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Abstract

Poly(ethylene terephthalate) is one of the most widely used polymers in pack-
aging industry, due to its high mechanical strength, chemical resistance, and
barrier functions. However, its processing is determined by degradation and
low viscosity. In particular, foaming and film blowing is restricted by the linear
structure of the molecule and low melt strength.
The stability of three linear commercial PET grades produced by different

synthesis routes with different molar masses is analyzed in regards of process-
ing at industrial scale. Subsequently, reactive processing with three multi-
functional chain extenders (pyromellitic dianhydride, PMDA, tetraglycidyl di-
amino diphenyl methane, TGDDM, and triphenyl phosphite, TPP) is con-
ducted to create large and long-chain branched (LCB) molecules. The mechani-
cal and molecular properties in melt state are analyzed by linear and non-linear
viscoelastic rheology, modeling by the molecular stress function (MSF) theory
and size-exclusion chromatography (SEC) with light scattering measurements.
Thermal stability measurements in the linear viscoelastic regime revealed

degradation and a reduction of the storage modulus in air atmosphere, and,
besides thermal degradation, an enhancement of the modulus in nitrogen at-
mosphere, due to polycondensation (Kruse et al., 2013). Fitting by an expo-
nential function leads to the reconstruction of the initial state of the sample
at zero-loading time and to a time constant, which reveals clear relations be-
tween stability and molar mass for all three PET grades in both atmospheres.
High molar mass PET is more stable in nitrogen and less stable in air environ-
ment, and vice versa, depending on OH end group concentration and synthesis
route. The analysis by means of time-resolved mechanical spectroscopy allows
the observations of moduli and complex viscosity at a fixed time, a wide range
of angular frequencies, and at different atmospheres, and revealed: (i) a plas-
ticizer effect induced by small molecules from thermal and thermo-oxidative
degradation, (ii) cross-linking leading to yield stress, (iii) diffusion influencing
polycondensation reaction, (iv) slipping due to deposition of side products, and
(v) an enhanced shear thinning regime (Kruse and Wagner, 2016).
The extrusion of neat PET with a twin-screw extruder at industrial scale

leads to strong reduction of viscosity mainly due to shearing. The impact of
thermo-oxidative degradation is comparably small.
The reactive processing of the three PET grades with the three chain exten-

ders leads to the conclusion that the tri-functional TPP is not a useful chain
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extender due to rapid degradation and toxicity. The two tetra-functional chain
extenders, PMDA and the epoxy-based TGDDM, lead to strong viscosity in-
crease, increasing strain hardening effect, and increasing thermal stability with
increasing chain extender concentration as confirmed by loss- and storage mod-
ulus, phase angle, activation energy of flow, and elongational viscosity. The
MSF model predictions show good agreement with data measured, and allowed
a quantitative analysis of the branching structure and of the stretch of the
molecules by both non-linear MSF parameters, 𝛽 and 𝑓 2

𝑚𝑎𝑥. In comparison to
the high molar mass PET with an apparent comb-like structure at high PMDA
concentrations, the two initially low molar mass grades show a higher molar
mass after processing with PMDA and seem to have a tree-like structure, which
can be explained by the hydroxyl end group concentration of these two PET
grades. The extensive use of TGDDM leads to a hyperbranched and gel-like
structure. The fracture analysis from uniaxial elongation experiments reveals a
limiting stress value for high PMDA concentrations and a limiting strain value
for high TGDDM concentrations due to formation of a covalent network.
The molecular analysis by SEC with triple detection of the high molar mass

PET, which was reacted with PMDA and TGDDM, shows a strong increase
of the average molar masses, polydispersity, radius of gyration, and hydrody-
namic radius and confirms the molar mass increase observed by the rheological
measurements. The branching was confirmed by a decreasing Mark-Houwink
exponent with increasing chain extender concentration. Further, the analysis
of the contraction of the molecule revealed a more star-like structure at low
concentrations for both chain extenders. With increasing concentration, the
structure changed to more comb-like for PMDA and random tree-like or hy-
perbranched for TGDDM as was also observed by non-linear viscoelastic mea-
surements. PMDA revealed to be an excellent coupling agent which induces
reproducibly either a star-like, comb-like, or tree-like structures depending on
the concentration of coupling agent added and the hydroxyl concentration of
the PET employed.



