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Extrusion of complicated inner profiles of glass
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While extrusion today is a frequently applied and approved shaping method for metals and plastics for the production of rods, tubes and any
inner and outer profiles, it is still in a state of development for the processing of glass melts.

One particular advantage of this method of glass shaping is the fact that the working temperature is lower and thus the viscosity of the
glass melt is higher compared with the usual forming procedures. Therefore, the corner radiusing effect of surface tension is largely
suppressed. Especially in the production of hollow sections, it is now possible to manufacture sharp-edged inner profiles and even
complicatedly shaped capillary cross sections at a close tolerance of the external diameter. At present, such profiles cannot be produced by
any other method of glass shaping.

In addition to the various extruded hollow sections, the corresponding pressing tools are described as well. For the accuracy of shape
and the precision of size the die swell phenomenon is of special importance. It causes differences between the cross sections of extruded
material and the profiles both of the channel and the mandrel. The reasons for this phenomenon, the difficulty of its theoretical analysis, and
possible preventive measures will be dealt with.

Strangpressen komplizierter Innenprofile aus Glasern

Waihrend das Strangpressen in der metall- und kunststoffverarbeitenden Industrie heutzutage ein haufig angewendetes und bewihrtes
Umformverfahren zur Herstellung von Stangen, Rohren und beliebigen AuBen- und Innenprofilen darstellt, befindet es sich fir die
Formgebung von Glasschmelzen noch im Entwicklungsstadium.

Ein besonderer Vorzug dieser Methode fiir die Glasverarbeitung liegt u. a. darin, da sie auf Grund der gegeniiber den gebrauchlichen
Formgebungsverfahren niedriger liegenden Verarbeitungstemperatur und der damit einhergehenden héheren Zihigkeit der Glasschmelze
die kantenverrundende Wirkung der Oberflichenspannung weitgehend unterbindet. Speziell bei der Herstellung von Hohlprofilen wird es
so moglich, bei einer engen Toleranz des Rohrauflendurchmessers, scharfkantige Innenprofile bis hin zu kompliziert geformten
Kapillarquerschnitten zu erzeugen. Diese konnen zur Zeit mit keinem der herkdmmlichen Glasformgebungsverfahren hergestellt
werden.

Neben verschiedenen stranggeprefSten Hohlprofilen werden auch die zugehérigen PreBwerkzeuge vorgestellt. Von besonderer
Bedeutung beziiglich der Formtreue und Maflgenauigkeit ist dabei das Diisenschwellphdnomen, das Abweichungen des Strangquer-
schnittes vom Profil sowohl des Matrizenkanals als auch des Dornwerkzeuges hervorruft. Auf seine Ursachen, die Problematik einer
theoretischen Analyse sowie auf mogliche Mafinahmen zur Abhilfe wird eingegangen.

1. Introduction thin bars (figure 1) up to complicatedly shaped
capillary cross sections. At present, these cross
sections cannot be produced by any of the conven-

tional methods of glass molding.

While several earlier papers [1 to 5] have described
especially the production of outer profiles of glass by
extrusion and the die swell phenomenon, which
occurs thereby [2, 3 and 5], the following article
chiefly deals with the geometrical shaping of the
pressing tools and with the phenomenon of die swell
during the manufacturing of complicated inner pro-
files. Particularly the high viscosity of the glass melt
(7 = 108 dPas), which is in correlation with the
comparatively low pressing temperature, proves
profitable by preventing the corner radiusing effect of
the surface tension. By this way, it is possible to
produce angular inner profiles with small tolerance of
the outer diameter as well as profiles with extremely

2. Technique of extrusion

Figure 2 shows the mode of operation of the
extrusion equipment which was used for the experi-
ments described in the following. The whole equip-
ment was developed at the department of material
science and mechanical technology of the university
of Kaiserslautern. The glass billet with a diameter of
35 and a length of about 50 mm is inserted in the
container and heated up by an electrical resistance
furnace till its softening temperature (y = 107-° dPa s)
to reduce the viscosity to an extent which is
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appropriate for deformation. Then the billet is
pressed by a punch through the die, the pressure
being about 500 bar (50 MPa) [4 and 5].
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Figure 1. Inner profiles made by extrusion.
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Figure 2. The technique of extrusion.
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Figure 3. Extrusion of hollow sections by the welding chamber
method (principal drawing).

