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Opening Remarks

Christian Kohlert

This book was developed by specialists in plastics technology, especially calendering
technology, and is based on around 20 years of professional experience and scientific
collaborations with international universities and research institutions. Results are
presented based on around 20 doctoral theses and 200 diploma and master’s theses,
which were supervised by the authors.

The aim of this book is not a general presentation of the calendering process, as this is
already sufficiently contained in the books by Kopsch and Kohlert. It is also not in-
tended to convey knowledge that can be easily researched on the internet. Instead,
the aim is to present innovations and practical experiences in plastics processing—us-
ing the example of the calendering process—that can also be used in other plastics
technologies, such as extrusion, injection moulding, or coating. All calculation meth-
ods presented are applicable to other plastic technologies, or can be transferred to
them.

The images used in the book are taken from the authors’ working lives, unless other-
wise stated in the image caption or at the end of the section. We recommend that any-
one interested in re-using the images contact the authors’ collective at info@kohlert-
consulting.de.

The book was written by Prof. Dr. Christian Kohlert and Prof. Dr. Tamara Chistyakova,
with the participation of Helmut Welbers, Dr. Andrey Polosin, Dr. Michael Kohlert
and Prof. Dr. Frank Kleinert.
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Introduction

Christian Kohlert

Via Al you will find the following definition of “calendering”, and this underlines the
importance of our focus on innovations and similar evaluations in this book:

Calendering is a process in the plastics and rubber industry in which materials,
especially plastics or rubber, are processed into thin layers or films by rolling. This
process is primarily used for the production of flat materials such as films, panels,
and sheets.

Calendering involves four main steps:

1. Heating: The raw material (plastic or rubber) is heated to a high temperature to
soften it and make it malleable.

2. Rolling: The heated material is passed through a series of rollers that are coordi-
nated to maintain the correct pressure and temperature. As it passes through the
rollers, the material is formed into a thinner layer.

3. Cooling: The thin layer or film is cooled to achieve the desired strength and thick-
ness.

4. Slitting: The cooled material is slit to the desired dimensions.

Calendering can also be used to bond different materials together, for example to
produce a composite of two or more plastic or rubber layers. The process parameters,
such as temperature, pressure, and roll speed must be carefully controlled to achieve
the desired material properties and dimensions.

Calendered products are used in a variety of applications, such as the packaging, au-
tomotive, construction, and electrical industries. Calendered plastic films play a ma-
jor role as homopolymer films, as multilayer films, or as mixed films in the packaging
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industry, as well as in technical and agricultural applications, and they are an integral
part of polymer value chains.

Of course, the type of film, material, and property profile, as well as new innovations,
play a major role in the optimization processes, which in turn affect the price—prop-
erty ratio. Many innovations have been incorporated into polymer production pro-
cesses in recent years, especially sensors (driven by advances in microelectronics)
and in data processing, and these can generally be used in any polymer film manufac-
turing process.

As shown in Figure 1.1, every film manufacturer faces market tensions, and needs to
find a system that is optimal for them. Raw material suppliers are concentrating on
the production of cheaper raw materials and have a better market position; custom-
ers are becoming more demanding regarding quality and property profiles; and new
competitors from outside Europe are striving to enter the market, and in so doing,
substitute products with their own polymer bases.

New competitors
from outside
Europe

* Improved infrastructures
* Globalization

Increasing competitors
Concentration in the rigid film industry
More demandin
among raw > customers °
material suppliers U
+ Oligopoly situation » High quality /
price awareness
» Concentration » Short delivery
+ Leaving the time
inc.lustry » High application
* Price pressure technical service
Replacement + New applications
products
PP/PS/PET
* Improved

substitute products
« Environmental marketing

Figure 1.1 Market tensions in the production of polymer films

Polymer films are usually produced using three manufacturing processes (Figure 1.2).
Of these, the calendering process is the most productive process in terms of tonnage,
thickness tolerance, and quick changeover times (see Figure 1.3). The basics of calen-
dering are covered in the books by Kopsch and Kohlert [1, 2]. Extrusion has its advan-
tages in terms of the investment amount, the number of workers, and the colour
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change. Spreading and laminating several films can be used for finishing after any
film production process.