Kurzfassung

Polyethylenterephthalat (PET) zeichnet sich durch hervorragende mechanis-
che Eigenschaften, sowie chemische Beständigkeit und Barriereeigenschaften
aus und findet insbesondere in der Verpackungsindustrie Verwendung. Die
Neigung zur Degradation und die wegen der linearen Kettenmoleküle geringe
Viskosität schränken jedoch die Verarbeitbarkeit von PET wie beispielsweise
das Schäumen und Folienblasen erheblich ein.
In der vorliegenden Arbeit wird der Einfluss der thermischen Stabilität wäh-

rend der Verarbeitung von drei linearen industriellen PET-Typen untersucht,
die sich durch Molmasse und Herstellungsverfahren unterscheiden. Des Weit-
eren wird langkettenverzweigtes PET (LCB-PET) durch reaktive Verarbeitung
mit drei verschiedenen multifunktionalen Kettenverlängerern, Pyromellitsäure-
dianhydrid (PMDA), Tetraglycidyl-Diamino-Diphenyl-Methan (TGDDM) und
Triphenylphosphit (TPP), hergestellt und charakterisiert. Durch die experi-
mentelle Bestimmung der linearen und nichtlinearen rheologischen Eigenschaf-
ten der Schmelze und ihre Beschreibung mit Hilfe des sogenannten ”Molecular
Stress Function” (MSF) Modells gelingt eine quantitative Analyse des Materi-
alverhaltens. Die molekulare Analyse wird zusätzlich durch die Ergebnisse von
Gelpermeationschromatographie (GPC bzw. SEC) in Verbindung mit Licht-
streumessung gestützt.
Die Untersuchungen der thermischen Stabilität von linearem PET im linear

viskoelastischen Bereich zeigen einen abnehmenden Speichermodul und somit
ein thermo-oxidatives Degradationsverhalten in Luftatmosphäre. In inerter
Stickstoffatmosphäre tritt hingegen nur thermische Degradation auf, gleichzeitig
führt jedoch eine Polykondensationsreaktion zu einem Ansteigen des Moduls
(Kruse et al., 2013). Mit einem exponentiellen Regressionsansatz kann der
anfängliche Zustand des Moduls in beiden Atmosphären zum Zeitpunkt Null,
der dem Einbringen der Probe in das Rheometer entspricht, rekonstruiert wer-
den. Die sich aus diesem Ansatz ergebende Zeitkonstante erlaubt es, quan-
titative Zusammenhänge zwischen der thermischen Stabilität der drei PET-
Sorten und deren Molmasse sowie dem Herstellungsverfahren der PET-Typen
aufzuzeigen. So weist hochmolekulares PET eine höhere Stabilität in Stick-
stoff und eine geringere Stabilität in Luft auf und umgekehrt. Hauptursache
für dieses Verhalten ist die unterschiedliche Konzentration an Hydroxylendgrup-
pen, die je nach Molmasse und Herstellungsmethode der jeweiligen PET-Typen
variiert.
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Mit Hilfe der ”Time-Resolved Mechnical Sprectroscopy” konnte die sich än-
dernde Viskosität über ein weites Frequenzspektrum und zu einer beliebigen
Messzeit in beiden Atmosphären bestimmt werden. Wesentliche Ergebnisse
dieser Untersuchung sind der Nachweis des Auftretens von (i) einem Weich-
machereffekt bedingt durch die thermische und thermo-oxidative Degradation
und den daraus resultierenden Oligomeren, (ii) dreidimensionaler Vernetzung
mit der Ausbildung einer Fließgrenze, (iii) Diffusionsprozessen, die Einfluss
auf die Polykondensationsreaktion haben, (iv) Wandgleiten, bedingt durch die
Ablagerung von Nebenprodukten auf den Platten des Rheometers und (v) einem
verbreiterten Scherverdünnungbereich (Kruse and Wagner, 2016).

Die Extrusion von linearem PET mit einem Doppelschneckenextruder unter
industriellen Bedingungen führt zu einer starken Abnahme der Viskosität, die
hauptsächlich durch Scherung und weniger durch thermo-oxidativen Abbau
verursacht wird.

