C to the 
creation of  a low viscosity slip film, which is the result 
of  a flow-induced phase transformation of  the melt 
near the capillary wall. 
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In both constant stress experiments of Figure 8, upon 
attaining a critical stress, first a smooth extrudate 
emerges at gradually increasing output flow rate, which 
develops gross shape distortions beyond some critical 
flow rate. Using the experimental evidence obtained in 
the constant rate experiment at temperatures pertaining 
to the extrusion window, it is argued in Appendix II that 
the onset of gross distortions can be delayed by using 
shorter capillary dies. (Although the way of reasoning is 
adopted for the particular case of  the window tempera- 
ture interval, we infer that it should also be applicable at 
conventional extrusion temperatures.) 

The foregoing clearly demonstrates the usefulness of 
performing rheological experiments in the temperature 
'window'. Namely, since other types of irregularity, 
which would otherwise have interfered and obscured the 
picture, are absent, gross melt distortions can be studied 
as an isolated event. By performing rheological studies 
within the window interval, i.e. by decomposition of the 
total pressure drop into capillary and entry constituent 
and determination of the dependency of the critical onset 
shear rate (throughput) on M, the origin of  gross shape 
distortion can be attributed conclusively to the entry flow 
upstream of the capillary. Since the window effect was 
shown to be due to happenings within the capillary, we 
feel justified in transferring our experience on gross shape 
distortions, gained under window temperatures, to the 
higher temperatures commonly applied in extrusion 
practice. 

Periodic bulk distortions 
When oscillatory flow conditions pertain, in practice, 

at temperatures above the window interval, the extrudate 
exhibits periodic bulk distortions. Pressure fluctuations 
are observed only when the rheometer is operated at a 
fixed piston displacement rate. Conversely, when condi- 
tions of constant pressure are maintained, the through- 
put is seen to 'jump' between the two branches of  the 
flow curve (see schematics of Figure 2 and Figure 8), and 
stable flow cannot be sustained at values of  throughput 
intermediate with respect to those corresponding to this 
upper and lower branch, 

In the context of periodic extrudate distortions, at this 
stage we recall the results for the orifice die experiment 
conducted at conventional temperatures. Here, the 
sequence of extrudate irregularities was found to be 
different from that for capillary dies. Namely, at the 
lowest rates surface roughness was present which turned 
into gross shape distortions discontinuously beyond a 
certain rate of extrusion U/A ~ ~ 2 5 s  I at 160°C) 
without oscillatory flow conditions having set in 
previously. This suggests that the presence of  a capillary 
is a prerequisite for the occurrence of oscillatory flow 
effects, which is in line with recent results reported by 
Piau eta/. 43 on linear polydimethylsiloxanes. The fact 
that gross shape distortions are present even in the 
absence of a capillary portion, is in full accord with the 
above contention that such gross defects are caused by 
instabilities in the converging flow at the entry. Regard- 
ing the corresponding rate at the onset of such gross 
distortions at normal extrusion temperatures, the value 
for the orifice die (~/A ~ 25s t) was observed to be 
similar to the one found for the capillary die (Figure 5). 
However, it is still considerably lower than the one 
observed for a capillary die at window temperatures 
(~'A ~ 50 s-t)  - 

The relation between periodic distortions and gross shape 
distortions 

It was remarked above that, for capillary dies, at 
conventional extrusion temperatures (180 and 160°C 
Figures 3 and 5), gross shape distortions set in under 
conditions where pressure oscillations were still present. 
Once such gross distortions appeared, upon increasing 
41, the amplitude of the pressure oscillations was found 
to diminish, whilst the distortions became more severe 
and increasingly random. At still higher ~/A, these 
oscillations eventually died out and the pressure 
became uniform again. Within the scheme laid out in 
the Introduction we can understand the appearance of 
gross distortions still within the oscillatory flow regime; 
namely, it is the result of the attainment of the critical 
stress corresponding to the onset of gross shape 
distortions in the elongational flow field at the entry 
orifice, while pressure oscillations still pertain as a 
consequence of reaching some critical stress level at the 
capillary wall. 