3. Pressing tools for production
of hollow sections

While the outer contour of extruded cross sections is
determined by the aperture profile of the die, it is also
possible to fabricate hollow sections by inserting a
mandrel. This tool possesses the corresponding
negative shape of the desired inner contour. In
principle, there are various procedures for the
production of hollow sections, which differ in the way
the mandrel is installed.

The used technique is the welding chamber
method?) (figure 3). The mandrel is fixed by a

2) This term is quoted from the terminology of extrusion of metals.

supporting frame in the region of deformation. It is
named spider or supporting cross according to its type
of design. By this statical bearing, a high accuracy of
the position of the mandrel in relation to the die is
obtained without any special expenditure.

During extrusion, the glass melt is split up in as
many single streams as the spider possesses bars. In
the following main region of deforming (welding
chamber) and in the die channel the streams merge
into one rope again (figure 4). An optical faultless
welding of the single streams is not completely
guaranteed because of the high viscosity
(7 = 10® dPa s) of the glass melt, mentioned above.
Moreover, the spider is a barrier for the streaming
glass melt and thus causes additional friction forces
and deforming losses which must be kept low by a
high ratio between the cross-sectional areas of the
streaming glass melt and the bars.

4. Production of complicated capillary cross
sections

By the example of complicatedly shaped capillary
cross sections, the results described in the following
will demonstrate the special applicability of extrusion
for the manufacturing of manifold inner profiles with
partly very small dimension sizes and extremely sharp
edges. Thus, the possibilities for a technical appli-
cation of this method will be opened. The described
specimens are preforms. Their dimension sizes must
be reduced further by a subsequent drawing: If the
glass melt has a suitable viscosity, an approximate
preservation of the geometrical similarity of the cross
sections can be expected.

It is known that in thermometrics capillary cross
sections with non-circular outer and inner profiles
and with a high accuracy of shape and dimensional
accuracy are required for a convenient readability of
the thread fiber [6 to 8]. Figures 5a to c will show the
small opening cross section with high dimensional
accuracy, extremely sharp edges and high complica-
tion, which can be obtained for the manufacturing of
preforms for thermometer capillary tubes by the
technique of extrusion.

All the pressing tools were made of heat-resisting
and non-scaling CrNi steel.

5. The die swell phenomenon

The die swell phenomenon is very important for the
necessary dimensional accuracy and the precision of
shape of the extruded products [2, 3, 5 and 9]. It is
characterized by the fact that the cross section of the
extruded rod in general does not correspond to the
opening profile of the die channel. It is larger than the
aperture profile. This is caused by friction of the
flowing glass melt at the die channel wall and at the
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Figure 4. Welding chamber pressing tools.

mandrel and it becomes most obvious in case of
complete adhesion at the wall. The reorientation of
the velocity distribution from parabolic form to a
box-type profile, which takes place in the region of
the die exit, simultaneously causes a radial expansion
of the leaving rod.

The effect of the die swell phenomenon is shown
by the quadratic hollow section exemplified in figure
6. A bulging of the inner and outer surfaces can be
recognized here. However, the cross sections in
figure 7 show an influence of the wall thickness on the
expansion of the extruded material. Thus for exam-
ple, the deviation of the inner profile from circularity,
is more obvious in the regions of small wall
thickness.

Figure 8 shows that the expansion of the extruded
rods (increase of cross-sectional area) at the extrusion
of tubes is about 24 %. This value is independent
from the length of the die channel L if there are
stationary flow conditions, i.e., if the length of the
channel is above a certain value. Thus, there is no
influence of the diameter of the mandrel D; on the
size of expansion of the extruded material if the
diameter of the die channel D, is fixed. In analogy to
the extrusion of full sections, the shape of the
cross-sectional area of the die does not seem to have
an influence either [S]. Moreover, the increase of the
cross-sectional area is independent of the amount of
applied pressure and of the extrusion rate.

6. Dimensional accuracy and the precision of
shape of the extruded products

For the realization of profiles with high dimensional
accuracy and precision of shape, the die swell
phenomenon must be eliminated, i.e., the friction on
the die wall and on the surface of the mandrel must
become zero. This can happen — as pointed out
before [4 and 5] — by various measures:

a) application of materials for die and mandrel which
will favor a slipping of the flowing glass melt along the
wall, for example electro-graphite, pure nickel,
porous-sintered materials with encased solid lubri-
cants (MoS,, BN), etc.;

2mm

a) c)

Figures 5a to c. Extruded preforms for thermometer capillary tubes
of glass B 270. Pressing conditions: @ = 668 °C, n = 10%* dPas,
p =35MPa (=350bar); a) sickle profile, b) lens profile, c)
“Optima” capillary profile.