Bei der reaktiven Verarbeitung der drei PET-Typen mit den drei verschiede-
nen Kettenverlängerern erwies sich das dreifunktionale TPP auf Grund von
Toxizität und Lagerinstabilitäten als unbrauchbar. Die Verarbeitung der beiden
vierfunktionalen Kettenverlängerer, PMDA und das epoxidhaltige TGDDM,
führt zu erhöhter Viskosität, erhöhter Dehnverfestigung und erhöhter thermis-
cher Stabilität mit zunehmender Konzentration des jeweiligen Kettenverlänger-
ers. Das beschriebene Verhalten zeigt sich sowohl am Speicher- und Verlust-
modul und dem daraus abgeleiteten Verlustwinkel, als auch an der Fließak-
tivierungsenergie und der Dehnviskosität. Dabei lassen sich die gemessenen
Dehnviskositäten sehr präzise mit dem MSF-Modell beschreiben und die bei-
den nichtlinearen Modelparameter, 𝛽 und 𝑓 2

𝑚𝑎𝑥, ermöglichen eine quantita-
tive Analyse der Verzweigungsstruktur und der Molekülstreckung. So zeigt
die Modifiziereng von hohen PMDA-Konzentrationen und dem hochmoleku-
laren PET eine mehr kammartige Struktur im Vergleich zu den beiden nie-
dermolekularen PET-Typen, die eine baumartige Molekülstruktur und eine
höhere Molmasse nach der reaktiven Extrusion aufweisen. Beide Effekte können
mit der höheren OH-Endgruppenkonzentration der beiden niedermolekularen
PET-Typen erklärt werden. Zu hohe Zusätze von TGDDM führen zu einem
hochverzweigten und gelartigen Polymer.

Das Bruchverhalten bei der uniaxialen Dehnung von mit einem hohen Zusatz
von PMDA hergestellten langkettenverzweigten PET wird von einer limitieren-
den Bruchspannung bestimmt. Demgegenüber bestimmt eine maximale Deh-
nung das Bruchverhalten des mit einem hohen TGDDM-Zusatz hergestellten
LCB-PET, verursacht durch ein kovalent gebundenes Polymernetzwerk.

Die SEC Messungen mit drei Detektoren wurden an LCB-PET durchge-
führt, das auf Basis der hochmolekularen PET-Type hergestellt wurde. Die
molekulare Analyse der mit PMDA und TGDDM modifizierten Proben zeigt
eine deutliche Zunahme der mittleren Molmassen, Molmassenverteilungsbreite,
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des Gyrationsradius und des hydrodynamischen Radius und bestätigt somit die
rheologischen Ergebnisse. Das Auftreten von Verzweigungen wird außerdem
durch den abnehmenden Mark-Houwink-Exponenten bei zunehmender Addi-
tivkonzentration verdeutlicht. Eine genauere Betrachtung weist auf eine sternar-
tige Molekülstruktur bei geringer Zugabe beider Kettenverlängerer hin. Bei
erhöhter Zugabe hingegen tritt eine kammartige Struktur bei PMDA und eine
baumartige oder hochverzweigte Struktur bei TGDDM auf, wie auch aus den
nichtlinearen viskoelastischen Messungen zu schließen ist. Insbesondere PMDA
erweist sich als hervorragender Kettenverlängerer, der bei reaktiver Extrusion
reproduzierbar eine sternartige, kammartige oder baumartige Molekülstruktur
in Abhängigkeit von der verwendeten PET-Type und der PMDA-Konzentra-
tion ermöglicht und so das Verarbeitungsspektrum von PET auf neue Anwen-
dungsgebiete erweitert.
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1 Introduction

Today’s tasks of polymer research and development involve both progression
of novel properties and the sustainability of the material. The demand on
poly(ethylene terephthalate) (PET) increased continuously in the last decades,
since the rigid and transparent1 character benefits applications like packaging.
However, the processing of the polymer is limited due to low viscosity. A
modification of the molecular properties, e.g. a higher molar mass or a branched
structure, would facilitate and improve the processability, such as film blowing
or foaming (Münstedt et al., 2006). The second aspect, the sustainability of
polymers, is strongly connected to the potential of recycling. Although the
production of polymers increases, the landfilling amount recently declines2. In
particular, the pre-selection of poly(ethylene terephthalate) bottles promotes
a second use of the polymer. Nowadays, 20% of the recycled PET bottles
fulfill high technical and U.S. Food and Drug Administration requirements and
can be used for beverage bottles again. However, the majority of PET waste
undergoes a downcycling to produce thermoformed films and fibers (Plastics
Europe, 2015). This is mainly because poly(ethylene terephthalate) in liquid
state is a rather complex and delicate material.

