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1. Raw materials — film resins
~ Film PET polymer quality in general, IV, DEG, melt purity

Composition an purity of PET film grade vary within a wide range depending on final application of the film and film thickness

IV: 0,55-0,65dl/g

DEG: 0,8-1,2%

COOH: < 35 mequ/kg

Additive content: 100 — 10 000 ppm, depending on thickness and application
Electrical resistivity of melt: 2 -8 x 10exp.7 Q (fiber grade polyester 2 — 8 x 10exp.9 Q)

~ Film additives: antiblocking /slip agents

AEROSIL (fumed SiO, ): EVONIK
BLANKEFIX HXM (BaSO,) HUNTSMAN
SYLOBLOC, SYLOID (precipitated SiO,)  GRACE

~ Film additives: pinning additive to increase the electrical melt conductivity

alkali earth metal salts, preferred Mg** ions, but also Li* , K*and Ba ** ions are suggeted.
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2. Conversion of PET granulate - its way through the BOPET film line

2.1 Pellet storage, handling and transportation
~Polymer producer - film production mill
Most of the polyester polymers are produced for immediate processing.
Nevertheless sometimes intermediate storage is required which is taking place mainly in big bags.
The storage time is >> 2 years provided the bags are seal and stored under roof and no direct sun radiation takes place.
The three common delivery forms are big bag/octabins, silo-truck and sea-container.
To protect the polymers from environmental impacts like rain water and dust big bags and sea-container are fitted with PE-in-liner.
Silo-trucks are commonly made of stainless steel or aluminum.
~Pellet discharge to film plant

In case of silo-trucks or sea-container drawdown to the plant is done by pressurized air.
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Big bags are discharged via their bottom closure to an intermediate sending silo.

For big bag bottom discharge it is important to clean the big bags especially the bottom area prior discharge by pressurized
air.

To avoid coarse impurities like wood, binders or parts of the big bags it is recommended to send the pellets prior conveying
to the storage silos from the intermediate sending silo to a simple sieve machine where fines and coarse impurities are
removed.

In case of film production where mainly amorphous pellets are used which are coming directly from the cutter section of the
polyester producer the dust and coarse separator is more necessary than at for instance bottle production where the pellets
went through several dust removal steps before and after SSP.

CoNsuLT

COPY RIGHTS PROPRIATORY TO: Dr. Thiele Polyester Technology; FOR INTERNAL USE ONLY



~Intermediate storage
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To the usage of amorphous pellets where the first step of processing is the crystallization it is to mention that the storage time
between production and crystallization is of impact to lump formation during crystallization.

Very fresh pellets directly form the PET production plant tend to stick during crystallization. Therefore it is of advantage when
between pellet production and further processing are some days of storage in between.

Sufficient are three days and more.

The reason for this behaviour is the penetration of pellet surface moisture connected with an aging effect which is supporting the
crystallization.

For large production capacity the most convenient storage concept is based on silo or truck transport and pneumatic conveying to
the storage silos.

Because of the growing distance between silo storage and production line it is important to care for the right selected conveying
system for truck and silo discharge (see also conveying)

~Internal pellet conveying
In general are determining the following factors of the conveying system amount and properties of dust and abrasion impurities:

~ conveying velocity

~ conveying distance

~ number of conveying pipe bends

~ radius of conveying pipe bends

~ material and surface properties of conveying pipes
~ lock feeder

Looking around the polyester processing industry there are by fare not everywhere optimal designed conveying systems installed.
Most of the time driven by cost reasons the simplest solutions are selected.

ConsuLT

COPY RIGHTS PROPRIATORY TO: Dr. Thiele Polyester Technology; FOR INTERNAL USE ONLY



DR. THIEL“
POLYESTER TECHNOLOGY

These are free flight or high speed conveying by compressed air and suction conveying by vacuum. The latter is very common
within the injection molding industry and it is not astonishing that numbers of perform producers coming from the plastic
processing are applying this system

The disadvantage of both systems is the high conveying velocity which is fare above 5 m/sec. This figure is a threshold / limit
value for the conveying speed.

As soon as the conveying velocity exceeds 5 m/sec significantly the pellets which are touching the inner pipe surface especially
in the bend areas are emitting microscopic amounts of polymer melt to the pipe surface. The high break energy which is
transformed to a small part of the single pellet surface is converted to heat which is enough to melt small particles of the pellet
surface away.

This melt dots are covering the inner surface and growing over the time. When these wall deposits are removed by the
mechanical force of the conveying stream it results is a wide variety of dust from small fibroids to large film or hair like particles.

