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On-line measurements of orientation 
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An experimental set-up in the synchrotron radiation beam was constructed for performing wide angle X-ray 
scattering (WAXS) on-line measurements, during high speed spinning of poly(ethylene terephtalate) (PET). 
In order to detect the very weak scattering of the thin filaments (= 26 #m diameter) the capton windows of 
the vacuum tubes were removed and the air was replaced by helium. In this way it became possible to 
measure the development of crystal reflections as a function of the distance from the spinneret. A 
comparison of the results with corresponding on-line measurements of the fibre diameter indicates that 
crystallization starts at the beginning of the necking zone. Copyright © 1996 Elsevier Science Ltd. 
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INTRODUCTION 

Orientation induced crystallization during spinning of 
fibres is one of the most interesting subjects. From the 
scientific point of view it is interesting to study the 
relation between elongational flow, orientation, and 
crystallization. In industry, in order to lower the 
production costs, fibre spinning, under the condition 
that orientation and crystallization take place during the 
spinning, is much favoured. This involves that the 
spinning speed has been gradually increased in the past 
two decades I to speeds up to almost 10000mmin -1. 

From measurements performed by different methods 
it is known that some interesting effects occur during 
high speed spinning. Following first investigations of 
Perez and Lechuse 2, Kikutani e t  al. 3 have measured the 
filament temperature and the diameter along the spinline 
in a high speed melt spinning experiment. At a take-up 
velocity of 6000mmin -1 a neck-like deformation was 
observed at a distance of 140-150 cm from the spinneret. 
The temperature profile showed a maximum just after 
the end of this deformation. The temperature at the 
maximum was about 160°C and the birefringence was 
0.108. This maximum of the temperature was interpreted 
to be due to crystallization as a consequence of the 
orientation induced by the neck-like deformation. When 
sodium stearate was added as a nucleating agent the 
diameter profile remained the same while the position of 
the neck-like deformation appeared at a slightly smaller 
distance from the spinneret and stress and orientation 
just after the neck-like deformation were a little larger 4. 

* On leave of  absence from TOYOBO Research Institute 
t To whom correspondence should be addressed 

A neck-like deformation was also observed with 
5 6 poly(butylene terephthalate) , poly(phenylene sulfide~ 

and even in low speed spinning of polyethylene'. 
Furthermore, it was shown that the position of the 
neck fluctuates within a range of several centimetres 5. 

More information o n  the development of structure 
and molecular orientation during spinning can be 
obtained by means of on-line X-ray scattering measure- 
ments during spinning. Such wide angle X-ray scattering 
(WAXS) studies have been already performed on various 
rapidly crystallizing polymers using conventional X-ray 

8 16 methods - . In these polymers crystallization occurred 
at moderate spinning speeds. It is much more difficult to 
perform such measurements during high speed spinning. 
This is due to the fact that in this case a very small 
filament diameter (approx. 20 #m) has to be used in order 
to obtain a crystalline fibre. Under these conditions 
the X-ray scattering becomes very weak and difficult 
to detect. The only investigation known is that of 
Haberkorn e t  al. 17 on polyamide 6 and polyamide 6.6 
at take-up velocities up to 5300 m min -~ . They observed 
necking and the onset of crystallization somewhere 
within or at the end of the necking zone. A more exact 
location of the onset of crystallization in relation to the 
necking zone was not possible because of the fluctuation 
of this zone. To measure the X-ray scattering they had to 
use exposure times of 2-3 h. 

Synchrotron radiation as a strong source for X-rays 
made it possible to perform measurements of the WAXS 
and of the small angle X-ray scattering (SAXS) within 
less than 1 min 18'19. Therefore it seems appropriate to 
undertake further investigations of the crystallization 
process during spinning by using this strong radiation 
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Figure 1 Experimental set-up for WAXS on-line measurement during high speed spinning of poly(ethylene terephtalate) (PET): 1, spinneret with four 
orifices; 2, helium; 3, ceramic guide; 4, beamstop; 5, brass guide; 6, capton window; 7, synchrotron beam; 8-10, ceramic guide; 11, godet roll: 12, 2D 
Gabriel detector 

source. Such measurements have been performed by 
20 20 ZI us on polypropylene and poly(vinylidenefluoride) '~ 

using take-up velocities up to 200 m min- ~. In addition to 
the WAXS, the SAXS was detected and it was shown 
that a peak in SAXS was obtained before crystal 
reflections in the WAXS pattern became visible. 