As another question we may ask why the pressure 
oscillations die out at all. Clearly, at some critical 
throughput- -marking the upper boundary of the 
oscillatory flow regime-- the material loses its ability to 
reestablish the situation prior to the stick-+slip transi- 
tion. That is to say, on the time-scale involved, the 
reverse slip---~stick process can no longer take place. 
Inability to readhesion, of course, could pertain perma- 
nently beyond the flow curve discontinuity when the 
rheometer is operated at constant pressure, in which case 
the polymer melt is in a continuous state of slippage and 
pressure oscillations are never prominent. In principle, 
such slippage can be envisaged both as failure of the 
polymer-wall  interface (i.e. polymer desorption) and 
near wall slippage. With regard to the latter, Brochard 
and de Gennes 34 have suggested that for scarcely 
populated surfaces ('weak brush') adsorbed molecules 
may become disentangled from those constituting the 
bulk. This process would be stress-induced (Brochard 
and de Gennes refer to it as a "marginal state') and will 
lead to slip along a polymer polymer interface. Recently 
Drda and Wang 33 provided evidence that analogous 
disentanglement of anchored and bulk chains may be 
present also for densely populated surfaces; such is the 
case for HDPE on a metallic surface. Taking this 
disentanglement model further, the inability of read- 
hesion of the melt beyond a certain throughput can 
readily be accounted for. 

When the rheometer is operated at constant rate, in 
the decreasing portion of the oscillation cycle stress 
relaxation takes place. After relaxation of the stress 
re-entanglement will occur at the previously created 
polymer polymer interface and, hence, the interface 
will be re-established. 

At and beyond the upper boundary of the oscillatory 
flow regime, we propose that, on the time-scale of the 
flow, re-entanglement can no longer be completed and, 
hence, re-establishment of the interface can no longer 
occur. As a consequence, stresses cannot build up any 
longer and continuous slippage would ensue. (In 
Appendix I it is argued that, upon increasing ":/A within 
the oscillatory flow regime, beyond some critical value, 
decompression may become incomplete. Amongst 
others, this would lead to partial expulsion of the 
extrudate from the die and explain the observation that 
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the plug volume becomes smaller than the capillary 
volume. Nevertheless, we argue that, here, the melt is still 
capable of re-adhesion.) 

As opposed to the above discussed overlap of gross 
shape and periodic bulk distortions, a wide separation of 
the two regimes has also been reported for high density 
polyethylene 13'3°'44. For  HDPE,  for example Uhland 
observed that pressure oscillations die out beyond a 
critical rate of  extrusion, giving way to a distinct region 
where smooth and glossy extrudates were obtained. At 
still higher rates gross shape distortions appeared 44. This 
smooth extrusion regime (which is sometimes referred to 
as 'super-critical' extrusion regime) was observed for 
several entrance angles and capillary LID ratios, 
demonstrating that its presence is governed by the 
constitutive properties of  the material alone and not by 
the geometry of  the capillary die employed. For  the case 
of  a separation of  the regimes corresponding to periodic 
bulk distortions and gross shape distortions, another 
difference was noticed regarding the amplitude of  the 
pressure oscillations 44. Namely, here, the amplitude was 
found to be an ever rising function of extrusion rate, and 
a sudden decrease in the amplitude of the oscillations, 
such as diagnosed in our own experiments (Figures 3 and 
5), was not observed. We therefore conclude that the 
sudden reduction of the amplitude is the result of  
fracture of  the melt in the entry orifice, in turn leading 
to incomplete adhesion of  the melt in the capillary. 

Gross shape distortions may thus commence, both at 
rates of  extrusion corresponding to the oscillatory flow 
regime (this work), and at rates beyond the oscillatory 
flow regime (refs 30 and 44). In the light of  the various 
failure modes leading to extrudate distortion discussed in 
the Introduction, i.e. failure of adhesion (by polymer 
desorption or the formation of  a disentanglement layer) 
or constitutive instability (formation of  a low viscosity 
slip film or through elastic behaviour), it follows that two 
polymeric materials of  closely similar chemical constitu- 
tion may possess largely different stress thresholds for 
the onset of  the various extrudate irregularities. 