One can imagine that caused by the high surface area those deposits tending to oxidative degradation and because of static
electricity to the collection of other fine particles from the conveying gas. Finally are such dust particles gel-like and none
melting which ends up in fish eyes, spots and filter blocking.

It is without saying that as longer the conveying distance and as more bends within the system are as more abrasion will occur.
But not only are the number of bends also the bend radius of impact whereas a bend radius of 2 m or more reduces the dust
generation significant.

Other sources of conveying dust are conveying tubes and hoses in case of applying different materials than stainless steel. Some
times the flexible tubes which are connecting the suction injector with the conveying system are made of inapplicable material
like PVC which could be a severe source of particles.
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A further source of abrasion is some times the lock-feeder where depending on lock-feeder adjustment, clearance and pellet
size a grinding effect might occur.

In case plant size and localization compel long conveying distances and a larger number of bends is within the conveying
distance there is also the possibility to remove the dust by dust separation units.

Common facilities are fluid bed dust remover connected to a cyclone.

Another possibility is the dust removal by active systems where the removal of dust from the pellet surface is supported by
applying changing electrical or magnetic fields which destroy the static electricity and facilitate the dust removal (e. g. :System
PELLETRON).

2.2 Drying of amorphous pellets

The drying of amorphous pellets is done in two steps, the crystallization and the drying.

Target of crystallization is to change the sticky behavior of amorphous pellets, which are becoming ductile and sticky above
glass transition temperature of about 80°C. The working principle of a fluid bed crystallizer is shown in figure 1.

After crystallization the stickiness disappears and one can heat the pellets to drying temperature.

Using air as drying gas the maximum temperature is at 180°C and using nitrogen as drying gas the maximum temperature is
about 210 - 220°C where the pellets becoming sticky again.

A reliable crystallization time is usually between 20 and 60 min. Important is that during crystallization the pellets must be
kept in motion to avoid lump formation.

Sufficient heat transfer and proper movement are possible applying fluid bed crystallizers which are treating the pellets
smoothly and which acting at the same time as dust removal unit.
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Figure 1: Fluid Bed Crystallizer - Working Principle DR. THIELE ‘
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Besides temperature and time the dew temperature of the drying gas is important.

There is in general the rule that as lower dew temperature and as higher drying temperature and gas velocity as more possible is the
appearance of solid state polycondensation.

This effect which is some times called “over-drying” could be one reason for gels, film breaks or filament breaks.

The drying gas should have a dew temperature of highest +8°C and lowest -60°C where the application of highly dried gas demands
for a carefully adjusted gas : pellet ratio.

Other types of crystallizer are using stirrer, paddles, vibrators or discs to keep the pellets in movement.

Mechanically moved pellet crystallizers have the tendency to create dust but intelligent design and adapted operation parameter
could keep the dust generation on a maintainable level.

Recently crystallization facilities are introduced where the pellets are heated by IR-radiation to achieve short heat up time and
additional drying.

Provided this technology applies proper pellet movement without dust generation the heat transfer conditions are comparable to
fluid bed conditions

To remove as quickly as possible the surface moisture of the pellets it is recommended even for mechanical moved crystallizers to
purge drying gas through the pellet bed.

The application of ambient air as drying gas is not recommended because high air humidity could cause hydrolytic polymer
destruction.
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Continuous crystallizer / dryer are using usually the drying gas exceeding the dryer to feed the crystallizer gas circuit.

A sufficient dew temperature of the process gas during crystallization is between +8° and -20°C. Subsequently after the crystallizer
the drying reactor is located.

This is most of the time a horizontal tube reactor.
Drying amorphous resin pellets like PETG or PCTG will be an exceptional position within drying technologies.

Such amorphous polymers must be tried at temperatures lower or maximal equal to their glass transition temperature which is for
both polymers about 80°C.

To get reasonable drying results the air dew temperature of such low temperature drying processes should be in a range between -
40 and - 80°C.
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~Processing of polyester without pre-drying

The processing of polyester pellets without pre-drying was developed during the last 10 years and meanwhile a number of
companies like for instance COPERION, BERSTORFF, BATTENFELD, BUHLER, GNEUSS or WELEX are offering such technology.