We have now improved the spinning equipment so 
that we can use take-up velocities up to 4300 mmin -t 
and thus perform high speed spinning experiments. In 
the present work we want to describe an experimental 
set-up for these experiments and report some results 
obtained with poly(ethylene terephthalate) (PET). 

EXPERIMENTAL 

Material 

PET from Toyobo Co. Ltd., showing an intrinsic 
viscosity of 1.0dlg-I in p-chlorophenol/tetrachloro- 
ethane (60/40 by volume) at 30°C was used for extrusion. 
The material was dried in vacuum at 120°C for 16h 
before it was filled into the extruder. 

Extruder 
A single screw extruder from the company Brabender 

with a screw diameter of 20 mm was used in connection 
to a metering pump. The polymer was extruded through 
a spinneret with four orifices each having a diameter of 
0.5ram and a length of 2mm. The total extrusion rate 
was 10 g min -I, i.e. 2.5 g rain -1 per orifice. The tempera- 
ture of the spinneret head and the orifice was 308°C. The 
temperature of the screw was 245°C (zone 1) and 295°C 
(zone 2). The spin block and the metering pump had a 
temperature of 305°C. The intrinsic viscosity after 
extrusion was 0.8 dl g-l .  

The extruded fibre was wound up on a godet roll (11 in 
Figure 1) with a diameter of 190ram after passing 

through two ceramic guides (9 and 10 in Figure 1), the 
last one placed just before the godet roll. The rotation 
frequency of the godet roll could be continuously varied 
between 14 and 120Hz resulting in take-up velocities 
between 500 and 4300 m min -I . 

WAXS measurements 
The WAXS measurements were performed at the 

Hamburg Synchrotron Radiation Laboratory (HASYLAB) 
at DESY in Hamburg using the double focusing 
camera of the polymer beamline 18'19. The synchrotron 
radiation was monochromatized by Bragg reflection on a 
germanium single crystal. The primary beam intensity 
was measured by an ionization chamber and the 
scattering intensity was normalized by dividing it by 
the intensity of the primary beam. Further details of the 
beamline can be found elsewhere 18'19. 

The extruder was mounted on a platform which 
could be moved vertically with help of a stepper motor 
drive system (see Figure 1). Since the position of the 
synchrotron beam is fixed, the distance between the 
measuring point and the spinneret was varied by moving 
the extruder up and down. In this way the distance 
between the spinneret and the synchrotron beam could 
be varied between 38 and 87 cm. The filaments were kept 
within the synchrotron beam by means of two ceramic 
guides (3 and 8 in Figure 1)just above and below the 
synchrotron beam. 

The greatest difficulties in performing the WAXS 
measurements arose from the small diameter of the 
filaments which, at the position where crystallization 
occurred, was about 26#m only. With the usual 
experiment set-up consisting of a vacuum tube in front 
and one behind the fibre and air surrounding the fibre in 
the gap between the two tubes, the scattering of the 
windows (thin films of capton) together with that of the 
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air was so strong that it was not possible to separate it 
from that of the fibre. As the situation could not be 
improved by using other materials as windows namely 
Mylar, beryllium or a mica sheet, we finally removed the 
windows from the tube between the fibre and the detector 
(left side of the fibre in Figure 1) and filled this tube by 
helium. The helium was allowed to flow through the 
window 5 and thus replace the air in front of the fibre. 
The flow rate was approx. 4 1 rain -1 . 

Furthermore, a specially designed metal aperture (5 in 
Figure 1) with a slit having a length of 10 mm and a width 
of 0.6 mm was placed in front of the window 5 in order to 
diminish the background scattering in equatorial direc- 
tion arising from the windows and the remaining air. This 
aperture is represented in more detail in Figure 2. Since the 
width of the slit was smaller than that of the synchrotron 
beam, a strong edge scattering of the slit was observed in 
meridional direction. However, due to the geometry of 
the aperture, no such scattering occurred in equatorial 
direction where the appearance of crystal reflections was 
expected. With help of the helium and this aperture the 
unwanted scattering was so much reduced that it became 
possible to detect the crystal reflections of the filament. 

The scattered intensity was measured by means of a 
two-dimensional wire detector (Gabriel detector) 22'23. 
The accumulation time was 2.5 rain. After each measure- 
ment the background of the detector was determined by 
closing the aperture in front of the detector. In addition 
the scattering of the set-up without fibre (scattering of 
windows, remaining air etc.) was determined. First we 
have only subtracted the background of the detector 
from the total scattering to obtain the scattering from the 

fibres plus that of the windows and the air. Second we 
have also subtracted the background scattering from the 
experimental set-up in order to determine the scattering 
from the fibres alone. A comparison of the results with 
and without background scattering of the experimental 
set-up was necessary in order to get information on the 
reliability of the results. 