At this point a further comment on the relation 
between the 'super critical' extrudability and our own 
'window' effect needs to be made. The consequences of  
the two effects are similar both leading to a smooth 
extrudate as long as the conditions pertaining to the flow 
at the entry orifice are stable. In our view both effects are 
manifestations of  plug flow, i.e. slippage at the solid wall. 
Yet, the conditions giving rise to the two effects are 
widely distinct: Those in the 'window' effect are fully 
defined and understood as described in these papers. 
Those in the 'super critical' extrusion phenomenon are 
unpredictable and, even in the H D P E  class, are 
dependent on the particular material used. As opposed 
to the 'window' effect, 'super critical' extrudability is not 
confined to a specific temperature range and can occur 
over a wide range of  extrusion rates or not at all: the 
material used for the study of  our 'window' effect did not 
display it. The relation between the two effects, if any, 
invites further exploration. 

Surface roughness 
So far, the subjects of  investigation have been gross 

extrudate irregularities and periodic bulk defects. Next, 
the final issue related to the melt fracture phenomenon 
will be addressed, namely surface roughness. In the flow 
curve recorded at 180°C (Figure 3) surface roughness was 

found to set in beyond some critical value of')A (~ 2 S - l ,  
see Figure 4) at conditions where the pressure (hence wall 
stress, Tw) was uniform and an increasing function of'~A, 
i.e. in accord with most observations in the literature. In 
line with most experimental studies, the onset ~A was 
found to shift to increasingly higher values with 
increasing temperature (compare for example Figures 3 
and 5), whilst the corresponding rw remained essentially 
unaffected. However, when the temperature was lowered 
to values within the window interval, such surface 
roughness effects vanished altogether (Figures 6 and 7). 

In the literature two different basic views prevail 
regarding the mechanism responsible for surface rough- 
ness. The first view 18'43'45-49 relates to fracture of the 
polymer at the die exit due to the abrupt change in 
boundary conditions. In the second view 3°-32 the onset 
of surface irregularities (and, subsequently, the more 
severe type of  periodic bulk distortions) is assumed to be 
caused by the occurrence of  slippage in the capillary land 
portion of  the die. 

The orifice die experiments conducted at 160°C reveal 
that surface distortions are present even when the 
capillary is absent (Table 2). It is worth recalling that 
such surface roughness effects are also manifest in 
constriction-free flow 6, even on the comparatively large 
scale of the barrel of  the rheometer (d = 12mm) in a 
'tube flow' experiment carried out at T = 160°C, thus 
demonstrating that surface roughness also occurs in the 
absence of  a constriction. The results of these orifice and 
tube flow experiments both have one feature in common, 
namely that an abrupt change in boundary conditions 
takes place on exit from the flow system. Namely, both 
for the orifice die and the parallel rheometer barrel a 
considerable change in velocity takes place in the outer 
layer of the extrudate when the melt leaves company with 
the walls in the particular flow geometry. It is con- 
ceivable therefore that acceleration of material in the 
surface layer may give rise to high stretching forces, 
which may eventually lead to rupture of the material in 
the exterior of the extrudate. 

The above experiments on the special geometries of 
the orifice and the tube 6, combined with general 
experience from capillary dies (i.e. all cases where surface 
roughness is prominent), thus indicate that the surface 
distortions in question would ensue independent of  
the manner in which stress build-up (i.e. the nature of 
the stress field) takes place prior to the change of the 
boundary conditions at the respective exits. Rather, they 
suggest that the single requirement for the onset of 
surface roughness is the attainment of  a critical stress 
level at the duct exit. As regards the mechanism 
responsible, the present observations thus make a 
strong point for the view that surface roughness is 
caused by fracture of  the polymer surface at the exit. 