Most of the time the core of the process is a twin or multi screw extruder equipped with two or even more degassing zones
which are connected to a vacuum pump system. The applied vacuum level is between 50 and 5 mbar and the vacuum systems
vary between simple liquid ring pumps and complex multi stage vacuum pump stands. A successful design is for instance a twin
screw extruder equipped with a first degassing zone of ambient pressure before the first melting, a second and third degassing
zone after the polymer is melted and a vacuum level of 5 mbar as it is demonstrated for direct extrusion of non-pre-dried PET
into a flat film in figure 10 .

Figure 2: Example of Machine diagram

direct extrusion of i
non-pre-dried PET
into a flat film / A-
PET film

13

1 EPC process control system 8 Melt pump

2 Metering of granules 9 Screen changer

3 Metering of reclaim material 10 Slit die

4 ZSK MegaCompounder 11 Chill-roll unit

5 Atmospheric venting 12 Thickness gauge

6 Vacuum venting 13 For further processing

7 Vacuum pump
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The success of vented extrusion systems depends on several factors like throughput, moisture removal prior melting, surface
renewal during vacuum degassing, vacuum level, vacuum service system and residence time of the melt after extrusion.

A common rule is: as shorter the residence time between melt phase treatment during extrusion and solidification as less is the
risk of further undesired hydrolytic destruction by traces of moisture left in the polymer melt.

2.3 Extrusion

The functions of the extruder are conveying, heating, melting and homogenizing in which heating and melting are of significant
impact to the chemical melt quality. The general target is to change the chemical structure and composition of the polymer
during extrusion as less as possible and provides a completely melted and homogenized polymer melt,

~Normal polymer degradation

Provided the polyester pellets are dried to moisture content of 20 - 30 ppm the polymer degradation during extrusion which
takes place during a residence time of about 3 min is caused by mechanical-chemical chain scission. T

ypical IV-drop depends on start IV and is at low IV of 0,65 dl/g in a range of 0,015 dl/g and at higher IV of 0,85 dl/g in a range of
0,020 di/g and at high IV of 1,00 dl/g in a range of 0,040 dl/g.

At the same time the COOH end groups are only slightly increased by 1 — 2 mequ/kg and also the polymer colour is nearly not
changed. The acetaldehyde concentration of bottle polyester will increase during extrusion by 2 — 10 ppm whereupon the wide
range results from different resin production processes.
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~Impact of shear stress
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Higher degradation rates indicating imperfect drying or local overheating by shear stress.

Especially during injection moulding of preforms the thermal degradation of the polymer chain by shear stress is causing the
generation of acetaldehyde (AA).

This could be easily observed at different backpressure rates whereas increased backpressure is increasing the generation rate of
AA. The same effect appears in the melt distribution channels of the mould when narrow radii are applied.

~Heating of the polymer — shear heat or heat transfer
Other possible sources of degradation caused by shear stress are the extruder zones of preheating, compression and melting.

Absorbed from the extrusion of bulk plastics like polyolefin or polystyrene there are heating zone adjustments applied where
most of the heating energy is generated by the extruder drive motor.

In some glaring cases the whole melting heat comes from the drive and even settings are known where additionally cooling is
applied.

The results are high polymer destruction, colour increase, creation of abnormal amounts of oligomers, high generation rate of
acetaldehyde, benzaldehyde and formaldehyde and in case oxygen is present also gel formation.

~Optimization of heat transfer

As general rule one can conclude to introduce as much as possible heat by heat transfer form out side to the polyester pellets
and to minimize the heat generation by shear and friction forces.

One sufficient possibility is to feed the pellets to the extruder directly after drying and maintaining the pellet temperature as
high as possible.
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In this respect cooling of the feeding zone will be contra productive. To improve the heat transfer the residence time during
preheating and compression realized by increased barrel length is another optimization tool.

As consequence of the aforesaid the preheating, compression and melting zones are adjusted above polyester melting
temperature.

To maintain melt temperature at a desired lower level all down stream zones after melting are used to remove excess heat from
the melt. A more precise description of the temperature settings does not make sense because of extruder design plurality. ~

~Degassing
The majority of single screw extruder is working without separate degassing.

The gas like air or nitrogen which is filling the clearance volume between the single polymer pellets is squeezed in the
compressing and melting zone backwards to the feeding opening where it leaves the extruder.

As higher throughput and compression ratio become as more the risk of gas trapping in the melt and transported as gas bubble
to the extruder tip and further to the die head.

Here gas bubbles are causing all kind of processing failures like filament or film breaks.

One common way to avoid bubbles in the melt the pellet feeding under vacuum. As positive side effect the application of
vacuum reduces the oxidative degradation.

The second possibility to remove gas is the application of degassing zones along the extruder barrel. But both measures are
making the extrusion process more complicated.