1.1 Poly(ethylene terephthalate) in Liquid State

A polymer in solution or melt state is essentially affected by the correlations
between time, temperature and intermolecular forces governing the flow behav-
ior. Consequently, it is worth examining the constitution of the PET molecule
in more detail, or in specific terms, the ester group. The most general way to
obtain a polyester is the reaction of an alcohol with an acid group by separation
of water (Ravve, 2012). Since the reaction is reversible, it should be obvious
that water can harm the molecule (Coltelli et al., 2007). Unfortunately, an ester
group includes two oxygen atoms leading to a polar polymer that absorbs water
molecules. Marshall and Todd (1953) were one of the first who reported on the
degradation of PET and its impact on melt viscosity. In addition to hydrolysis
from moisture, a thermo-oxidative (in air) and a purely thermal degradation
(in nitrogen) at the ester linkage was observed.

1If the size or amount of crystals exceeds a certain value, PET appears in non-transparent white.
2The landfilling of polymers reduced by 40% in Europe during 2006 and 2012 (Plastics Europe, 2015).
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The molecular structure of a polymer is determined by the molar mass (𝑀),
the molar mass distribution (𝑀𝑀𝐷)3, and the molecular architecture, i.e. lin-
ear or different types of branching (Dealy and Larson, 2006). The structure
of PET depends on the polycondensation reaction and occurs as esterification
or transesterification, which is a new arrangement of the functional group. A
typical consequence of this step polymerization is reflected by the moderate
Schulz-Zimm MMD (Mori and Barth, 1999). However, the range from the
smallest to the very longest molecule essentially influences the rheological be-
havior, e.g. a broader distribution would extend the shear thinning behavior.
In particular, a higher molar mass leads to a higher entanglement density and
higher viscosities. This effect is reflected by the relation between the zero-shear
viscosity 𝜂0 and the molar mass, which governs a 3.4 power-law (Dealy and
Larson, 2006). This empirical rule can be predicted by the reptation model
of de Gennes (1971) with a molar mass dependence of 𝑀 3. Later, Doi (1983)
presented a more precise explanation based on the tube model (cf. Chapter
2). Unfortunately, the increase in molar mass is limited in the reactor. The
accompanied increase of viscosity prohibits a thoroughly stirring and evaporat-
ing of the side products. An increased temperature would lower the viscosity,
but leads to homolytic scission. A commercial way out of the dilemma is the
treatment of PET grades by solid state polymerization (SSP) to satisfy high
technical applications. The SSP is conducted in an inert atmosphere at about
40∘𝐶 below the melting point up to 24ℎ (Ma et al., 2003). Once more the
transesterification changes molecular properties.
Besides the composition, the role of catalysts has to be considered. In par-

ticular, different combinations of two catalysts needed for the polycondensation
were reported to either decrease or increase the solution viscosity of PET during
the reaction over long periods of time (Zimmermann, 1984). Traces of these
metal compounds can later affect the processing of PET. Consequently, the idea
that the polymer reveals an ongoing enhancement of molar mass in melt state
should be considered. In sum, PET is a versatile polymer, but its reactivity
can be also convenient for recycling or to induce new material properties during
processing.

1.2 Reactive Processing

In 1928, six years after Hermann Staudinger introduced the concept of macro-
molecules, Wallace H. Carothers started to investigate the polycondensation
of polyesters at DuPont. Eventually, his work helped to prove Staudingers
theory, since Carothers was able to polymerize cumulative to a molar mass of
12𝑘𝑔.𝑚𝑜𝑙−1. With this fairly long molecules he was able to pull fibers out of

3Also called polydispersity index (PDI).
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Figure 1.1: Tetra-functional chain extender reacting with two (1), three (2) or
four (3) PET chains to a linear or branched molecule.

melt. Additionally, Carothers oriented fibers in solid state and called it cold
drawing. Based on his work, J.R. Whinfield and J.T. Dickson submitted the
first patent on poly(ethylene terephthalate) in 1941 (McIntyre, 2003).