On the absence of  periodic bulk distortions and surface 
roughness in the window 

Probably the most conspicuous finding within the 
present works on polymer melt flow instabilities is the 
observation that the flow curve recorded at temperatures 
within the 148 152°C interval (Tin) does not display the 
oscillatory flow regime as discussed in the foregoing, but 
instead, exhibits a portion where the pressure (stress) is 
first seen to decrease, subsequently to bottom out as to 
form a plateau, and finally to rise with increasing 
apparent wall shear rate (~/A) (compare, for example, 
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Figures 3 and 6). In what follows the question of the 
origin of this difference will be addressed. 

As shown conclusively in previous works 5'6 the prime 
effect responsible for the reduced flow resistance 
associated with the extrusion window resides within the 
capillary portion of  the die. Since a reduction of flow 
resistance was only observed within the sharply defined 
temperature interval of 148-152°C, the effect was 
attributed to a thermodynamic factor, a phase transfor- 
mation in particular. The transformation itself would 
take place at a site in the (simple shear) flow field of the 
capillary where extension of  the macromolecules is 
maximum. Namely, chain extension would be a pre- 
condition for such a phase transition and this would be 
feasible when the molecules are anchored to the wall. 
Considering the sharpness of the temperature interval 
(148-152°C), this would reflect the range of tempera- 
tures where the newly formed phase would be stable. As 
this phase would have to be capable of  reducing the flow 
resistance at or close to the wall of  the capillary, the 
highly mobile hexagonal form of  polyethylene was 
proposed for this phase. 

As confirmed by in situ X-ray studies 7, the rheological 
effect of the extrusion window, i.e. slip, is thus associated 
with an underlying structural process, namely a phase 
transformation of  the melt along the capillary wall. Once 
this newly formed phase is present, it is not inconceivable 
that a disentanglement process of anchored chains from 
those within the bulk would be greatly facilitated and 
that slippage will ensue in close proximity to the solid 
boundary. The stick-*slip transition associated with the 
window phenomenon is also a stress-controlled one 5'6, 
but, through the presence of the mobile hexagonal phase, 
the critical stress level itself is significantly lower than 
that for the common slippage effect at higher tempera- 
tures. 

The presence of the hexagonal phase would further 
prevent stress concentration at the die exit such as would 
lead to high stretching forces in the material, eventually 
leading to surface distortions of the extrudate. The fact 
that stress can no longer accumulate while the material is 
travelling downstream the capillary, would also explain 
why oscillatory flow conditions, such as leading to 
periodic extrudate defects, do not appear under the 
conditions of the extrusion window. 

Flow experiments using a lubricating additive 
During polymer processing operations in the melt, 

lubricants may be added for at least two different 
reasons: In the first place they may be used to lower 
the viscosity of  the polymer, hence to promote the flow of 
the melt. The type of compound to be used has to be (at 
least partially) compatible with the polymer and is 
usually referred to as an 'internal lubricant'. 

Additives may also be used to reduce the flow 
resistance at the solid boundary. Sometimes coatings 
are applied to lower the surface tension of the die wall 
material,which is usually a metallic surface. By virtue of 
a reduction of the surface tension of the confining 
boundary, adhesion of  the polymer would be diminished 
and hence the polymer molecules may slide more readily 
along the coated surface. Also, or alternatively, such a 
coating may hamper anchoring of  polar functional 
groups of the polymer to the oxidized metal surface. 
Low viscosity additives are also used with the aim of 
confining shear deformation to a thin layer constituted 

by the additive at the wall. The compounds employed for 
these latter purposes are incompatible with the melt and 
are commonly referred to as 'external lubricants'. In this 
work experiments were conducted with such added 
external lubricant, more specifically, a copolymer of 
vinylidene--difluoride and hexafluoropropylene. 

Through the addition of the fluoroelastomer, surface 
roughness effects as well as periodic bulk distortions, 
ensuing from oscillatory flow conditions, could be 
eliminated completely. Similar effects have also been 
reported in the literature when using fluorinated 
additives 32, fluoroelastomers 47, fluorinated powders 5°, 
polytetrafluoroethylene capillaries 26'29 or carefully pre- 
pared surfaces containing fluorine groups s~. 