- calender
3000 mm width
200 m/min

extruder

e

stretching
frame

~__ blow film
extruder

lamination

Figure 1.2 Manufacturing process for polymeric films and their finishing (Source: [3])

Investment

Thickness range Workforce

Thickness

Ener:
e tolerance

Changeover time

Width range when changing colours

Throughput
Figure 1.3
The further, the cheaper! R .
—— Calender Comparison of calendering
—— Film Extruder .
Calendering polymer films March 2003 and extrusion

The calendering process is characterized by material storage and preparation, dosing
and mixing, the fluxing process in an extruder or co-kneader, the actual calendering
process by molding between several rollers, the after-treatment for the final adjust-
ment of the film thickness and film shrinkage, as well as the temperature control for
cooling and the winding up.
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For customer requests, a winder or format cutter is usually used for final packaging
(Figure 1.4).

Rigid film production

Supply of
raw matenals Diagrammatic representation of calendering process
emi.}
[ l e h Calender
Pre-heat mixer ¢ |
Cooling mixer | Calender  Take-off  Cooling Edge
I rolls rolls rolls trimming
K@ el b rolingup
‘ camera 9 Stindard
Sonverer 8

Thickness
gauge

Roll cutter

Standard

10l mp 4
A
Customised‘ trimming
Shredded Sheeter ralls
waste to optional Packaging/dispatch
grinder

Figure 1.4 Schematics of a calender line (Source: [3])

The extrusion process is usually characterized by processing granules, i.e. prefabri-
cated material particles and not direct raw materials. Especially with PET and PA
granules, the material must be pre-dried so that no air bubbles or air cracks occur in
the finished film, due to the hydrophilic nature of the material. The melting and shap-
ing then takes place in one or more (up to seven) extruders via so-called wide slot
dies, and the emerging film is then cooled with a cooling roller. The film is then cooled
and assembled, as in calendering (Figure 1.5).

The finishing options include longitudinal stretching in the post-calender unit (MDO)
and transverse stretching in a wide stretching frame (TDO). The state of the art uses
thickness measuring systems, camera systems for surface defects, as well as in-line
measurements of colour, gloss, and haze.

Film thicknesses between 20 and 1600 um and widths of up to 2.2 m are achieved, and
up to 6.2 m when stretched. By stretching and using a suitable T-guide, shrinkage val-
ues of up to 80% can be achieved.
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Extruder
Supply of Drying AB.C

raw material Casting

Multilayer Die

E—’—l Thickness guage Master rolls
Extruder I
pper

Cooling roll

_] wlght

Silo

Winder

Edge trim

Master rolls

Customer rolis

Figure 1.5 Schematic of a film extrusion line (Source: [3])

When extruding blown film, the prefabricated granules are formed into a multilayer
film in the range of several um per layer, possibly with pre-drying, using several ex-
truders of different sizes in a mixing nozzle and expanded by several air bubbles.
This allows the desired film thickness and width, as well as the corresponding shrink-
age, to be achieved (Figure 1.6).

. 5 Annealing owen special
Heating it/ Rewers ]
Raul A e layflat-syste z ’
n > 120 different temperatures
= = 10 different velocities
) ; 1 - = 30 different pressure values

Dasing/Extruders/ Blowing: - 11 different extruder output
Head/ Waterquenching 3 S

@ I [ = high complexity of the interplay
( N of parameters

= mathematical methods to
ansure a stable process leading
& te constant product guality

Web-adge Conirol/Corona
TrestmenlWinder

Coextrusion Orlentation Annealing Winding
Figure 1.6 Schematics of a blown film extrusion line (Source: [4])
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Production of Calendered Films

2.1 Calendering
Christian Kohlert

Calendering is the process of forming polymeric masses in the nips of a calender. Dur-
ing calendering, the processing material passes only once through each nip, whereas
during rolling, the material passes through the nip several times until the desired ho-
mogenization is achieved.