The third and preferred solution is a screw design which prevents gas trapping.
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3. Alteration/change of polymer properties and polymer quality during processing
3.1 Mechanical causes of material alteration
Formation of lumps and twin or triple pellets during crystallization and drying
Formation of old polymers caused by dead spots within crystallizer,
dryer and cold spots of melt pipes (old polymer)
Dust formation caused by conveying (see slides 4 and 5)
Mechanic-chemical degradation — Mw (IV) reduction

3.2 Chemical causes of material alteration

Causes Effects

Thermal degradation Discoloration, Mw (1V) reduction, oligomer formation, AA, (black spots)
Oxidative degradation Discoloration, gel formation, black spots, Mw (IV) reduction, AA and FA
Hydrolytic degradation Mw (IV) reduction, (AA)
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~Degradation during resin production and processing
Temperature and residence time are main factors for polymer degradation
Significant acceleration could be caused by
water/moisture = hydrolysis /// oxygen = oxidation /// heavy metals = catalysis
~Thermal and oxidative degradation
Above 260°C thermal degradation starts and is increasing exponential by temperature increase
Thermal destruction starts first at the OH-chain ends creating vinyl ester end groups until about 285°C
Above 290°C chain scission starts, COOH-end groups are increasing rapidly and molecular weight will be reduced steadily

With further dehydrogenation chain branching (gels) and conjugated double bonds occurring
(color from yellow = brown = black)

Degradation mechanism suggested by Zimmermann see figure 3.

ConsuLT

COPY RIGHTS PROPRIATORY TO: Dr. Thiele Polyester Technology; FOR INTERNAL USE ONLY



DR, THIiLu
POLYESTER TECHNOLOGY
Figure 3: Thermooxydative degradation of PET after H. Zimmermann
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Table 1: Example table thermal degradation of PET PORYESTER YECHNSLUGY

T t IV-0 IV-t delta-1IV/h COOH-0 COOH-t  delta-COOH/h
[°C] [min] [dl/g] [dl/g] [dI/g]/ [h] mequ/kg ~ mequ/kg/h mequ

282 30 0,653 0,637 0,032 22 24,3 4,6
290 30 0,670 0,640 0,060 23 28,5 11

305 30 0,670 0,550 0,240 23 33 20

The degradation during extrusion is described by different criteria

Normal IV drop starting at IV 0,64 dl/g is about 0,015 dl/g. and starting at 1V 0,85 depending on drying between 0,02 and
0,03 dl/g. the increase COOH end groups during extrusion should not exceed 2 mequ/kg

Mechanical stress, mechanic-chemical reactions, shear stress during conveying and extrusion causes uncontrollable overheating
- micro defects and finally un-melts (gels)

~Hydrolytic degradation
During the procession of PET is at first the degradation caused by traces of water/moisture the most common problem

At common process temperatures between 280 — 295°C the hydrolytic chain scission is going at high velocity (between seconds
and some minutes). Theoretical MW-degradation by hydrolysis see table 2.

The higher the molecular weight the faster the hydrolytic chain scission and the less the amount of water necessary to reduce
the IV

Highly dried polyester chips are absorbing moisture at very high velocity. Sometimes the hygroscopic behavior of fine dried PET is
compared to this of P205.
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Table 2: Reduction of molecular weight caused by complete conversion with water
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Mn IV [dl/g] H,O ppm H,0 % Delta IV Delta IV
[dI/g] (%]

25 000 0,7691 0 0 0 0

24 375 0,7526 36 0,0036 0,016 2,1

23 750 0,7359 72 0,0072 0,033 4,3

21 875 0,6857 180 0,018 0,083 10,9

18 750 0,6005 360 0,036 0.169 22,0

12 500 0,4237 720 0,072 0.345 44,8
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4. Recycling of side stripes and film waste

The recycling of side stripes and film waste during production of BOPET and A-PET is mandatory to maintain the economic
efficiency of a film line. Therefore recycling process is one main part of each film line

The ratio of re-PET and virgin PET depends on film width an is within a range of 15 — 30 % of extruder input

The three main kinds of waste are side stripes / waste rolls before and after slitting / floor scrap, additional melt lumps from start
up

Depending on chosen recycling design like

~ re-granulation of all waste streams on an external recycling unit and blending of virgin and re-PET
prior crystallizer / dryer or prior feeding to the vacuum extrusion

~ direct conversion of side stripes + separate re-granulation of waste rolls and floor scrap
Independent on chosen recycling technology are two general requirements important