In our scheme the absence of  surface and periodic 
distortions would be accountable for in terms of  a 
reduction of  the wall stress through the presence of the 
fluoroelastomer along the solid boundary. As a conse- 
quence, the power requirement for extrusion would be 
lowered and the critical stress level for the relevant types 
of distortions would not be attained. 

For  the pure polymer, upon increasing ")A, the 
extrusion window effect at 151°C is found to set in 
beyond a rate of ~ 2 s -1 (top curve in Figure 10). During 
flow of the polymer in the presence of the fluoroelasto- 
mer additive, instead, a narrow region (X/a ~ 0.4-4S-1; 
bot tom curve in Figure 10) is observed where extrusion 
pressures are consistently lower than the ones observed 
for the pure polymer. Increasing the flow rate in this 
plateau region does not result in higher (wall) stresses, 
which can be explained by the occurrence of slippage. 
Namely, with increasing throughput, the slip velocity at 
the wall increases whilst the magnitude of the velocity 
gradient within the melt interior remains unaffected. In 
the presence of the external lubricant this slippage could 
be envisaged as a large velocity gradient in a very thin 
layer of low viscosity additive material. When the 
thickness of such a film is small compared with the 
diameter of  the flow channel, it can be treated 
mathematically in a similar way as for the case of pure, 
macroscopic slippage. 

Upon increasing ")A further the pressure is seen to rise 
in a similar way as for the pure polymer at temperatures 
within the window interval: It is seen from Figure 10 that 
the differences in pressure levels between the pure and the 
lubricated polymer flow types become increasingly 
smaller. Most conspicuously, within the interval of 
x/A ~ 15-60s -1 the melt flow resistance (i.e. the ratio of 
the pressure and the rate) of the pure polymer becomes 
equal to, or even slightly lower than (i.e. the traces cross 
over), its lubricated counterpart. 

As implied by equation (3), the total pressure drop 
(Aptot) is constituted by the pressure drop over the 
capillary (Apcap) and by the losses at the capillary ends 
(APends). As shown in previous work 6 and displayed 
again by Figure 12, when conditions for the extrusion 
window pertain, the decrease of Aptot observed is 
accounted for by a reduction of APcap. That is to say, 
the window effect is associated with a reduction of the 
flow resistance in the capillary. 

The reversal of  the decreasing trend of APtot with x/a at 
the end of  the narrow lower plateau region in Figures 6 
and 12 (T = Tin ) is associated entirely with an increase of 
Apend s. (The presence of the hexagonal phase 7'52, when 
only in small amounts, is expected to have little effect on 
the flow resistance in the entry orifice 6. Similarly, the 
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presence of the fluoroelastomer would not affect Apend s 
significantly since changes in Apend s will be governed by 
changes in elongational viscosity.) 

Since the magnitude of  Aptot  in this portion (say at 
g/A > ,-,o 10 s -1 in Figure 10) of  the flow curve is nearly 
similar both for the pure and the lubricated polymer at 
151 °C, it follows that the flow resistance in the capillary 
under window and lubricated flow conditions must also 
be largely similar. Within the window interval we have 
thus created flow conditions that highly resemble those 
when an external lubricant is present, which thus we may 
term 'self-lubrication'. Unlike the window effect, which is 
confined to a narrow temperature interval, the lubricat- 
ing effect of  the fluoroelastomer displays a smooth 
continuity in temperature (Figure 11). Nevertheless, 
extrusion in the window offers the intrinsic practical 
advantages of  not requiring such costly and time- 
consuming application of additives. Window extrusion 
further enables production of  extrudates that are free 
from irregularities up to higher values of  throughput. Of 
course this raises another important question, namely 
the influence of  window extrusion on the solidified final 
product. This, however, is beyond the scope of  the 
present work. 