Today’s PET applications still include fibers, as woven textiles or high-
strength yarns for tyre cords (Awaja and Pavel, 2005). Not least due to
Carothers observation on forced stretching, DuPont began to develop the blow
molding of hollow PET parts in the 1970s. The PET bottle and packaging
applications have become the main demands by far (Plastics Europe, 2015).
Besides blow molding, extrusion and injection molding are the most often ap-
plied processing operations (Assadi et al.). The two latter are conducted at
temperatures above 255∘𝐶, which leads to strong degradation of the molecule.
The decomposition can be even more pronounced due to impurities in recycled
grades (Awaja and Pavel, 2005). One, although expensive, solution is the com-
pensation of degradation during recycling by SSP (Karayannidis et al., 1993,
1995).

In the recent past, reactive processing of PET is becoming more attractive
since it allows to modify chain properties without an additional process (Xan-
thos, 1992). The idea consists in adding small functional molecules to the
process which react with the end groups of the backbone. In fact, the extruder
is employed as a reactor and the coupling agent is called chain extender. Due to
its high reactivity, a bi-functional molecule would bond two single PET chains
and increase the molar mass. Recycled poly(ethylene terephthalate) can be up-
cycled and high linear PET molecules can be generated. Multi-functional chain
extenders can be employed to achieve a branched structure and consequently
fully new properties (Figure 1.1), as long-chain branched (LCB) polymers are
known to have a higher melt strength compared to linear polymers (Wagner
et al., 2001; Gabriel and Münstedt, 2003). Since these polymers can withstand
higher stresses in melt state, thin and stable films can be blown, and foams can
be expanded (Japon et al., 2000b; Xanthos et al., 2004; Coccorullo et al., 2009).
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1.3 Role of Rheology

Rheology is the science of flow of matter and encloses the engineering and struc-
tural analysis of polymers. It is able to describe the processing of polymer melts
and shows large sensitivity to molecular properties. Polymers consists of large
macromolecules with viscoelastic properties, i.e. a combined solid and liquid
material behavior. A main influence on the linear viscoelastic behavior is the
free volume, which decreases with increasing molar mass to a certain extend.
As a consequence, the friction and relaxation times enlarge, which leads to an
increase of moduli and viscosity (Ferry, 1980). Both are also drastically affected
by the number of entanglements which act as a temporary network, as will be
discussed in Chapter 2. Dynamic measurements allow a distinction between
the entropy driven elastic and the dissipative viscous part. The corresponding
storage and loss modulus can be expressed as loss angle, which represents a
more solid or liquid material behavior at different observation times or frequen-
cies. This phase shift allows structural predictions including branching (Trinkle
et al., 2002) and gelation (Winter and Chambon, 1986). Additionally, linear
viscoelastic analysis can be employed to study the reaction kinetics of polymers,
even during the measurement (Mours and Winter, 1994), and the diffusion of
additives (Cassagnau et al., 2007).

The non-linear measurements, which occur at high deformations or deforma-
tion rates, are able to detect very precisely LCB. In particular, uniaxial elon-
gation experiments are able to analyze the melt strength (Wagner et al., 1998).
Further, it has been shown that the elongational properties largely determine
the processability of polymers, e.g. during film blowing and thermoforming
(Münstedt et al., 2006), which are of great importance in PET processing.

By constitutive equations, the physical response of the polymer bulk can be
related to molecular features. The parameter 𝛽 and 𝑓 2

𝑚𝑎𝑥 of the molecular stress
function (MSF) model analyzed in this study are such parameters, which are
capable to emphasize the branching (Wagner et al., 2004) and the stretch of
the molecule (Wagner et al., 1998).

1.4 Motivation for This Work

Already Carothers took advantage of a certain melt strength, which enabled him
to draw fibers. Enhanced elongation properties would improve film blowing or
facilitate new applications like foaming of PET, even on recycled PET grades
(Coccorullo et al., 2009), which cannot be achieved by common techniques
nowadays (Scheirs, 2004).