- clean handling of all kinds of waste

- separation of floor scrap

- clean room conditions

- minimum moisture absorbance to minimize hydrolytically destruction

Depending on regrinding / recycling process the IV-drop may vary significantly and depends on moisture
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Figure 4: Waste processing center and re-pelletizing — traditional approach

melt lumps from film floor scrap film fluff side stripes
melt lumps from filter start up and ;r'nel;c]lurgps Lrom . from film line restart waste mother rolls
filter change die head change i€ head and purging cast and BOPET film

BOPET slitting
L waste
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Waste processing center

v

Slow motion compact
shredder

Vacuum degassing extrusion
e.g. MRS, MSE, DSE, ESE

v

R-PET pellet silo / blender
R-PET pellets e.g. IV 0,52 — 0,58 dl/g
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Figure 5: Example sketch of process recycling during BO-PET production — old technology

Extrusion MDO TDO Edge trimming WiRding
drying
¢‘ R-PET resin
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MDO-waste during film break or re-start — about 20% of throughput
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Off-grade mill rolls About 5% of throughput Central Film cutter

All kind of floor scrap
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Figure 6: Example sketch of process recycling during BO-PET production — latest technology
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Waste from edge trimming
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Figure 7: Example Recycling Approach - Film Direct Recycling Unit

Waste
Compact shredder D ——

Processing of all film waste —engineering/logistic problem is
parallel handling of side stripes, waste

rolls, lumps and floor scrap

— Vacuum unit
R-melt to film Ilnw_
pelletizer e ' , T

Example: MRS Vacuum Extrusion
(courtesy by Gneuss Kunsstofftechnik GmbH)
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5. BOPET and A-PET direct film production

~ BOPET

Starting in 2004 the first direct line to produce BOPET was erected in China (OJYA) where a 600 t/d poly plant from UIF was
planned to connected to 4 x 100 t/d BOPET packaging film based on DORNIER technology and 200 t/d film chips.

Most follow on projects direct to BOPET fim are combinations of Chinese melt phase poly (e.g. HUITONG) and BRUCKNER BOPET
lines.

There are more than 12 such film lines realized in mainly in PR China meanwhile.

Different to the film production from pellets the PET-melt from the finisher is directly conveyed to the metering pump of the
BOPET-lines.

Addition of slip/antiblocking additives is executed either by side stream direct compounding or feeding of external produced
additive masterbatch.

Pinning additive is part of melt phase know how
Challenge is the direct recirculation of edge trimming material, mill roll and slitter scrap.

Compared to the extrusion process PET melt of direct processes is of significant higher melt quality which results in lower film
break rates and higher yield.
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5. BOPET and A-PET direct film and sheet production

~ A-PET sheet
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Starting in 2005 the engineering company UIF erected the first direct to A-PET film line in OMAN for the company OCTAL. Base of
this project is UIFs melt-to-resin (M2R) and melt-to-sheet (M2S) technology where different to the conventional path

melt poly + SSP

the IV of ~ 0,8 dl/g is directly produced in the finisher of the melt phase polycondensation. Slip agents, dyestuffs and other

required film additives are added by side stream feeding.

To compensate the capacity fluctuations of the direct film lines the plant is producing bottle PET resin pellets in parallel. In the
meantime OCTAL erected or is erecting a second line based on M2R technology.

Figure 8: Inline melt modification UIF, source: EP2532698

Figur I
£ L ]
LE .
|7
T "
[
At /l-*- Ry 'f\.‘.l-
A NP N N _-"— ) |
7 a | | i i
Pl | ﬁ
P
oy |
\.I~i] i ™ 1|h ) B
i f= - TN
| T | — |
. \_‘__r;.
]
¥ X
(=)
LY
o

COPY RIGHTS PROPRIATORY TO: Dr. Thiele Polyester Technology; FOR INTERNAL USE ONLY



DR, THIEL“
6. Ultra thin BOPET film<3-0,5 um POLYESTER TECHNOLOGY
Production of ultra thin film has a long history.

Especially driven by computer and armor/space industry ultra thin PET film was even back 35 years of increasing interest to
produce micro capacitors.

Another field of application are thin films for thermo-transfer bands (for instance HOSTAPHAN® from MITSUBISHI Polyester Film).
Ultra thin BOPET capacitor film is produced by DuPont Teijin under brand name MYLAR®.
Currently the majority of capacitor film is based on Polypropylene (PP).

Advantage of PP is that no additional additives like in PET thin film are required. It is reported that also electrical properties of PP
capacitor film are of advantage over those of PET capacitor film.