CONCLUSIONS 

When capillary extrusion of  high density polyethylenes is 
conducted at temperatures within the sharply defined 
'window' temperature interval (Tin) of  148-152°C, both 
surface roughness and periodic bulk distortions are 
absent. However, at the highest rates smooth extrud- 
ability is bounded by the onset of  gross shape distortions. 
The inception of  these gross shape distortions is 
registered at a value of  pressure (stress) in the die 
entrance which is similar to that at higher, i.e. conven- 
tional, processing temperatures, but at a significantly 
enhanced throughput rate. 

As verified by concurrent in situ X-ray studies in 
previous work 7,52 this 'window' effect is the consequence 
of a phase transformation at the particular tempera- 
tu re - - the  mobile hexagonal form of polyethylene is 
proposed--originat ing from flow-induced extension of 
chain molecules. The 'window' effect results when this 
new phase arises from chains that are adsorbed at or are 
in close vicinity to the wall. 

Regards the issue of  extrudate irregularity, compris- 
ing, by the present classification: surface roughness, 
periodic bulk distortions and gross shape distortions, the 
extrusion experiments both within the window interval 
and at conventional temperatures (T  > 160°C) have led 
to the following conclusions: 

1) By separating the entry (ends) and capillary con- 
tributions at T = Tin (Bagley analysis) the origin of  
gross shape distortions can be attributed conclusively 
to happenings in the converging flow field at the die 
entrance, adding significantly to previous indications 
on this point. 

2) As the existence of the window enables investigation 
of  gross distortion as an effect in isolation without the 
interference of surface roughness and periodic bulk 
distortions, its critical onset could be established 
unambiguously. Accordingly, the critical onset 
apparent wall shear rate, ~A,g, obeys a negative 1.5 
power law relationship in molecular weight (M): 

g/A,g (3( M -1'5. Since the onset of  the window effect has 
a stronger dependency in M ('TA,c oc M-4°) ,  the two 
functions must intersect. This implies that below a 
critical M (M* ~ l0 5 ) the window effect is unrealiz- 
able. This M* value is likely to be affected by the 
extensional flow behaviour of the specific polymer in 
question and therefore by the die geometry, yet to be 
investigated. 

3) Capillary flow data at T = Tin and orifice flow 
experiments at T > Tin have corroborated the view 
that oscillatory flow conditions leading to periodic 
bulk distortions of  the extrudate are confined to the 
capillary portion of  the die. 

4) Capillary flow studies at T > Tin show that gross 
shape distortions may take place within a range of 
extrusion rates where oscillatory flow conditions also 
pertain. It has also been reported elsewhere 44 that 
gross distortions arise at rates much beyond the range 
where periodic bulk distortions are observed. The 
fact that the periodic bulk distortion and gross shape 
distortion regimes can either overlap or be widely 
separated, according to circumstances, further sub- 
stantiates the view that both events have different 
origins, which by the presently adopted method can 
now be rationalized. 

5) Capillary extrusion experiments at constant stress 
reveal a singularity in the flow curve manifest as a 
jump in flow rate beyond a critical stress level. This 
takes place both for temperatures within Tin and 
above. Since the critical stress level for the window 
effect (T w = 0.25 MPa) is lower than the one asso- 
ciated with the onset of  the 'spurting' effect at any 
T > Tin ('rw = 0.35 MPa) the origin of  the window 
effect must be different from the spurting effect at 
conventional temperatures. 

6) Flow studies carried out in the presence of an external 
lubricating additive (fluoroelastomer) show that the 
simple shear flow behaviour of  the pure polymer at 
Tin closely resembles the one of the lubricated 
polymer, hence corresponds to a kind of 'self- 
lubrication'. However, the window effect takes 
place even in the absence of additives and the rates 
at which smooth and glossy extrudates can be 
produced extend to beyond those for the externally 
lubricated polymer. 

