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1. Polymer Crystallization — General

Semi Crystalline Behavior:
~ Polymer materials in solid state are either amorphous or semi crystalline

~ Homo polymers of polyester, polyamide, polypropylene, polyethylene, syndio-tactic polystyrene are semi crystalline
~ Semi crystalline means the polymer in its crystallized stage exists of two phases, crystalline and amorphous matter

~ Amount, size, shape and perfectness of crystalline matter is of direct impact to mechanical, optical and thermal
polymer properties

~ The very complex and complicated process of polymer crystallization and obtained material structures is caused by the
large number of influencing variables like
- chemical composition of polymer chain (olefins, aromats, side chains, substituent)
- molecular weight
- molecular weight distribution
- content of monomers and oligomers
- content of impurities like catalysts
- content of additives, colorants, stabilizer
-> moisture content
- melting conditions, complete destruction of crystal history
- cooling conditions, creation of nuclei and crystals during crystallization
- deformation during crystallization, stress induced crystallization
- interaction of all possible process parameter

~ The result is a multi-functional system of process equations with an endless number of possible solutions
~ Consequence is a large amount of scientifically and technically publications related to crystallization of polyeste
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1.1 Morphology of der polymer crystallinity, crystals, spherulite, crystal structure

Figure 1 : Chain conformation, projection normal to (010),[R. de Daubeny,
C.W. Bunn and C. J. Brown, Proc. Roy. Soc. (London), A226, 531 (1954)]
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Why appears crystallized polyester some times opaque or translucent /
turbid? In figure
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Figure 2: Schematic represenatation of structural changes during primary and secondary thermal crystallization
of polymers [, H.G.Zachmann, C. Wutz, “Studies of the mechanism of crystallization by means of WAXS and SAXS
employing synchrotron radiation” in M. Dosiere, Crystallization of Polymers, 403 — 414, 1993 Kluwer Academic Publishers,

Printed in the Netherlands]
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1.2 Thermal crystallization from amorphous state
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Figure 3: Schematic diagram correlation of nucleation frequency

And crystal growth during thermal primary crystallization at

Increasing temperature in a viscous polymer melt (example polyester)

[ H. Batzer; Polymere Werkstoffe, Georg Thieme Verlag, Stuttgart, New York
1984, Band lll, page 58]
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Thermal crystallization starts after
temperature exceeds Tg, at glassy
stage macro molecules are fixed,
above glass transition temperature
molecules become movable by
thermal energy

First step of crystallization is the
creation of nuclei

Nuclei are initial points of
crystallization

Nuclei could be:

~ all kind of impurities like additives,
environmental dust, catalyst
residues, incomplete melted
polymer, gas bubbles,

~ in general all boundary layers
~ polymer chain end groups

~ crystal pre-stages caused by
preferential sterically order
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Thermal crystallization exists of two major
steps the spontaneous main crystallization
and the secondary crystallization.

During main crystallization the whole
polymer mass is filled with sperulites (see
figure 2, sketch top right.

During secondary crystallization the
remaining amorphous phase is stepwise
filled further with crystal stacks (see figure
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30 20 - 2, sketch down right) and thickening of
crystals (see figure 2, sketch down middle)

Another explanation is that during
secondary crystallization the crystals getting
more perfect by trans-crystallization

Figure 4: Schematic diagram of crystallisation velocity of semicrystalline
polymers depending on time at constant temperature; [ H. Batzer; Polymere
Werkstoffe, Georg Thieme Verlag, Stuttgart, New York

1984, Band lll, page 58]
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1.3 Stress induced crystallization, impact of melt orientation, impact of tension and relaxation

Crystallization without any mechanical impact and deformation either during cooling from melt or during melting are very rare and
more of scientific interest

More or less all technical crystallization processes are influenced by mechanical stress; some examples

~ melt deformation at the die outlet opening during strand and film formation
~ melt elongation during pinning and casting until solidification

~ MDO stretching

~ TDO stretching

~ Relaxation under tension

Compared to thermal crystallization the velocity of stress induced crystallization is by magnitudes higher, when duration time of
thermal crystallization is within a range of 5 to 20 min, stress induced crystallization takes place within milliseconds

Besides speed of crystallization also the crystal morphology of crystal structure after stress induced crystallization is remarkably
different from thermal crystallization = spherulit structures are destroyed - result is significant lower size of crystallites 2 <<~ 500
nm results in transparency to visible light.