b— 5mm

Figures 6a and b. Cross sections of a die made of CrNi steel (figure
a) and of the extruded semifinished material made of F2 glass
(figure b). Swelling ration a, = 27,8 %; pressing conditions:
¥ =575°C, n = 108dPas, p = 32 MPa (= 320 bar).

p———— 5mm

Figures 7a and b. Cross sections of a die made of CrNi steel (figure
a) and of the extruded semifinished material made of F2 glass
(figure b). Swelling ration a, = 24,8 %; pressing conditions:
¥ =581°C, 5 =10"°dPas, p = 30 MPa (= 300 bar).
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Figure 8. Dependence of the expansion of extruded material with
circular-shaped profiles from the length of the die channel
(demonstrated by the ratio of the case surface and the surface of
the cross-sectional area of the die channel) in case of adhesion to
the wall. Die material: CrNi steel; glass: F 2; pressing conditions:
¥ =583°C, n =108 dPas.
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Figure 9. Front surface of the leaving rod (above) and the
computed velocity distribution (below) for the profile of figure 7.

b) use of special high-temperature lubricants which
do not soil the glass melt;

c¢) reduction of the length of die channel and mandrel
(knife-edge die);

d) immediate drawing of the leaving rod in case of
circular profiles.

Finally, the realization of a “negative correction”
of the die geometry might be possible for the com-
pensation of the phenomenon of die swell as well. For
this correction a theoretical analysis of the die swell
phenomenon is required in addition to the experi-
mental investigations. Because the expansion of the
rod results from the rearrangement of the velocity
distribution within the die channel to the box-type
profile in the leaving rod — as already explained
in chapter 5. — a first criterion for the estimation
of the value and the distribution of the expansion
of the rod across the cross section can be received
by the exact knowledge of the velocity profile.

It can be observed that the flowing glass melt is
slowed down in the region near the die channel wall
and the mandrel surface due to wall friction. At the

beginning of the pressing procedure, the glass melt
simultaneously rushes into regions where the flow
resistance is low. So the contour of the front surface
of the leaving rod gives a picture of the velocity
distribution inside the die channel.

The starting point for a theoretical description of
the flow conditions inside the pressing tools is the
Navier-Stokes equation. After the inclusion of
various permissible simplifications, this equation will
be reduced to the so-called Stokes equation [5 and 9].
At the determination of the velocity distribution of
the stationary flow within the die channel, the
solution often results from a discretisation by a
numerical differential calculus. Here, the method of
successive overrelaxation, proposed by Young, was
used as aid. The differential calculus can directly be
taken out of the literature [10].

By the input of adequate limiting conditions, the
process of calculation can be adapted to the present
flow conditions and to the geometry of the actual
hollow section. In figure 9 a three-dimensional
plotting is used for the description of the first results.
Thus, it is possible to make an immediate comparison
between the geometrical formation of the front
surface of the extruded rod and the computed
velocity distribution.

The theoretical reflection on the levelling of this
velocity profile in the region of the die exit and the
accompanying expansion of the rod leads to a
three-dimensional problem which cannot be exactly
resolved because of the enormous computing ex-
penditure, among other things. Therefore, a prede-
termination of the negative contour of the die and of
the mandrel by a theoretical approach is not possible
yet, it is still only practicable on an empirical basis
through a gradual approximation. Thereby the ana-
lytically and experimentally determined velocity
distribution within the die channel serves as an useful
aid.

7. Summary

The shaping by extrusion opens a wide field of
applications for the glass industry. Due to the
comparatively low working temperature and thus the
high viscosity of the glass melt, extrusion allows the
production of any sharp-edged full and hollow
sections with high dimensional accuracy and precision
of shape. Complicated capillary cross sections as they
are needed in the thermometer industry, for instance,
illustrate the possibilities for making products which
cannot be produced by any of the conventional glass
processing methods. The previous investigations
suggest, that the expansion of the rod seems to be at
about 24 % independent of the profile of the cross
section in the case of hollow sections as well.

The suitable shaping of the die tools requires the
exact theoretical analysis of the die swell phenome-
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non. The velocity distributions of the flowing glass
melt could be determined mathematically for dif-
ferent geometries of the die channel and of the
mandrel. The determined velocity distributions show
good agreement with the experimental results. For
the purpose of a “negative correction” they are useful
aids for an appropriate shaping of the pressing
tools.
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