The objective of this work is to create and analyze different grades of long-
chain branched poly(ethylene terephthalate). The structure that has been pro-
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duced by reactive processing, should be evaluated by means of rheology and
molecular characterization.
Although the investigations of linear PET melt has been of common interest

since decades, a research on current studies led to differing conclusions. There-
fore, a thorough analysis for three different linear PET grades in regards of
thermal and thermo-oxidative degradation, reaction kinetics and preparation
method is necessary to understand further processing.
LCB PET can be achieved by reactive extrusion, but the processing of even

neat material can effect the molecular properties. Hence, the analysis of the ex-
trusion process in regards of thermal, thermal-oxidative, and shear degradation
is a fundamental task.
Possible differences of the branched PET can be related either to different

PET grades or chain extenders used. The aim of this study is to compare
the reactive processing of three different PET grades with three different chain
extenders by variation of the concentration of the additive. Additionally, the
capability of industrial applications should be analyzed, which is realized by
reactive processing at industrial scale.
The evaluation of the produced PET grades by linear and non-linear vis-

coelastic analysis is the main interest of this study. Therefore, the molecular
stress function model and the two non-linear parameter 𝛽 and 𝑓 2

𝑚𝑎𝑥 can be
used for a quantitative analysis of the molecular structure. Additionally, the
understanding of melt fracture is of interest for polymer processing.
Finally, the rheological findings can be compared to the molecular charac-

terization by light scattering and size exclusion chromatography to get more
insight of the relation between structure and flow behavior.



2 Molecular Structure and Flow Behavior

The present study considers only polymer properties in liquid state. As will be
shown in the following chapter, the similarities between polymers in solution and
in melt state are numerous. Furthermore, the quantities of a single chain, e.g.
size, molar mass, and branching, determine the behavior of the bulk, but the
understanding of the interactions between the molecules are a challenging task.
Consequently, the three-dimensional arrangement of a single polymer chain will
be introduced in the first section of the chapter. The second section describes
continuum mechanics, which can be used as a tool to analyze the macroscopic
behavior. Finally it will be emphasized how the bulk approach can be related
to the single chain properties by means of rheology and constitutive equations.

2.1 Properties of a Single Chain

The appearance or conformation of macromolecules in polymers is determined
by statistics. It was Flory (1953), who described the chain properties the-
oretically, e.g. the molar mass distribution, but also related the statistical
approaches to experimental results. The concept of the freely jointed chain is
such a theoretical approach, which can be confirmed experimentally and be re-
lated to the size of the molecule by light scattering (Strobl, 2007). Additionally,
branching can be analyzed in combination with size-exclusion chromatography
(SEC) with triple detection. As will be shown, the shape and the mass of the
polymer largely influence the dynamics of the molecule.

2.1.1 The Freely Jointed Chain

Polymers consist of single units which are arranged in chains. From a chemical
point of view, these units are defined by monomers, which provide unified prop-
erties for each polymer. Besides the constitution of the molecule, the confor-
mation of the chain largely influences the physical behavior. The conformation
is the geometric appearance, which is defined by rotational angles. Usually, the
rotational angle and the corresponding arrangement of two carbon atoms are
restricted by repulsive forces between the hydrogen atoms. However, due to
the low potential energy of the so-called trans and two gauche positions, the
rotation of a few conjoint atoms can be considered as quasi free. Not least,



2.1 Properties of a Single Chain 7

 

R 

u 

b1 

b2 

b3 

b4 
b5 

bn 
bn-1 

c.m. 

Rg 

Figure 2.1: Illustration of conformation of an ideal chain with end-to-end vector
𝑅, segment vectors 𝑏𝑖, and radius of gyration 𝑅𝑔. On the right, the
representatives of unit vectors 𝑢 in the undeformed relaxed state
are depicted.

since the difference of potential energy vanishes at high temperature (Boyd and
Phillips, 1996). The freely jointed chain, as illustrated in Figure 2.1, can be
separated by chain segments with length 𝑏, which are not restricted by the cor-
relation between two adjacent segments and the rotational angles (Hu, 2013).
The sum of the corresponding vectors 𝑏𝑖 defines the end-to-end vector with the
components 𝑅𝑥, 𝑅𝑦, and 𝑅𝑧:

𝑅 =
𝑁∑︁
𝑛=0

𝑏𝑖 (2.1)

Kuhn (1934) rejected the idea of a stiff, rod-like chain. He postulated a fiber-
forming molecule, and divided the chain into units or segments of length 𝑏𝑘,
which are related to the fully expanded chain 𝑅𝑚𝑎𝑥 and the mean square end-
to-end distance

⟨︀
𝑅2
⟩︀
:

𝑏𝑘 =

⟨︀
𝑅2
⟩︀

𝑅𝑚𝑎𝑥
(2.2)

The randomly arranged chain with a coil shape possesses a segment length
between 5 and 12 carbon atoms which is a measure of the chain stiffness (Ru-
binstein and Colby, 2003). The notation < ... > describes an ensemble average.
The end-to-end distance of an ideal chain 𝑅0 should be expressed as mean
square, since the sum of orientation vectors 𝑢 of segments 𝑏 ≪ 𝑅𝑚𝑎𝑥 is zero
(Figure 2.1). With the length and number 𝑁 of segments, the mean square
end-to-end distance of an ideal chain is expressed as:⟨︀

𝑅2
0

⟩︀
= 𝑁𝑏2 (2.3)

Due to the stiffness of the monomers and hindered self-interaction, the end-to-
end vector based on the segmental approach can deviate from an ideal end-to-
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Figure 2.2: Conformation of an
ideal chain with end-to-
end vector 𝑅, pointing
in volume element 𝑑𝑅𝑥,
𝑑𝑅𝑦, and 𝑑𝑅𝑧.

end vector, assuming fully free bond rotations. The characteristic ratio defines
the difference between actual radii of a polymer and a theoretical value of free
bond rotation:

𝐶∞ =

⟨︀
𝑅2
⟩︀

𝑛𝑏2𝑏
(2.4)

with length 𝑏𝑏 and number 𝑛 of bonds. If the segments are equal or larger than
the Kuhn length, but smaller than the fully expanded chain 𝑅𝑚𝑎𝑥, the freely
rotated chain with no excluding volume can by described by a random walk.
The random walk, or flight for a three dimensional description, describes the
relation between the initial and the end position after 𝑁 arbitrary steps. Due
to the large number of segments, such binomial probability function can be
represented by a Gaussian distribution for a three-dimensional coil (Rubinstein
and Colby, 2003):

Ψ(𝑅)𝑑3𝑅 =

(︂
3

2𝜋𝑁𝑏2

)︂ 3
2

𝑒𝑥𝑝

(︃
3
⟨︀
𝑅2
⟩︀

2𝑁𝑏2

)︃
𝑑𝑅𝑥𝑑𝑅𝑦𝑑𝑅𝑧 (2.5)

This function describes the probability that the end-to-end vector 𝑅 points into
a volume element 𝑑𝑅𝑥, 𝑑𝑅𝑦, and 𝑑𝑅𝑧, as can be noted by Figure 2.2. The ideal
freely jointed chain is assumed to occur in melt or in theta solutions. Since
the monomer concentration in melt is constant, the chain does not tend to
expand. The so-called theta solution states that the attractive and repulsive
forces between chain and solvent are in equilibrium. Consequently, the second
viral coefficient 𝐴2 vanishes at low concentrations (Strobl, 2007).

2.1.2 Characterization of Structure and Branching

A real chain cannot be characterized directly by the introduced quantities since
the molecule is too small to measure the trajectory and define the end-to-end
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distance. Additionally, ring or branched chains cannot be defined distinctly by
𝑅. A second measure of the dimension of a molecule is given by the radius of
gyration 𝑅𝑔. The mean square of 𝑅𝑔 and the end-to-end vector for a Gaussian
chain are related by: ⟨︀

𝑅2
𝑔

⟩︀
=

⟨︀
𝑅2
⟩︀

6
(2.6)

The radius of gyration is based on a consideration that the size can be described
by a mean square average of magnitudes of vectors, pointing from the center of
mass to single mass points, e.g. monomers (cf. Figure 2.1) (Boyd and Phillips,
1996). 𝑅𝑔 can be expressed by:

⟨︀
𝑅2

𝑔

⟩︀
=

1

𝑁

𝑁∑︁
𝑖=1

⟨︀
|𝑟𝑖 − 𝑟𝑐.𝑚.|2

⟩︀
(2.7)

Since the definition of the center of mass is difficult, especially in permanent
moving systems, 𝑅𝑔 can be also determined by the difference between segments:

⟨︀
𝑅2

𝑔

⟩︀
=

1

𝑁 2

𝑛∑︁
𝑖=1

𝑛∑︁
𝑗=1

⟨︀
(𝑟𝑖 − 𝑟𝑗)