Two trigger impacts of stress induced crystallization are
molecular alignment = molecules are turned to a preferred steric position to create a crystal (reduction of energy

barriere)
local temperature increase = increase of molecular mobility, increase of super-cooling effect

One practical result is temperature increase within the necking areas
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Figure 5: Cross section of polymer film or
filament during casting/spinning and
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Figure 6: Schematic
structure of stretched
PET which contains
three phases:

~ Crystallites
~ Amorphous
~ Tie chains

Tenacity depends mainly
on tie chains

During annealing
amorphous matter and
tie chains are creating
new crystals,
circumventing back
gliding
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1.4 Methods to analyze degree of crystallization, crystallization and orientation (IR, NIR, NMR and others)
Basically, before measurement degree or morphology of crystallization there is sampling required.

Polymer materials prior or after conversion like pellets, strands, cast film or biaxial oriented film are in constant conditions — the
degree of crystallization does not change.

With these samples we get the resulting crystallization / morphology caused by process.

To optimize a process or a product it is of higher interest to get insight in the development of crystals or the crystallization
process by itself.

Here the preparation of samples at a certain stage is unlikely more difficult, because there is the interruption of the mechanical
process AND the interruption of the crystallization by abrupt cooling required.

To circumvent those hurdles inline measurements by IR, NIR, birefringence or x-ray scattering are useful.
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14.1 Density gradient column

To analyze the overall crystallinity the density measurement is used where the specimen is added to a density gradient column
which is filled with a mixture of the solvents n-heptane and carbon tetrachloride.

The solvents in the column are manipulated in a way that the density of the solvent mixture is decreasing continuously from the
bottom to the top of the column.

The density gradient of the column is between 1,43 g/cm? at the bottom up to 1,30 g/cm? at top of the column [ASTM D1505-
68].

Density of complete amorphous polyester is 1,331 g/cm?® and density of crystallite is 1,455 g/cm?3 [Brolly, I.B.; Bower, D.l.; Ward,
I.M. Journal of Polymer Science, Part B: Polymer Physics, v. 34, p. 769-780, 1996. ].

Here some precariousness occurs because some literature sources are reporting other density figures.

Calculation of crystallinity is executed as following:

L pc (p-pa)
crystallinity [%] = ———————
: o p (pc —pa)
p = speamen densily
pa = density of amorphous PET of 0% crystallinity
pt = density of fully crystallised PET of 100% crystallinity
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Dilatometry
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Another possibility to investigate in crystallization phenomena is the dilatometry. Similar to the density gradient column the
dilatometer is measuring density changes during heating and phase transition.

Figure 7: Sketch of the dilatometer working principle

ymerprobe
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The dilatometer exists of a capillary which is
filled with mercury. To investigate in density
changes during phase transition the capillary is
heated and the hight change of mercury column
is recorded.

The method is for instance useful in scientific
investigations in the crystallization kinetic.
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1.4.3 DSC, discussion of DSC readings, first and second run, quenching

The DSC — Differential Scanning Calorimeter - allows the determination of the enthalpy of those caloric processes by measuring the
heat flow between sample and reference at linear or isothermal heating or cooling.

DSC instruments which are useful in plant and QC laboratory as well are available for instance from Mettler Toledo , Netzsch or
Perkin Elmer .

To generate useful DSC date one has to observe the semi-crystallinity of polyester and the dynamic characteristics of the DSC
measurement.

This means that the sample is changing its morphology also during the measurement dependent on heating or cooling velocity.

As consequence measurement conditions and sample preparation are of significant impact to analysis results.

In practice there are three different DSC measurement modes common which are:
~The analysis of the untreated sample under continuous heating up to 305°C (10°C/min).

This measurement allows also rough calculation of degree of crystallization, additional qualitative information about crystal
morphology possible

SEMINAR
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~ After a hold of about 3 min at 305°C it follows the subsequent cooling (20°C/min) to room temperature.
~Another analysis run under continuous heating (10°C/min) where the sample is converted prior the analysis to the amorphous state.

The latter could be performed by heating the sample to 305°C, keep at temperature for about 3 minutes and subsequent rapid
guenching (>> 100°C/min, cold metal plate or liquid nitrogen) to achieve a complete amorphous polymer structure.

The interpretation of the received data of the first heating run allows information about thermal history, crystallinity and melting
temperature of the sample.

Figure 8 is demonstrating an example DSC-graph of stretched bottle wall of a CSD bottle which is identical to stretched film.

There is no signal of thermal crystallization and Tm is at about 254°C. The heat of fusion correlates to the degree of crystallinity.
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Figure 8: DSC graph of PET biaxial oriented film without thermal pretreatment,
first scan, heating 10°C/min; Mettler Toledo DSC

Calculation of crystallinity by DSC:

% Crystallinity = [deltaHm — deltaHc] / deltaHm"® x 100%

In this equation, the heats of

melting and cold crystallization are

in terms of J/g. The term deltaHm® is a reference value and
represents the heat of melting if the polymer were

100% crystalline.