7) More generally, the above findings fall readily and 
supportingly into a scheme by which the variety of 
flow instabilities and extrudate irregularities can be 
profitably categorized, analysed and investigated 
further: namely by noting the stress criticalities 
which pertain to the respective underlying causes, 
which, as it is hoped, the present work has helped to 
identify. 
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A P P E N D I X  I 

O n  the  p e r i o d i c i t y  o f  p e r i o d i c  e x t r u d a t e  d i s t o r t i o n s  

It was noticed in the descript ion of the flow curve at 
180°C above ( F i g u r e  3)  that,  at lower rates in the 
oscillatory flow regime, the volume of the extruded 
s t rand (Vplug) dur ing  the decompression part  of  each 
cycle is similar to the volume conta ined  by the capillary 
(Vc~p), which is the no rma l  observat ion 3°,4°. Here, the 
oscil lation cycle was found  to consist of  three well 
defined stages. However,  at the higher rates in this regime 

Vplug became significantly smaller than Vcap and  only two 
out  of three stages remained within each oscillation cycle. 
In this Appendix  an a t tempt  will be made to explain the 
reduced volume of  the extruded plug. 

In  F i g u r e  A 1  a double  logari thmic plot is given 
showing the period of the oscillation cycle as a funct ion 
of the apparen t  wall shear rate (')A). It is seen that  the 
logar i thm of the total  period of each cycle (tcvde) is 
l inearly dependent  on the logar i thm of ~A: /cycle O('x/Al'34 
(which means  that  when, for example, the rate of 
extrusion is doubled,  the cycle period is reduced by a 
factor 2 1.34 ~ 0.395, i.e. it is more  than  halved). As laid 
out  previously this oscillation cycle comprises a par t  in 
which stresses build up (compression) and  a por t ion  
where the stress decreases (decompression).  Al though it 
has been reported that  the d is t r ibut ion  of time spent 
dur ing stress bui ld-up resp. stress release within each 
cycle may be weakly dependent  on "~A itself53, this small 
effect will be neglected in the present discussion. Thus  the 
time required for the stress to become released dur ing  
each cycle will be taken to be p ropor t iona l  to the total 
cycle time (i.e. tdecompr. O( tcyde cx X/ 1.34). 

The time required to extrude the stressed plug from the 
capillary (textr.) will have a different dependence on x/A. 
Based on c o m m o n  experience that e.g. upon  doubl ing  
the throughput ,  the average residence time of the 
material  in the capillary is halved, the extrusion time 
will scale inversely propor t iona l ly  with X/A, i.e, 
textr. ~ ~/A 1. As tdecompr, varies more steeply with ~/A 
than  textr., the two relat ionships must  cross over. Beyond 
this cross-over point  ('YA = ~/~) the part  of  the oscillation 
cycle corresponding to decompression becomes smaller 
than the time required for expulsion of the plug, and 
hence the smooth  plug will not  be ejected in its entirety. 
Vplug will be smaller than  Vc~ p accordingly. 

(In the above assertion only the influence of extrusion 
rate on the period of oscillation tdecompr, was considered. 
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Figure AI Oscillation cycle period as a function of apparent wall shear 
rate for oscillatory flow conditions (T=  160'C, M=2 .8×  10', 
capillary: LID  = 10.5/1.5) 
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Besides ~/A the cycle period appears to be influenced by 
the volume of  the melt (Vmelt) under the piston in the 
reservoir 22'4°'53. As suggested by Weill 4°, for sufficiently 
small values of Vmdt similar 'cross-over' conditions as 
above may be attained leading to partial removal of  the 
plug. Since a reduced plug volume in the present 
experiment is first observed at a critical rate of extrusion 
(~,  ~ 2 0 s - l ) ,  it is inferred that the effect is most 
probably due to the 'extrusion rate effect', i.e. due to a 
'cross-over' of  the respective tdecompr, and  textr" relation- 
ships in +A. Although the melt volume under the piston 
will also affect the oscillation period (and hence ldecompr.), 
here this 'melt depth effect' is only of  secondary 
importance. Moreover, with regard to the magnitude 
of  the melt volume involved at the inception of the 
reduced plug volume effect (which is typically 5 cm 3 in 
Figure 3), this is most probably still too large for the 'melt 
depth effect' to set in.) 