Measurements of thefilament diameter 
On-line measurements of the diameter profile of one 

filament during spinning were performed by means of the 
Diameter Monitor 460 A/2 from the company Zimmer 
(Frankfurt). This monitor generates an analogue signal, 
which is proportional to the diameter of the fibre, by 
measuring the fraction of light reflected by the fibre. The 
instrument had to be calibrated by means of a fibre with 
known diameter. 

Density measurements 
The densities of the fibres were measured in a density 

gradient tube containing a mixture of hexane/tetrachloro- 
ethane. 

RESULTS 

In order to find the appropriate spinning conditions for 
the on-line experiments, we have first studied the 
influence of the take-up velocity on the crystallinity 
and orientation of the final fibre. Figure 3 shows the 
density at 30°C and the shrinkage at 160°C as a function 
of the take-up velocity. At 2500m min -2 an increase of 
density is observed indicating that the material has 
started to crystallize. As a consequence of the network 
formed by the crystals, the hot air shrinkage is decreased. 
At 3000 m min- ' the  crystallinity is already so large that 
the hot air shrinkage is almost negligible. At 
3500mmin -2 the degree of crystallinity has reached its 
maximum value. According to these results, we used a 
take-up velocity of 4000mmin -2 in our following 
diameter profile and WAXS measurements. 

Figure 4 shows the diameter of a filament d at 
4000mmin -2 as a function of the distance from the 
spinneret h. A necking deformation was clearly observed 
between h = 39.8 and 47.3 cm. At the beginning of the 
necking zone the diameter d is around 60 ~m, at the end 
d is 27 #m. The position of the necking was slightly 
fluctuating. At h =42.3 and 44.8crn, d sometimes 
decreases to its minimum value (27 #m). At h = 39.8 era 
the diameter also sometimes decreases, however never 
reaches the minimum value. 

Figure 5 shows some two-dimensional scattering 
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Figure 5 Two-dimensional scattering patterns at various distances h 
from the spinneret during spinning at 4000 m min i 

patterns obtained at various distances h from the 
spinneret. In the two patterns at the bottom of the 
figure, obtained at h = 57.3 and 62.3 cm, one can clearly 
recognize the three crystal reflections (100, 110 + 111, 
010 + 011) of PET on the equator. The strong scattering 
along the meridian is an artifact. It arises from the air 
and the metal edges (see Experimental part). Patterns 
showing strong crystal reflections were always obtained 
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F i g u r e  6 Scattering intensity along the equator as a function of the 
scattering angle 20  at h = 57.3 cm before and after subtraction of the 
background scattering zluring spinning at 4000 m min- t  

at distances exceeding the value h = 49.3 cm, i.e. after the 
end of the necking zone. 

If h was smaller than 39cm, no X-ray crystal 
reflections were observed. The scattering diagrams 
obtained at these values of h looked like the one 
shown on the upper left side of Figure 5 measured 
at h - -37 .3cm.  One can only recognize the strong 
background scattering on the meridian. The amorphous 
halo is not visible because it is too weak. 

At distances of h between 39.8 and 47.3 cm, in some 
measurements crystal reflections were observed while in 
other measurements no such reflections appeared. This is 
illustrated by the patterns at h = 42.3 cm and is due to 
the fluctuation of the necking zone. However, it is 
worthwhile to note that crystal reflections were not only 
observed at 42.3cm, but in some cases also at 39.8cm 
(upper figure, fight-hand side) where, according to our 
diameter measurements, necking in no case was completed. 

From the small azimuthal half width of the crystal 
reflections it follows that the orientation of the crystals is 
very high from the beginning of crystallization and does 
not considerably increase during further crystallization. 
At h = 47.3cm a value of 0.92 is obtained for the 
Herman orientation function of the 100 reflection with 
respect to the equator. 