Besides the know how of film production line the raw material BOPET thin film requires high sophisticated polymer production
which is advantageously based on DMT.
Reasons:

~transesterification products of DMT and EG fine filtration <5um — 1 um

~low DEG content required, out of DMT-process < 1 % DEG no problem

~transesterification and polymer melt chemically indifferent to CaCO;,

(microcrystalline CaCO; preferred slip additive 500 — 1000 ppm)
~ film additives ad masterbatches for ultra thin film difficult to produce/purchase

Provided the appropriate raw material is available the company BRUCKNER Maschinenbau offers equipment and technology to
produce BOPET thin film down to < 1 um based on sequential or simultaneous stretching technology.

The following slides No. 29 — 31 are kindly made available by BRUCKNER Maschinenbau GmbH
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BOPET LINE CONCEPTS
Lt LI Y ll

LINE CONCEPTS E ‘. i.i‘ a!,

| VRS 2mee e
- THIN FILM :

Courtesy by Briickner Maschinenbau, Germany

BRUCKNER B
MASCHINENBAU
BOPET Line Concepts
Thin film
Smrling m &
Wi
A
Working width m 53 58
tpa 4500
Annual output ?hsxm 8.250 { 62000}
a
Output per hour ka/h 1,100 (ggg}
Production speed mimin 330 300
Thickness range ym 3-12 2-12
@ Brickner Maschinenbau - ekl
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BOPET Plant Layout

Space requirement (building) — thin film

Wordngwidh  m 58 58
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Applications for Inline Coated BOPET Films

Technical use

4 — 400 pm

Packaging film i
8 — 50 pm

metallizing

Hot stamping

Lidding film

Car solar film

Im Advantages with
inline coating technology
@ Briicknesr Maschinenbau

Electrical / Optical film Building Imaging Other
I electronic use Jj P I construction [ graphics ] applications |
0.5—-400 pm 20 - 360 um 50 — 350 pm 20— 200 pm 5 —200 pm

Flat panel screen Digital imaging

Greenhouse

Overhead films
films

Mobile screens Release liner

Ceiling panel Medical films

Window

rrotection Transfer films

Prism film

Reflection film ss films

{

gI

Protection film lamination

Decoration

Printing flms

Release liner

BRUCKNER
MASCHINENBAU

Courtesy by Briickner Maschinenbau, Germany
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Film Test Results=s
Fllrnm Ty pe: =irm. BOFET Flain
Sample No._: o1 F OS5
Date of Production: o1 .02 2000
Date orf Tesit: A7F.01. 2001
Order RNMoo: 1T 723173200
Remarks: Capacltor
| Dggcrlptlﬂn | it | S - | fmtalyy iy gt | [ d g Ll
— | Thickness [ % [} | M | 1.5 | | (=Tt
- Tenslle Strength M r\l.-:rnrn" zAs) AETR OSSR
T FLrmen™ 254
— Elongation at Erealk T = =3 ASTHM O SEE
T T 23
—_ nodulus oOf Elasticity M il iy 50 AETR O ==
= el SF 30
Lol F-S wvalus Me MAmon® =) LASTRA D =D
T o™ 17
l-l Haxo | = | =2 | | ASTRA D 1005
— | Siloss | - | 102 | as— | AETR O RAST
— Thermal Shirinkage M == 0.0 Rt TR T BhAs TT 1.4
T = 1.9
— Thermal Shrinkage ks == e 1 oSO S Teln BhASE TT 1.4
T = o, =2
- —
-
BRUCKNER E
MASCHINENBAU

Courtesy by Briickner Maschinenbau, Germany
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2,5um 1-Layer sim. BOPET Plain

B Structure:

A 2.5 um PET Chasr + Antiblack

Courtesey by Briickner Maschinenbau, Germany

Applications:

Elecirizal ingulation [ikn
Capasiloe flm

Stretching Ratio:

Highlights:
o Good mechenical
High dimenaional stabiity in wide range of haat

Benefit:

Easa of procassing dua to LISIM technology
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7.1 Melt treatment, melting process (T, p, t)

As mentioned under 3.2 the melting process during extrusion is responsible to erase completely the thermal history of the
polymer. Out of internal experimental work of the author melting of crystallized PET is completed at 290°C and above.

As practical consequence the polyester melt should see this temperature even over a short period of time.
This could be realized by adjusting the temperature in the first melting zone at about 290°C.

To generate at the same time low thermal degradation melt temperature profile after melting zone should decline (even under
external cooling).

