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ABSTRACT: During extended capillary flow, a melt flow singularity for polyethylene occurs in a narrow 
temperature interval close to 150 "C. This was revealed by a minimum in pressure for constant material 
throughput. In situ X-ray experiments show only one distinct sharp reflection for polyethylene under 
these particular conditions. This single reflection was clearly different from the reflections for the 
orthorhombic phase, and more important, it appears while all orthorhombic reflections vanish. Possibly, 
the single reflection observed corresponds to a mobile phase which may act as a kind of lubricant for the 
bulk polyethylene. This mobile phase could reduce the melt flow resistance and therefore induce the 
extrusion window of reduced flow resistance. 

Introduction 
During capillary flow of linear polyethylene, a melt 

flow singularity occurs in a narrow temperature interval 
close to 150 "C.l This is revealed by a minimum in 
pressure for constant material throughput and a maxi- 
mum in material throughput when a constant pressure 
is maintained.2 In the former case the temperature 
window sets in at a critical piston velocity while in the 
latter a t  a critical pressure. Within this narrow tem- 
perature interval, a minimum in extrusion pressure is 
accompanied by smooth extrudability and comparatively 
little die swell, resulting in smooth extrudates without 
gross distortions. The potential advantages of this 
processing window are apparent either by melt proper- 

or by that of the resulting solidified product, e.g., 
toughness, fracture, and wear improvement.6 On both 
sides of the temperature window, extrusion is very 
irregular. Polymer processing instabilities have been 
described extensively by continuum rheology. Never- 
theless, our experiments propose a different approach 
to elucidate the temperature window of reduced flow 
resistance in polyethylene. 

Figure 1 demonstrates the invariance of temperature 
a t  the pressure minimum with extrusion rate and the 
requirement of a critical shear rate.l14 This temperature 
is well above its maximum theoretical melting temper- 
ature of 145 "C.7 Moreover, being confined to a narrow 
temperature interval of +1 "C, the origin of the "extru- 
sion window" points to a thermodynamic factor induced 
by chain extension. By constraining the molecules in 
an  elongational state, the configurational entropy of the 
molten state lowers SL and hence GL (GL = HL - TSL) 
and successive phase transition temperatures raise.6 As 
a result, chains can be stabilized in highly oriented 
polymers against melting by favoring the low-entropy 
fibrillar state against the high-entropy melt.g 

During capillary flow, chain extension is expected to 
take place as a result of elongational flow a t  the 
converging die entrance. Van der Vegt and SmitlO found 
unusually high orientation within the capillary and 
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Figure 1. Piston force vs temperature traces showing the 
onset of the pressure minimum with increasing shear rate 
(S-1). 

suggested that the elevated crystallization temperature 
of polyethylene resulted from orientation-induced crys- 
tallization. Hence polyethylene crystallizes at elevated 
temperatures and flow diminishes eventually giving rise 
to complete blockage of flow due to the formation of 
orthorhombic crystals. This is contrary to the presently 
observed phenomena, where the flow rate increases in 
the processing interval. Therefore, it  has been hypoth- 
esized that the observed effect requires a phase that is 
slippery and hence possesses mobile polymer chains. 

At ambient and stationary conditions, polyethylene 
possesses orthorhombic crystals. However, applying 
high pressureg, l1 or application of external constraints 
during melting of a highly oriented polyethylene fiber12 
can result in a stable two-dimensional hexagonal crystal 
structure. This phase has an anomalously high longi- 
tudinal mobility of the polymer chains.ll 

The slippery phase described might agree with a 
hexagonal phase arising through flow-induced chain 
extension. Previous in situ wide-angle X-ray scattering 
(WAXS) experiments revealed a weak crystalline reflec- 
tion in the form of a small shoulder. However, the 
extrusion window occurred at  lower temperatures, and 
due to limits of intensity and registration sensitivity, it 
could not be conclusive regarding the nature of the 
ref le~t i0ns. l~ 

In this study, similar in situ WAXS experiments on 
polyethylene have been performed to reveal the differ- 
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Figure 2. Experimental setup of capillary rheometer with slit 
geometry. 

ences in crystal structures between solidified material 
at room temperature and during extended capillary flow 
within the extrusion window. Experiments were per- 
formed using a capillary rheometer with a slit geometry 
and X-ray-transparent beryllium  window^.'^ This rhe- 
ometer was built by DSM Research in collaboration with 
H. G. Zachman, S. Seifert, and C. Zsunke from the 
University of Hamburg. 