Figure 6 shows the scattered intensity at h = 57.3 cm as 
a function of  20,  where 20  is the scattering angle, along 
the equator before and after subtraction of the back- 
ground scattering arising from the set-up. In order to 
decrease the noise for each reflection an average of the 
intensity over 15 channels of the detector in azimuthal 
direction was calculated. Though the scattering of the 
sample is only 20% of the background scattering one can 
clearly recognize the crystal reflections in both curves. 
The noise, however, is comparatively large. Therefore, 
we have smoothed the scattering curves by convolution 
with a Gaussian function having a half width of 
A(20)  = 1.1 ° just removing the rapid fluctuation while 
leaving the crystal reflections almost unaffected. This 
procedure increased the half width of the crystals by 25 % 
which does not affect the evaluation. Figure 7 shows the 
smoothed intensity as a function of 2 0  at different 
distances from the spinneret after subtraction of the 
background and smoothing as described above. In 
agreement with Figure 5, crystal reflections appear 
when h is larger than 49 cm and also, in some cases, at 
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Figure 8 Density and shrinkage of the fibre after spinning at 
4000mmin 1 as a function of the distance l between spinneret and 
guide 9 (see Figure 1) 

smaller values of h however never at values below 
39.8 cm. One can see an increase of the intensity of the 
crystal reflections with increasing distance h of the 
spinneret. The main increase, takes place within "or 
slightly after the necking zone. 

DISCUSSION 

Influence of the guides and of the helium on the spinning 
process 

The guides 3 and 8 in Figure 1, the slit in the aperture 
shown in Figure 2 and, finally, the application of helium, 
are not used under normal spinning conditions but are 
necessary in our experiments in order to make the 
WAXS measurements possible. How do these devices 
influence the spinning process? 

For helium, the molar heat capacity is smaller and the 
thermal conductivity is larger than for air. Therefore the 
cooling of the filaments and consequently the tempera- 
ture profile along the filaments are expected to change if 
helium is used instead of air. However, in our set-up the 

helium is blown onto the fibre just at the location where 
the X-ray scattering is measured. As a consequence of the 
air drag, the helium will be drawn downwards and no 
helium will flow in the area above the point at which the 
scattering is measured. Therefore we conclude that the 
temperature profile, if at all, will only be changed below 
the region from which the scattering is measured and will 
not affect the diameter profile and the crystallization 
above and within this region. 

The guides 3 and 8 in Figure 1 and the slit in the 
aperture shown in Figure 2 may change the temperature 
and the stress of the filaments if they come into contact 
with the filaments. It is very difficult to estimate the 
changes of the spinning conditions caused by this effect. 
We have measured the stress of the filament during 
spinning with and without these guides and have noticed 
no difference. 

Due to special restrictions in the experimental 
chamber, the spin-line used in our experiments was 
comparatively short. The maximum distance l between 
the spinneret and the guide 9 in Figure 1 was only 
207.3 cm. If the temperature of the filament is not low 
enough when this guide is passed, some additional 
drawing may take place between this guide and the godet 
roll. In order to find out to which extent this effect is 
present the following experiment was performed: at a 
constant take-up velocity of 4000mmin -l the total 
length of the spin-line was varied by moving the extruder 
up and down. The densities at 30°C and shrinkage at 
160°C of the final fibres obtained at different positions of 
the extruder were measured. Figure 8 represents the 
results as a function of the distance l between the 
spinneret and the guide 9. As one can seen, constant 
values are obtained for l =  157.3cm and more. An 
increase in density (crystallinity) and shrinkage is found 
only when I is 152.0 cm. This increase is considered to be 
a consequence of additional drawing between the guide 9 
and the godet roll. From the constant values for 
l > 157.3 cm it is concluded that no additional drawing 
occurs for positions of the extruder at this distance. As 
all measurements were performed at h>37 .3cm 
corresponding to l >  157.3cm we can exclude an 
additional unwanted drawing between the guide 9 and 
the godet roll in our measurements. 

Dependence of crystallization of the fibre on the take-up 
velocity 

Usually orientation induced crystallization is only 
observed when the take-up velocity exceeds the value 
of 5000mmin -1. In our case according to Figure 3, 
crystallization already starts at 2500mmin -1 and 
reaches its maximum values at 3500mmin -1. This is 
attributed to the comparatively high molecular weight of 
our material which has an intrinsic viscosity of 1.0 dl g-l 
in p-chlorphenol/tetrachloroethane (60/40) correspond- 

1 ing to Mw = 80 000 g mol- while usually the viscosity is 
0.7dlg -1 and Mw is 50000gmo1-1. 

24 26 Our previous investigations - with amorphous PET 
films have shown that the birefringence obtained at 
temperatures between 82 and 95°C by drawing does not 
only depend on the temperature, the draw rate and the 
draw ratio but also on the molecular weight Mw of the 
material. Keeping all other conditions the same, the 
birefringence was the higher the larger Mw. It seems 
reasonable that this must also be true for high speed 
spinning which can be considered to be a drawing at 
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higher temperatures with much larger drawing rates. 
Therefore we have to conclude that the critical orienta- 
tion necessary for crystallization is reached at a spinning 
rate which is the lower the higher the molecular weight. 