The aim of the calendering process is to achieve a uniform thickness distribution for
a homogeneous polymer mixture at high film speeds in the longitudinal and trans-
verse directions. In addition to the film thickness, also important are color consis-
tency, uniform shrinkage, and strength values, as well as the avoidance of film defects
such as black dots, specks, wrinkles, etc.

In practice, 4- and 5-roll L-shaped calenders with film guides from bottom to top have
become established for hard PVC, as this makes it easier to manage the cleanliness of
the rolls. For soft PVC, 4-roll calenders in F and Z shapes are used because of better
suction of the vapors created by the plasticizers. Common calender designs in current
use are shown in Figure 2.1 and Figure 2.2.



2 Production of Calendered Films

Q
&
Q
S

general areas of application

floor coverings, vinyl asbestos tiles, satin finishing
of IT panels, rough rubber plates, sole plates

2-roll-calender; |-shape

3-roll-calender; I-shape floor coverings, rubber plates, friction

rigid-PVC-film, rubber plates, covering fabrics
4-roll-calender; |-shape and cord threads stripes on one and both sides,
friction

soft-PVC-film, rubber plates, covering fabrics and
4-roll-calender; F-shape cord threads stripes on one and both sides,
friction, duplicate
general areas of application
soft-PVC-film, rubber plates, covering fabrics and
cord threads stripes on one and both sides,
friction, duplicate

PoBEOR] IO

&
@
Q
=

4-roll-calender; F-shape
with rear breast roller

4-roll-calender; L-shape

rigid-PVC-film
O,
) 5-roll-calender; L-shape rigid-PVC-film
O,
0.0

(+) ° Ll - soft-PVC-film, rubber plates, covering fabrics
4-roll-calender; Z-shape and cord threads stripes on one and both sides,
0,054
friction, duplicate
(V) rigid and soft-PVC-film, rubber plates, covering
°° 4-roll-calender; S-shape fabrics and cord threads stripes on one and
() both sides, friction, duplicate

Special design general areas of application
2-roll-calender;
horizontal-shape
2-roll-calender;
inclined-shape
3-roll-calender;
inclined-shape

rough rubber plates, floor covering

rough rubber plates, linoleum

rubber plates, covering fabrics on one sides,
friction

3-roll-calender; A-shape pre-film for rigid PVC pressed sheet

P TRF B9

3-roll-calender;

\ rubber plates, covering fabrics on one sides,
triangular-shape

friction

rubber plates, covering fabrics and cord
threads stripes on one and both sides, friction,
duplicate

4-roll-calender; Z-shape
with raised front roller

rubber plates, covering fabrics and cord
threads stripes on one and both sides, friction,
duplicate

4-roll-calender; |-shape
with inclined top roller

Figure 2.1 Calender designs (Source: [1])



2.1 Calendering

Figure 2.2 shows the most important parts of a calender, namely the rollers, roller
bearings, stands, and post-calender unit. In the early days of calender technology, bot-
tle neck-drilled rolls were used, with heating taking place by electrical electrolytes in
chambers filled with water. Although this was an inexpensive technology, it required
long changeover times for the roll temperatures and resulted in a temperature gradi-
ent from the centre of the roll to the edge of the roll. With the desire to reduce change-
over times, peripherally drilled rollers were used (Figure 2.3). Here, externally heated
oil or water in the printing circuit made it possible to achieve the necessary surface
temperatures more quickly for different recipes and film thicknesses. The disadvan-
tage of filling with oil is the contamination when changing the rollers and the oil costs.

F-Calender L-Calender S-Calender |-Calender
. 1 ) - .

Figure 2.2 Calender designs (Source: [2])

internal plug /
heating ducts (24 units) piston ring plug

cooling
: control valve unit -
: heater
circulation pump measuyring the
X} magnet temperature flow
) valve
cooling
water

Figure 2.3 Roller structure (Source: [2])
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Using the example of a 4-roll L-calender, the thickness reduction and increase in
width between the individual rolls are shown in Figure 2.4. The higher the viscosity
and the narrower the roll gap, the greater the increase in width. This must be taken
account of by adjusting the input width of the material in the first gap.