Experimental Section 
(a) Materials. The linear polyethylene investigated was 

HD6720pr200 (M, = 280 &mol-', MJM" = 7.5) provided hy 
DSM (Geleen, The Netherlands) as a fine powder. 
(b) Sample Preparation. Material The powder was 

molten for 30 min a t  180 "C and continuously condensed in 
the cylindrical reservoir of the capillary rheometer. Subse- 
quently the molten polymer was cooled till a constant preset 
temperature was reached. 

Capillary Extrusion. In situ X-ray diffraction extrusion 
experiments were performed on a specially built capillary 
rheometer with a slit geometry mounted on a piston extruder. 
The experimental set up consisted of a 9.5 mm diameter 
cylindrical reservoir of 160 mm length and a slit-shaped die 
(Figure 2, taken from ref 17). The dimensions of the capillary 
were L x W x D = 10.0 x 1.5 x 2.0 mm3, and the entry of the 
capillary converged from 9.5 x 2.0 to 1.5 x 2.0 nunz with an 
entry angle of 90". The die was equipped with a set of 10 mm 
diameter X-ray-transparent beryllium windows, each of 2.0 
mm thickness. Moreover, a t  the exit of the beam, a conical 
aperture of 60" was employed enabling double Bragg reflection 
angles up to 28 = 30" to be detected. 

Both piston speed and capillary temperature could be 
controlled independently. During extrusion experiments, the 
piston force was continuously monitored at a constant piston 
speed. Both isothermal and "dynamic" experiments were 
conducted. In the latter case, the capillary temperature was 
increased stepwise. 

(e) Characterization Techniques. WAXS measurements 
were conducted at HASYLAB, Deutsches Elektronen Synchrc- 
tron (DESY), Hamburg, Germany. At ambient temperature, 
electrons were accelerated using a synchrotron and suhse- 
quently injected into storage rings.I4 After monochromization 
and collimation, a beam with a wavelength of A = 0.154 nm 
and size of approximately 2 x 0.5 mm2 was produced. WAXS 
diffraction patterns (13" 5 28 5 32" ) were collected with a 
linear position-sensitive detector equipped with 512 channels. 
Due to  space limitations, the available 1D detector was 
positioned vertically beneath the incident beam. The channel 
number was calibrated against the double Bragg reflection 
angles of the 110 (28 = 21, 74") and 200 (28 = 24, 18") 
reflections of solidified polyethylene a t  mom temperat~re.'~ 
By mounting a long russell, a distance of around 50 cm 
between WAXS detector and sample was obtained, providing 
the best resolution possible, Each experiment was performed 
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Figure 3. Piston force vs temperature plot of extruding 
polyethylene through a slit geometry die. 

on a sample with a thickness of 2 mm and a data acquisition 
time of 15-30 s. By adjusting the position of the capillary 
rheometer with respect to the beam, the best intensity was 
obtained. 

All results describing the relevant phases involved in the 
anomalous flow were computed from the obtained scattering 
data using the OTOKO16 program package. After correction 
for detector response and subtraction of the background, the 
obtained reflections were assigned using Lorentz curve profiles 
in the PEAKFIT program (Jandel Scientific Software). Only 
the amorphous halo was fitted by a Gaussian curve. The 
statistical r-values for the best fit were close to 1. 

Orientation measurements were carried out at the edge and 
the bulk of the solidified extrudates within the window. 
Samples were prepared by cutting thin sections, of ap- 
proximately 50-100 pm, from the edge at room temperature 
with a Reichert Ultracut E microtome, whereas the remaining 
extrudate was referred to as hulk material. WAXS patterns 
were obtained using an Elliot GX 21 rotating anode generator 
with a copper target equipped with a flat graphite crystal 
monochromator and a collimator comprising two pairs of 
crossed slits. The detection device was a Siemens X-1000 area 
detector coupled with a PC (GADDS software) for collecting, 
analyzing, and storing WAXS images. Subsequently, the 
azimuthal intensity distribution of the (200), was computed 
in order to obtain the Herman's orientation factor of the 
crystalline phase using 

(1) 

where 

C" I ( @ )  sin 4 cos2 4 d4 

f I (@)  sin 4 d4 
(cos2 4) = (2) 

Results and Discussion 
(a) The Principle Effect: Extrusion Window 

with Slit Geometry. Capillary die extrusion revealed 
the pronounced influence of temperature on extrusion 
pressure. Figure 3 presents a typical piston force vs 
temperature behavior well above the critical shear ratel3 
(piston speed 35 mm-min-') for this setup. Commenc- 
ing extrusion at 146 "C and continuously heating the 
viscous melt with a heating rate of 2 "C.rnin-' demon- 
strates a narrow temperature interval in which the 
extrusion pressure became anomalously low with a 
minimum pressure located around 150 "C. At higher 
temperatures, pressure oscillations became more pro- 
nounced resulting an unstable pressure level. 
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Figure 4. WAXS intensity vs double Bragg reflection at T = 
23 f 1 "C for (a) polyethylene and (b) polyethylene with 
beryllium windows. 
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Figure 5. Relative WAXS intensity vs double Bragg reflection 
angle at T = 23 f 1 "C for polyethylene without flow. 