The effect of un-molten deposits is an uncontrolled acceleration of thermal crystallization during casting.
7.2 Casting die, chill roll

Besides the residence time of the melt film from die lip to cast film is some seconds only there is potential to influence
crystallization later in the process .

~ Shear stress in the die gap > pre-orientation of polymer chains support of crystallization
~ Melt elongation between die outlet and pin point = chain alignment

~ Irregular cooling between top (directed to air) and bottom layer (directed to chill roll surface) = nucleation differences might be
cause of differences in crystal structure of film cross-section, top layer nuclei density higher than bottom layer
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7.3 MDO
First important step for formation of film crystal structure is the MDO. Following parameter are of impact

~ During preheating nucleation process is ongoing, parameter duration time and preheating temperature
~ IR-Heating, final film temperature

~ Length of stretching gap

~ Number of stretching gaps

~ Stretching ratio, stretching velocity

~ Roller temperature after stretching zone(s) (quenching)

Because of the high dynamic of MD stretching process and hindered spatial accessibility to the running film and with this
sampling during the running processes is not practical . Option is online or inline investigation in crystallization. Another way out
is process simulation in the lab-stretcher . The high speed of stress induced crystallization requests for special measures of
sampling even in lab-stretcher.

7.4 TDO
Final film dimensions and properties are produced in the tenter. Here stretching in TDO direction takes place. Similar to MDO
there is a number of process parameter which are of influence to crystallization

~ Duration time and preheating temperature

~ Angle of stretching zone

~ Temperature of stretching zone

~ Stretching ratio, stretching velocity

~ Heat setting temperature and time

~ Relaxation during heat setting in length and width

Similar to MDO the high dynamic and the difficult spatial accessibility constrain investigation in crystallization during the
process. Alternative is online respective in-line analysis (e.g. orientation/crystallization by bifrigerence )
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The percentage of crystalline polymer in BOPET film ranges between 40% and up to 65% which means its impact to mechanical
film properties is decisive. Therefore all physical parameter depending on amount, size, distribution, perfectness and
orientation of crystals.

~ Shrinkage

Film shrinkage (in MD and TD direction) could be observed under different aspects like shrink temperature, shrink tension and
shrink environment (in liquid, dry atmosphere or normal atmosphere).

Degree of shrinkage is in direct correlation to degree of orientation (bifringence) and degree of crystallization.
~ Elongation

Different to shrinkage the elongation is in the first instance result of the stretching process whereas stretching ratio is of major
impact.

~ Tensile strength, E-modulus, stiffness, F-5

The mechanical properties are resulting from the complex interacting of molecular composition like IV and co-monomers,
orientation during MD and TD stretching, stress induced crystallization, relaxation and annealing.

To select out the partial contribution of amount, size, perfectness and orientation of crystals to mechanical properties needs in
any case a concerted and purposeful test arrangement and analysis method

~ Transparency

Turbidity caused by crystallization could be observed especially in the boundary area of the film near edge trim. Turbidity of the
whole film as result of crystallization is rarely observed and caused by process disturbance

ConsuLT
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Bowing of film during continuous biaxial stretching is an undesired effect connected with fluctuations in the mechanical
properties (in-balanced mass distribution and orientation over film cross section).

As simple explanation one can say that bowing is the result of shrink forces during second heating prior TD stretching.
One way out might be a relaxation during preheating which means, preheating prior fixation by the TD clamps.

This opinion fits to JP 7080928 (A) which suggests:

PURPOSE: To reduce a bowing phenomenon by a simplified process, to uniformize physical properties in a lateral direction and to
reduce a heat shrinkage factor by setting the degree of crystallization of a plastic resin before lateral stretching to a specific value
and setting lateral stretching temp. to the range from the temp.- up crystallizing temp. of the plastic resin to the m.p. thereof.

USP 4,230,658

A biaxially drawn thermoplastic polyester film is prepared by concurrent-biaxially drawing a thermoplastic polyester film by a
tenter method at a drawing temperature higher than the glass transition temperature of the thermoplastic polyester while
maintaining the preheating temperature of the film just prior to drawing at a level greater than the drawing temperature and
maintaining the subsequent heat-treating temperature immediately after drawing lower than the preheating temperature and
carrying out a reheat-treating process in a plurality of steps while elevating the temperature in each step over a substantially
equal temperature range.