-5

This reference heat of melting has been established
U for each of the commonly used polymers and some of these are

......
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Polymer deltaHm® /gl [kJ/mol]
Nylon 6 230.1

Nylon 6,6 255.8

Polyethylene terephthalate 140.1 24,1
Polypropylene 207.1

Polyethylene 293.6
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Figure 9: : DSC graph of PET-film material with pre-treatment (heating to 305°C for 3 min and rapid quenching in liquid nitrogen),
heating rate 10°C/min

The second scan after pre-heating and quenching
provides information about:
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DSC diagram of homo-and co-PET,
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Figure 10 : Series of DSC graphs of PET-materials of different thermal history without pre-treatment, heating rate 10°C/min,
[experimental work of the author]

=
o Interpretation of DSC scans is often challenged by ,unusual” scan structures,
mainly pre peaks or shoulder peaks.

l

|

|

‘ Example scans of figure 10 are executed after thermal crystallization of PET pellets
at temperatures of 150°, 180°, 200° and 220°C for two hours.

Similar pattern are received from PET film samples at different stretching ratios
and annealing conditions

‘ The pre-peak or shoulder peak is caused by a second crystal fraction which is less
J perfect than crystal fraction of main peak

Figure 11: : Series of DSC graphs of PET-film of different heat set temperature, heating rate 10°C/min, from bottom to top: non-
heatset, 196 °C, 215 °C, 227 °C, and 236 °C. [The relationship between microstructure and toughness of biaxially oriented

semicrystalline polyester films ; YuanQiao Rao® -, Jehuda Greener®, Carlos A.
15

] Avila-Orta¢, Benjamin S. Hsiao“ and Thomas N. Blanton, Polymer,
1 , Volume 49, Issue 10, 13 May 2008, Pages 2507-2514]
10 1 e —
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Figure 12 : Series of TMA graphs of PET-materials of different thermal history without pre-treatment, heating rate 2°C/min,
[experimental work of the author];

Degree of crystallization and mechanical properties of polyester are in narrow correlation. Increasing degree of crystallinity is
accompanied by increase of tenacity, viscosity, elasticity modulus and hardness. The thermo mechanical analysis provides bulk
information about the micro hardness of the sample in correlation to temperature. The method is executed by a fine pinpoint which
penetrates under constant load the sample at constant increasing temperature whereas the penetration depth is monitored.
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To investigate in detailed crystal micro structure of polymer materials the wide angle (WAXS) and small angle (SAXS) X-ray or
neutron scattering method is applied.

Because of the instrumental complexity and cost the methods are mainly used at universities and large research institutes.

Base of the method is an x-ray or neutron beam directed to the sample and recording the scattered radiation by blackening of x-
ray sensitive film

In difference to density and DSC measurement WAXS and SAXS (figure 13) providing information about micro structure of
crystals like dimensions of a, b, ¢ of unit cell or the sterically position of crystals , for instance in MD or TD direction of film.

Interpretation of results needs specific patter recognition tools and related software.

Figure 13: Evolution of microstructure with increasing heat-set temperature: (a) SAXS and (b) WAXD [Source see figure 10]
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Collection of publications about structure development in uniaxial stretched polyester film
~ D. Kawakami, B.S. Hsiao, C. Burger, S. Ran, C. Avila-Orta and I. Sics et al., Macromolecules 38 (2005), pp. 91-103.
~ D. Kawakami, S. Ran, C. Burger, C. Avila-Orta, I. Sics and B. Chu et al., Macromolecules 39 (2006), pp. 2909-2920.

~ T. Asano, F.J. Balta-Calleja, A. Flores, M. Tanigaki, M.F. Mina and C. Sawatari et al., Polymer 40 (1999), pp. 6475—
6484. Article

~ A. Keller, G.R. Lester, L.B. Morgan, F.D. Hartley and E.W. Lord, Phil Trans R Soc A-1 247 (1954), p. 13.
~ H.G. Zachmann and H.A. Stuart, Makromol Chem 41 (1960), p. 131.

~ G. Elsner, M.H.J. Koch, J. Bordas and H.G. Zachmann, Makromol Chem 181 (1981), p. 1263.

~ G. Elsner, C. Rickel and H.G. Zachmann, Adv Polym Sci 67 (1985), p. 1.

~ B. Guemther and H.G. Zachmann, Polymer 24 (1983), p. 1008.

~T. Asano, A. Zdeick-Pickuth and H.G. Zachmann, J Mater Sci 24 (1989), p. 1967. View Record in Scopus | Cited By in
Scopus (17)

~ G.SY. Yeh and P.H. Geil, J Macromol Sci B 1 (1967), p. 235.
~ G.SY. Yeh and P.H. Geil, J Macromol Sci B 1 (1967), p. 251.
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145 Microscopy in visible light
Especially in case crystallization is impacting optical properties of film it could be useful to apply microscopy.