Pick off-line

Hot trimmed Hot timmed
g L= - -
}@ ol
j@ ol
- - - Roll2

.

Figure 2.4 Thickness reduction and increase in width on the calender (Source: [2])

Calendering paper and plastics are an old technology that appears not to have evolved
significantly in recent decades. However, when you take a closer look, you notice end-
less technical progress in machines and technology. The word “calendering” could
come from the Greek word for “cylinder”, and was first mentioned in 1798 in the
context of a smoothing calender for textile surfaces (cf. [1]). There are also references
to the naming from the word deficiency of textile technology [3].

Figure 2.5 shows the first patented calender for rubberizing fabrics, with a roll width
of 1830 mm and roll diameters of 457 and 305 mm, as described in US Patent No. 16.
The development of calenders in the 20™ century was primarily influenced by the
German mechanical engineering company Berstorff. The first cambered rolls were
created at this time, in which the roll diameter was larger in the middle of the roll
than at the edge to absorb a large part of the roll deflection. Electromotive roller ad-
justments and tilt adjustment options for the central rollers followed for the purpose
of faster changes and corrections of film diameter inequalities across the film width.
To better control the three to five calender rolls, the gearbox had already been
switched to individual drives. In the 1940s, the Luvitherm process was patented to
achieve special strength through subsequent heating of the film leaving the calender.

With the first hydrodynamic analyses of the flow processes in the roll gap by Alexan-
dre Ardichvili, for example, the theoretical understanding of the effects of a calender
gap began. In the 1950s, peripherally drilled rolls provided a better temperature pro-
file on the surface of the calender rolls, and pre-tensioning and roll bending as coun-
ter-deflection allowed further improvements in the uniformity of the films in terms of
thickness and shrinkage tolerance. Around 1960, people began to switch to continu-
ous pre-plasticization for higher throughput and to use larger roller widths (up to
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2000 mm) and higher speeds in new buildings. At that time, it was already possible to
achieve calendering speeds of 60 m/min for hard PVC and up to 150 m/min for soft
PVC. Figure 2.6 shows a modern calender line starting from fluxing to reel slitting.

Figure 2.5
First patented calender variants
(Source: [1])

In the 1970s, the first calculation models for throughput and pressure (for example,
by J. S. Chong) succeeded in bringing the roll shapes (camber or crowning) so close to
reality that 80-90% of the roll deflection due to material pressure could be compen-
sated for (Figure 2.7).

Figure 2.6 Modern 4-roll L-calender line (Source: [2])
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Figure 2.7 Speed distribution in the roller gap (Source: [1])

Figure 2.8 shows the basic equations for calculating the bending under camber, roll
bending, and axis crossing. The first calculation models for roll deflection and com-
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pensation were based on this (Figure 2.9). Initial process optimizations (for example
by Ernst-Otto Reher and Vladimir Krasovski) made it possible to achieve accuracies in

the um range for PVC rigid films.
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Figure 2.8 Roll calculation (Source: [2])
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Figure 2.9 First calculation models for throughput and pressure (Source: [1])
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In Figure 2.10 are shown different flow patterns depending on the friction. This also
required a development of measurement technology in which these accuracies could
also be practically assessed using radiometric thickness measuring systems. In the
1980s, the calender was supplemented with wedge-shaped internals (after Heinrich
Collin and Christian Kohlert [4]), which were intended to improve the mixing process
in the calender gaps. The first major automations and controls of temperatures and
speeds led to increased system analyses of the influencing parameters and their con-
nections in relation to film qualities (after Klaus Hartmann).