In which part o f  the necking zone does crystallization 
start? 

Based on measurements of the temperature and 
diameter profile, Kikutani et al. 3 have concluded that 
crystallization proceeds rapidly just after the end of the 
necking process and is induced by the orientation of the 
chains. The necking itself can be explained by rheological 
effects assuming some special dependence of viscosity on 
temperature. According to Haberkorn et al. 17 necking 
occurs at the point where the temperature becomes so 
low that, at the rate of elongation applied there, the chain 
entanglements act as fixed netpoints and a rubber-like 
strong elongation occurs accompanied by a high 
orientation of the chains. Crystallization, again, is 
considered to be a consequence of this chain orientation. 
It should occur at the end of the necking zone where 
orientation is completed. 

By contrast, our results indicate that in PET, crystal- 
lization already starts just after the beginning of the 
necking zone. We have to admit that in our case the 
filament thickness and the WAXS were not measured 
simultaneously. However, as we have repeated our 
measurements several times and have never found that 
necking started above h = 39.3 cm where the appearance 
of crystal reflections could be observed, we believe that 
our conclusion is supported by our experiments. The 
assumption that, in PET, necking is caused by the onset 
of crystallization is well supported by calculations 
performed by Katayama and Yoon 27. They show that 
necking starts at a distance from the spinneret where a 
plateau begins to appear in the temperature curve. The 
plateau is interpreted to be caused by the heat of 
crystallization. Furthermore, the calculated stress at the 
necking point agrees with the necking stress measured at 
a PET film which was crystallized at 120°C prior to 
necking. 

How can crystallization start in the comparatively 
weakly oriented fibre at the beginning of the necking 
zone? We believe that the orientation is not uniform. 
Even when the average orientation, as measured by 
WAXS or birefringence, is comparatively weak, a small 
part of the chains, in the regions where the entanglements 
of the chains are more stable, will become highly 
oriented. These chains are acting as crystal nuclei. In 
addition, these nuclei may act as netpoints and lead to an 
increase of orientation and to necking. This effect may 
occur in addition to the entanglement effect discussed 
by Haberkorn et al. 17. We want to point out that 
evidence for growing of highly oriented crystals in 
an apparently unoriented amorphous matrix has been 
already obtained in our investigation of melt spinning of 
polypropylene and poly(vinylidenefluoride) 2°,21 at mod- 
erate spinning speeds. 

How could one explain the result that the temperature 
maximum is found at the end of the necking zone while 
crystallization starts at the beginning of this zone? One 
can estimate that, at 6000mmin -1, it takes, roughly, 
t0 ms for a volume element of the fibre to move from the 
beginning to the end of the necking zone. It could be that 
this is the time which is necessary for the heat production 
and transfer. 

One could think that in the case of the polyamides, 
too, the crystallization already starts at the beginning of 
necking despite the results of Haberkorn et al. obtained 
by X-ray scattering. In their investigation there is no 
indication that the amorphous halo becomes anisotropic 
before or just at the beginning of crystallization. A strong 
orientation of the amorphous chains as obtained by 
drawing with necking should manifest itself by a 
concentration of intensity of the amorphous halo on the 
equator. Furthermore, even in the case of simultaneous 
measurements of WAXS and filament thickness in the 
work of Haberkorn et al. one has to consider that the 
fluctuations of the neck occur on a time scale of seconds 
while the time necessary to measure the WAXS was 2 h. 
Therefore it seems to us problematic to relate the 
position of the end of the necking zone to the position 
from which the WAXS is detected. The WAXS is always 
averaged over different locations within the necking 
zone. 

Obviously it is an experimentally very difficult 
problem to locate exactly the position where crystal- 
lization starts with respect to the necking point. In 
further experiments we will try to improve the set-up so 
that we will be also able to detect the amorphous halo 
and thus the orientation of the amorphous chains. 
Furthermore, in the case of PET, we will try to follow 
crystallization at scattering angles where the -105 
reflection appears. Close to this reflection highly oriented 
amorphous material shows a sharp peak arising from an 
intramolecular periodicity. This peak will be used for the 
detection of the orientation of the amorphous chains. 

CONCLUSION 

By using synchrotron radiation it is possible to measure 
the WAXS of thin filaments (26 #m) of PET during high 
speed spinning within minutes. Such on-line measure- 
ments in combination with measurements of the filament 
thickness prove that the main part of the crystallization 
process takes place within the necking zone. There 
is some indication that crystallization starts at the 
beginning of necking and that crystal nuclei acting as 
net-points in the amorphous phase are responsible for 
the strong orientation by necking. 
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