APPENDIX II 

On the capillary length dependence of the onset of gross 
shape distortions 

In this Appendix we shall show that, during the spurt 
effect at constant pressure, the appearance of gross shape 
distortions is governed by the capillary length. To this end 
we, again, take up the scheme displayed by the constant 
rate experiment of  Figure 12. Upon increasing the rate the 
window effect becomes apparent as a sharp drop in 
pressure defining "~A,c. At still higher rates gross distor- 
tions are first diagnosed beyond some critical +A, termed 
~/A,g, thus defining an interval ~/a,g--~/A,c in which extrusion 
is accompanied by a smooth and glossy product. 

As laid out in our scheme in the Introduction, gross 
shape distortions will take place at and beyond a critical 
value of  stress. Such a stress criticality can only set in in 
that part of  the flow field where stresses are rising with 
increasing ~/a. It is seen from Figure 12 that such a 
situation is present only in the converging flow field at 
the entry orifice: namely, beyond "~A,c the entry pressure 
drop (taking Apend s ,-~ APentry ) increases with "~A whilst, 
on the contrary, the capillary pressure drop (Apcap) 
displays a decreasing trend in ~A. This critical stress level 
at the entry orifice will thus correspond to a critical value 
of APentry , say (Apentry)c. 

When a fixed pressure level is maintained, upon 
increasing the pressure (p--APtot) ,  once a critical 

pressure level (Pc) is attained, a 'jump' in output flow 
rate (hence "~A will take place from ~A,c to ~/A,j (i.e. where 
the line p = Pc intersects the p vs +A curve in Figure 12). 
During this 'jump' APcap and Apentry are seen to fall and 
rise respectively. 

Depending on the value of  Apentry at the end of  the 
'jump' (i.e. at "~A,j ) the criterion for the onset of gross 
shape distortions (APentry)c m a y  be satisfied either at 
'transient conditions', i.e. along the jump from "~A,c to 
~/A,j, or afterwards (i.e. at "~A > ~/A,j)- Thus, if Apentry 
> (Apentry)c at "~A,j, gross distortions will ensue at 
'transient conditions', whereas if Apentry < (Z~Pentry)c , 
such distortions will take place at a value +A > +A,j, i.e. 
after the jump. Since the length of the lower plateau 
region of  the total pressure (p) vs "~A curve (Figure 12) is 
found to increase with capillary length 6, the magnitude 
of  the 'jump' in flow rate, "~A,j-~/A,c, will be enhanced 
accordingly. As a consequence, for a sufficiently short 
capillary, the 'jump' in throughput at constant pressure 
conditions may even take place prior to the onset of gross 
distortions, whilst for a sufficiently long capillary such 
distortions will commence at transient conditions. 

To illustrate the significance of  this 'capillary length' 
effect, consider the constant stress experiments of  Figure 
8, which were carried out using a standard capillary die 
having LID = 14/2, i.e. for a capillary that is longer than 
the one in Figure 12 (L/D = 8/2). In Figure 8 gross melt 
fracture effects were found to set in transiently along the 
jump. The constant rate experiment of Figure 6 (standard 
die) revealed that such distortions first commenced at 
"~A ~ 50S -1, with the corresponding entry losses 
amounting APentry ~ 5 MPa, as obtained from applying 
the Bagley analysis °. This p value, arrived at from the 
fixed rate experiment, can be considered to be the 
criterion for the occurrence of  gross shape distortions 
for the particular die geometry used, hence 
(APentry)c ,~ 5 MPa. For  the shorter L/D = 8/2 capillary 
(with similar entry geometry) Figure 12 shows 
thatthis criterion would be attained at a value 
P >Pc (Pc ~ 4.25MPa, i.e. at a p value outside the 
scale of  Figure 12). It follows that for the case of the 
shorter capillary in Figure 12 the jump would take place 
before gross distortions set in at higher rates (i.e. 
5A > ~/A,j). This would mean that the use of  short 
capillary dies is beneficial for the control of  this type of 
irregularity when operating under constant pressure 
conditions. Support for this contention has to be 
provided by experiment. 

POLYMER Volume 38 Number81997 1833 