Figure 2.10

Quantitative image of the flow of
a Newtonian fluid in the gap, with
(@f=1,(b)f=13,and (c)f=
(Source: [1])

With the advent of microcomputer technology, in-line measurement technology was
placed at the forefront of developments, especially in the 1990s. As a result, the qual-
ity of the film features could be measured at the point of creation, and influenced by
the calender operator. This is how the defect inspection systems for evaluating sur-
face quality, shrinkage measuring systems using polarized light, level measuring sys-
tems using ultrasound or light speed measurement, as well as in-line color and gloss
devices were created.

The transition to modern techniques around the turn of the century was character-
ized by further strong development of in-line measurement technology, as well as
automation solutions from dosing to winding technology. A modern calender line
from the company Klgckner Pentaplast is shown schematically in Figure 2.11.

Film properties that need to be considered during calendering are the thickness dis-
tribution in the longitudinal (MDO) and transverse directions (TDO), the shrinkage in
MDO and TDO, surface defects (black specks, gels, fibres, holes, etc.), surface rough-
ness (glossy or matt), barriers against water vapor and gas, thermoformability, print-
ability, color fastness, and mechanical and thermal film properties.

Calendering technology is divided into the section material storage, dosing, hot and
cold mixers, fluxing, calendering, pick-off rolls, take-off-rolls, cooling rolls, measure-
ment technology, winding and packaging using slitters or sheet cutters.

Today there are complex calender lines for film thicknesses from 25-1200 ym, with
roll speeds of up to 200 m/min and roll widths of up to 3500 mm. Shrinkage values of
0-60% are possible in MDO.
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Rigid film production
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Figure 2.11 Modern rigid-PVC calender (Source: [2])
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For the main product of a plastic calenders, a basic recipe (for PVC rigid films) is shown
in Figure 2.12. It is assumed that around 80% of the recipe consists of PVC and around
10% each is made up of processing aids and application aids.

The processing aids include stabilizers, internal and external lubricants to reduce tem-
perature peaks and reduce the adhesive effect on the calender rolls, as well as calen-
dering aids to influence the viscosity of the polymeric mass to be processed. The ap-
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plication aids include impact modifiers to influence film strength, color pigments, and
antistatic agents to prevent electrical charging, as well as other additives and fillers for
special applications or reducing recipe costs.

This allows throughputs of up to 4 t/h to be achieved. This is possible through automated
dosing of the individual components, computer-aided control, process monitoring with
control programs such as WinCC, trend analyses, and statistical process control. In-line
and off-line quality control as well as energy efficiency measures complement this mod-
ern technology. Certifications according to ISO 9001 (quality), GMP, ISO 14001 (environ-
ment), ISO 50001 (energy), and hygiene are now standard in calendering companies.
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Figure 2.13 Material flow diagram in a calender line (Source: [2])

The material flow diagram of a calender line is shown in Figure 2.13. Many returns to
the output flows can be seen as internal recycling. In modern calendering systems, an
average yield of 85% is obtained directly from the raw material to the film for the
customers. Around 15% is returned to the cycle or stored in big bags as granulated
material for later further processing. Material that can no longer be processed is cre-
ated through combustion or pollution, and is usually sold as down-recycling material
in the range of 0.1-0.3%.
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Figure 2.14 and Figure 2.15 show the status of measurement technology and data link-
age at Klockner Pentaplast. The aim of the development of measurement technology
in recent years has been to capture the desired values in-line, since the operator can
intervene immediately in the event of deviations from the target value. A later labora-
tory assessment result in ever larger unusable shortages if deviations are identified.
Modern calender lines now have traversing in-line thickness measuring systems with
shrinkage measuring systems, line cameras for surface evaluation, as well as color
and gloss measuring systems if the film quality requires this (Figure 2.14). The results
of these measuring systems are displayed directly on the calender to provide the op-
erator with information about the film qualities, and are collected in data systems
and used as trend analyses. Modern software packages allow a cause-and-effect anal-
ysis to determine the reasons for deviations from target values.
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Figure 2.14 Status of measurement technology for calendering at Kl6ckner Penta-
plast (Source: [2])
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Figure 2.15 Status of data linkage during calendering at Kldckner Pentaplast
(Source: [2])