Because crystal structures having different birefringence to the amorphous matrix it is possible to make them visible in polarized
light.

Useful instruments are fully equipped scientific light microscopes with video camera.

Figure 14: Spherulites in PET pellets after different heat treatment.

The different sperulit size depends on heating velocity, fast heat up — large and few sperulites and slow heat up small and many
spherulites [Source: Proceedings of PET crystallization Symposium Pozilli, 37. September 1992, Microscopical analysis of PET
crystallization, Arianna Giovannini]
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Polyethylene terephthalate in its complete amorphous stage (as melt or in glassy stat) is isotropic. Means the refractive index of
light is the same in any direction of the sample.

During elongation of the melt but much more during film stretching the macro molecules are rearranged with a preferred
alignment in stretching direction .

This alignment is changing the refractive index in correlation to the stretching direction which means the isotropic behavior is
changing to an anisotropy behavior of the sample which is increasing by increased stretching ratio.

As discussed above stretching is always connected to stress induced crystallization so that birefringence information provides
besides amorphous orientation at the same time information about degree of crystallinity or crystalline orientation.

Measurement of birefringence could be executed in specific microscopic devices whereas meanwhile also in-line measurement
systems are available [Hinds Instruments, Inc. (Hillsboro, OR USA)]

1.4.7 Polarized IR measurement, NIR, FTNIR

The analysis of crystallinity and crystallization kinetic of polyester as film or filament is subject matter of a large number of scientific
studies.

Increasingly electro-optical methods like IR-, RAMAN-, NIR-, FTNIR-, Laser-IR-spectroscopy or NMR methods are applied.

The transfer of such methods to the industrial practice is directly connected to the availability of analysis equipment which is
dedicated to a specific purpose like film online measurement.

The application of these methods remains the domain of universities and research institutes.

Publication example: Determination of crystallinity of an aliphatic polyester by FTIR spectroscopy Maria Partini and Roberto Pantani;
Polymer Bulletin, Volume 59, Number 3, 403-412,
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1.5 Impact of polymer composition to crystallization (Mw, co-monomers, additives, moisture, thermal history)

The impact of polymer composition to crystallization and with this to film properties is one important part of film development.
Main impact parameter are:

~ Molecular weight, mostly expressed in IV: Main portion of BOPET film is covered by packaging film, IV range of pellets 0,62 — 0,64
dl/g, IV range final film 0,58 — 0,62 dl/g.

Within this small IV range impact of IV to crystallization is minor.

As soon as there is the need for reduced crystallization speed, for instance to produce thick film or optical film the IV impact to
crystallization becomes of importance.

To achieve a final film of high transparency and excellent thermal properties it is not appropriate to use crystallization reduced co-
polyester because all known co-monomers like IPA, DEG or CHDM which hare reducing crystallinity are increasing at the same time
thermal shrinkage.

The way out is the increase of IV of final film to a range of 0,68 — 0,75 dl/g.

The reason for reduced crystallization with increased 1V is the increasing chain entanglement which constrains crystal development.
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~ Co-monomers like DEG, IPA or CHDM as discussed above are mainly used to produce film of high thermal shrinkage.

The presence of 5 — 30% of such co-monomers is reducing increasingly the ability to crystallize
- shrink film labels for PET bottles

~ Additives like for instance fine distributed BaSO4, SiO2 or glass fiber are improving the ability of cold crystallization, one
application is C-PET film, composition is high IV PET compounded with crystallization enhancing additives, those films are most of
the time cast film with subsequent thermoforming

~ Moisture: The presence of water in PET melt reduce molecular weight and Tg.
Both properties are of direct impact to crystallization.

As higher moisture and as lower molecular weight as faster crystallization

~ Thermal history: Important to reproduce the process of crystallization during film production is the melting process during
extrusion.

Even small amounts of non-melted polymer are acting significant as nucleating agent which impacts the over all crystallization
speed across the film line
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1.6 Aging and crystallization (free volume impact)

In PET film production and application aging becomes important for cast film or A-PET.

Aging is of direct impact to brittleness and thermo-forming. Aging of amorphous polymer can describes as dis-entanglement
of macromolecules.

To analyze aging thermo-mechanical methods like TMA or DTMA and DSC are useful.

Aging is forced by increased temperature (below Tg) and presence of moisture.

The disentanglement of macro molecules is at the same time also a pre-stage of crystallization.

Practical use of aging is applied during bottle pellet production where the amorphous pellets are prior SSP kept for 1 — 3 days
in an intermediate storage.

Effect of this aging is significant improvement of crystallization process (reduced lump formation).

Structure formation and crystallization during high speed spinning processes are more complicated and would need to be
discussed in detail separately.
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