USP 6368532

The present invention improves the bowing phenomenon of a biaxially stretched polyester film which comprises stretching the
longitudinally stretched cast film laterally at a temperature higher than the glass transition temperature of the polyester film from
by 5° C. to by 50° C., staying the laterally stretched film in an intermediate zone for a period from 3 to 30 seconds which has been
controlled at a temperature from higher than the lateral stretching temperature by 20° C. or more to lower than a heat setting
temperature by 20° C. or less, and then heat-setting at the heat setting temperature which is lower than the melting point of the
polyester film from by 30° C. to by 5° C.
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~ Bowing

USP 6,409,958

“The bowing is defined and evaluated by drawing a straight line in the width direction of a longitudinally stretched film at the
entrance of a tenter, and measuring the bowed degree, i.e. the distance between the top of the bowed line and the straight line
connected both sides of the film per the width of the film at the exit of the tenter.

The less the bowing is, the less the distribution of properties in the width direction is, and accordingly, is preferable for the
support for a photographic film.

It is considered that the bowing phenomenon is due to the distribution of molecular orientation in the width direction occurring
caused by the thermal shrinkage at the central portion which is not fixed by a clip during the process of stretching a longitudinally
stretched film laterally by a tenter...”

US Patent 6231958

A heat-shrinkable polyester film including: a repeating unit of trimethyleneterephtalate of 5-30% by mole; a repeating unit of 2,2-
dimethyl(-1,3-propylene)terephtalate of 5-30% by mole of the total composition; and a repeating unit of ethyleneterephtalate for
the balance.

The heat-shrinkable polyester film has excellent printability, mechanical properties, film-and-flux adhesiveness and shrinkage
properties, and ease of drawing process.

Thus, the heat-shrinkable polyester film can be used as labels or coverings for a variety of containers.
The phenomena of bowing is object matter of several scientific investigations like for instance “Analysis of the Bowing

Phenomenon in the Tenter Process of Biaxially Oriented Polypropylene Film“ by O Ok Parkt, Soo Wan Kim, Cheon Il Park and
Seung-Man Yang, published in Korean J. Chem. Eng., 18(3), 317-321 (2001)
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~ Permeability
Degree of crystallization and gas permeation are in correlation. As higher degree of crystallization as lower gas permeation.

The table of figure 14 is demonstrating among others the difference of gas permeation between amorphous and oriented
(crystalline ) PET film

Figure 14: gas permaeation of different film materials

CO;-Permeation 0;-Permeation

|[-::m 3 -mm/(m?-d-bar)] |[-::m 3 -mm/(m?-d-bar)]
[PET 16 4
IDPET g 2 About 1% crystallinity
IF’EN 2 05 About 30% crystallinity
|PET +PVDX coating 0,05 0,03
|PET +EVOH coating 10,05 0,01
PET + SiO2 coating 0,01 0,02

[Source: Schaper, Getrankeindustrie (200a) No 1. p 8 — 9] -
http://tumb1.biblio.tu-muenchen.de/publ/diss/ww/2002/palzer.pdf
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9. Recommended literature sources

Book: Solid State Behavior of Linear Polyesters and Polyamides, J. M. Schutz and S. Fakirov, 1990 Prentience Hall Inc.
ISBN 0-13-824731-5

Control the strain-induced crystallization of polyethylene terephthalate by temporally varying deformation rates: A mechano-
optical study by Carla I. Martins2 and M. Cakmak: &
aPolymer Engineering Institute, Department of Polymer Engineering, The University of Akron, Akron OH 44325-0301, USA

Source:

http://www.sciencedirect.com/science?_ob=ArticleURL& udi=B6TXW-4N2D2VW-

1& user=10&_coverDate=03%2F23%2F2007&_rdoc=1& fmt=high& orig=gateway& _origin=gateway& sort=d&_ docanchor=&vi
ew=c&_searchStrld=1664600006& _rerunOrigin=google& acct=C000050221& _version=1& urlVersion=0& _userid=10&md5=20
929d97aca9el14de39afea8b059f96d&searchtype=a

Optical properties of simultaneous biaxially stretched poly(ethylene terephthalate) films
Mukerrem Cakmak®”, James L. White?, Joseph E. Spruiell?

Source:

http://onlinelibrary.wiley.com/doi/10.1002/pen.760292108/abstract?systemMessage=Due+to+scheduled+maintenance%2C+ac
cess+to+Wiley+Online+Library+will+be+disrupted+on+Saturday%2C+5th+Mar+between+10%3A00-12%3A00+GMT
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~ H.G. Zachmann and H.A. Stuart, Makromol Chem 41 (1960), p. 131.
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