In addition to  the piston force curve, the singularity 
of the window is characterized by the appearance of the 
extrudate in the temperature range from 146 to 160 "C. 
Both die swell and surface smoothness show a dramatic 
change with temperature. Initially, the material shows 
a high die swell ratio (d&and/ddie) with a maximum of 
approximately 2.5. The smoothness relating to the 
window temperature is noticeable by the absence of die 
swell. Progressive heating results in pronounced sur- 
face distortions and nonuniformities, with the strand 
emerging in spurts.17 

To determine the X-ray transparency of beryllium, 
Figure 4 shows the corrected WAXS data of solid 
polyethylene at  room temperature. Clearly, the beryl- 
lium windows only reduced the intensity of the diffrac- 
tion pattern. No significant discrepancies were observed 
both for the orthorhombic peak positions and for the 
resolution. 

Consequently, the capillary rheometer with slit ge- 
ometry and beryllium windows can be used for X-ray 
experiments to reveal the subsequent crystal structures 
of polyethylene during extrusion. 

(b) Morphological Changes within the Extrusion 
Window. Figure 5 shows the corrected data of the 
WAXS curve of a solid polyethylene sample at  room 
temperature. The sample was crystallized from the 
melt within the capillary die and clearly gives rise to a 
broad reflection at  28 x 18.5" corresponding to the 
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Figure 6. Relative WAXS intensity vs double Bragg reflection 
angle at T = 149 & 1 "C for polyethylene; flow = 35 rnmsmin-'. 

Table 1. Peak Position Obtained from Figures 5-7 

Bragg reflecting (deg) 
source sample T P C )  1100 200, 210, ??? amo 

Figure 5 solidified 23 21.7 24.2 30.3 18.7 
Figure 6 extruded 149 21.7 24.7 30.0 18.4 
Figure 7 extruded 150 20.9 18.4 

amorphous bulk material. Two intense orthorhombic 
reflections appear originating from the (200) and (110) 
planes in addition to the weaker (210) reflection. For 
calibration, the orthorhombic (110) reflection was taken 
t o  be at  28 = 21.73' and the (200) reflection at  28 = 
24.18'. Consequently the (210) reflection is assigned 
to 28 30', as consistent with literature.l2J* 

Upon heating, the Bragg reflections of the ortho- 
rhombic phase only slightly shift (Table 1). Apparently, 
heating of polyethylene from room temperature to 149 
'C (commencing extrusion at  146 "C) hardly influences 
the orthorhombic periodicity. However, it is evident 
that the intensities of these reflections decrease signifi- 
cantly on increasing temperature. This can be clearly 
depicted by comparing Figure 5 and Figure 6. 

This observation is in full agreement with previous 
work of Pennings12 in a bundle of strained polyethylene 
macrofibers, Rastogig in highly oriented UHMWPE gel- 
spun fibers, and Ryan et a1.18 on a molded PE sheet. 
They observed that, on heating polyethylene, all ortho- 
rhombic reflections diminish in intensity. More impor- 
tant, around 150 "C all three orthorhombic reflections 
vanish instantaneously. 

Figure 7 depicts the WAXS intensity for polyethylene 
at  150 'C, during extrusion within the extrusion win- 
dow. Strikingly, besides the amorphous scattering, only 
one distinct reflection is observed, 28 = 0.8" below the 
(110) orthorhombic one. Simultaneously, the position 
of the amorphous halo is not shifted (Table 1). The 
change in position, assuming this single reflection would 
be the (110) of the orthorhombic phase, cannot be 
explained in terms of extrusion forces. Such a shift 
would require much higher pressure differences. 

The appearance of a single reflection upon heating 
polyethylene has been observed during experiments 
using, e.g., highly oriented s a m p l e ~ . ~ ~ J ~ J ~  Besides the 
orthorhombic reflections at  lower temperatures, all 
recorded diffraction patterns show one additional reflec- 
tion around 150 "C. This single reflection has been 
attributed to a hexagonal packing of chains. Subse- 
quently, raising temperature by a few degrees, all three 
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Figure 7. Relative WAXS intensity vs double Bragg reflection 
angle at T = 150 f 1 “C for polyethylene; flow = 35 mm*min-*. 

orthorhombic reflections disappear simultaneously, 
whereas the additional hexagonal reflection strength- 
ens. 

Strikingly, our experiments reveal the same. At 150 
“C, Figure 7 reveals only a single reflection. Therefore, 
it  is impossible to attribute this reflection to an orthor- 
hombic crystal. However, this single reflection is present 
in a short temperature range, only inside the extrusion 
window. Since capillary flow is not as strong a con- 
straint as in the cases mentioned b e f ~ r e , ~ ~ J ~ J ~  these 
weaker constraints will cause a smaller temperature 
region of stability for the newly formed phase. 

The extrusion window appears a t  a specific, sharply 
defined temperature, which points to the presence of a 
phase transition. Furthermore, the newly formed phase 
should be connected with the formation of a mobile 
“slippery” conformation since orthorhombic crystals 
would block the capillary.1° To reveal this metastable 
slippery phase, its melting temperature has to be 
elevated to a greater extent then the stable one. In 
general, by chain extension, a temperature range can 
be created with a stable slippery phase. In the case of 
a hexagonal structure, the larger distance between 
polymer chains allows chain rotation around their 
c-axes. Moreover, the increased volume available for 
the chains in the hexagonal phase may give rise to 
relaxation of pressure as a result of slippage of polymer 
molecules with respect to each other. This randomiza- 
tion of the chains in the subsequent stage of constrained 
melting will be accompanied by several trans-gauche 
formations.20 As a result, a more mobile phase is 
obtained in comparison to the orthorhombic20,21 one. 

(c )  Orientation within the Extrusion Window. 
Previous rheological studies suggest that  the origin of 
the extrusion window resides in the capillary at  or near 
the wall as a result of ~1ippage.l~ However, simple shear 
flow should not extend chains significantly. On the 
other hand, chain extension could occur as  a result of 
shear flow when molecules are anchored at  the walls 
as  in the case of adsorption. This is described in recent 
theory from Brochard and de Gennes.22 For sparsely 
adsorbed chains there is a critical velocity a t  which 
these chains disentangle. The anchored chains extend 
to  what they term a “marginal state” with an associated 
slip larger along the walls. Such a situation was 
observed experimentally with chains purposefully at- 
tached to the surface.23 At the appropriate temperature, 
such extended chains then could possibly be trans- 
formed in a mobile phase. This would then coincide 
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Figure 8. Azimuthal intensity distribution of the (020), 
reflection for (a) bulk material and (b) edge material. 

with our WAXS experiments. This slippery surface 
could act as  a lubricant for the bulk polyethylene. 
Consequently, slippage of the material a t  or in close 
vicinity to the solid boundary could convert a Poiseuille- 
type flow behavior into partial plug flow. 

Figure 8 demonstrates azimuthal intensity distribu- 
tion curves for the (2001, reflection of both edge and bulk 
material after crystallization. Clearly, both samples are 
oriented with no significant difference in the Herman 
orientation factor (bulk 0.74; edge 0.701, which coincides 
with plug flow. However, the Herman orientation factor 
is obtained from the crystalline part alone whereas 
orientation in the amorphous part is not taken into 
account. Moreover, since orientation is not determined 
from in situ experiments, relaxation has to be kept in 
mind. 

Conclusions 

In situ WAXS experiments were performed on poly- 
ethylene during extrusion using a slit-shaped capillary. 
In a narrow temperature interval close to 150 “C, the 
described melt flow singularity was revealed by a 
minimum in pressure for constant material throughput. 
Simultaneously, clearly one distinct reflection has been 
observed different from the reflections expected for the 
orthorhombic phase. Most important, this reflection 
appeared while all orthorhombic reflections disap- 
peared. This excludes the presence of the orthorhombic 
phase, since all three reflections should be present as 
stated earlier. 

The results presented here may contribute to clarify 
the temperature window of reduced flow resistance in 
polyethylene during capillary flow. Possibly, the single 
reflection observed corresponds to a mobile phase, which 
may act as a kind of lubricant at the surface of the bulk 
polyethylene. This slippery phase could reduce the melt 
flow resistance and therefore induce the extrusion 
window of reduced flow resistance. 
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