2
⟩︀

(2.8)

The number of mass points is directly related to the molar mass, and since
the radius of gyration describes the distances between the mass points, it is
a measure of the coil size. The distribution of segments can be described by
the relation between pairs. The pair correlation function of a Gaussian chain
relates the number of monomers 𝑚 to the radius 𝑟:

𝑚 ∝
(︁𝑟
𝑏

)︁2
(2.9)

The self-similarity of the ideal chain is expressed in Equation 2.9 by a fractal
dimension of 2. The pair correlation function states the probability to find a
monomer in a unit volume:

𝑔(𝑟) =
3

𝜋𝑟𝑏2
(2.10)

It can be seen that the probability of finding a monomer decreases with distance.
A further substitution of the pair distribution into the Debye structure function
relates 𝑅𝑔 to the number of monomers of a linear chain and Equation 2.6 can
be derived (Strobl, 2007).
Light scattering is not only sensitive to the mass points, additionally, it can

infer the size and conformation based on the pair distribution. If a molecule,
or in particular the respective electrons, are perturbed by an oscillating electric
field of a light beam, a dipole moment is induced which leads to an emission
of photons (Boyd and Phillips, 1996). The scattering vector 𝑞, as illustrated in
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Figure 2.3: Sketch of light scattering on particle with respective scattering vec-
tor 𝑞 and angle 𝜃.

Figure 2.3, is the subtraction of wave vectors of scattered 𝑘𝑓 and the incident
plane wave 𝑘𝑖.

𝑞 = 𝑘𝑓 − 𝑘𝑖 (2.11)

The scattering vectors from different monomers emerge and can be expressed
as angle 𝜃. The relation between scattering vector and angle 𝜃is a function of
the wave length 𝜆0 and the refractive index of the solvent 𝑛0 for polarized light:

𝑞 =
4𝜋𝑛0

𝜆0
𝑠𝑖𝑛

𝜃

2
(2.12)

A more common way is the analysis of the radius of gyration by the Rayleigh
ratio 𝑅(𝑞) or 𝑅(𝜃), which is the ratio between the intensity of scattering light
𝐼(𝑞) to the intensity of incident light 𝐼0:

𝑅(𝑞) =
1

𝑉

𝐼(𝑞)𝑑2

𝐼0
(2.13)

with the distance 𝑑 between particle and detector, and the volume of the scat-
tered solution 𝑉 (Strobl, 2007). The Rayleigh ratio is of practical relevance, e.g.
by multi-angle light scattering (MALS). MALS in combination with a concen-
tration detector is an absolute measurement of the molar mass and allows the
determination of the radius of gyration (Podzimek, 2011). The particle scatter-
ing function includes the theoretical pair distribution function (Equation 2.10),
and can be determined as:

𝑃 (𝜃) =
𝑅𝜃

𝑅0
(2.14)

with the intensity of radiation at angle 𝜃 and at angle zero, the size and molar
mass can be obtained independently from the source. As illustrated in Figure
2.4, by extrapolation to zero concentration 𝑐0 the molar mass is given by the
intersection with the ordinate and 𝑅𝑔 is represented by the slope at different
scattering angles (Zimm, 1948). A more detailed discussion of the light scat-
tering is covered in Chapter 6.
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Branching
Due to a large number of possible end-to-end distances, it is more difficult to
define a branched molecule by a quantity compared to a linear. A theoretical
description is given by the Kramer theorem which considers of splitting an ideal
branched molecule of 𝑁 freely jointed Kuhn segments into two tree-like chains
with 𝑁1 and 𝑁 −𝑁1 segments. If all possibilities of dividing the chain into two
molecules are considered, the radius of gyration will be given as:

⟨︀
𝑅2

𝑔

⟩︀
=

𝑏2

𝑁
⟨𝑁1(𝑁 −𝑁1)⟩ (2.15)

By combinatorics a fractal dimension of 4 is expressed (Rubinstein and Colby,
2003), which emphasizes that a randomly branched polymer possesses a higher
monomer density.
Zimm and Stockmayer (1949) derived a similar relation based on a numerical

analysis of a randomly branched molecule consisting of branch units with 3 and
4 arms and a star polymer. They defined a coil contraction factor 𝑔, which
relates the mean square radius of gyration of a linear to a branched molecule
with equal molar mass:

𝑔 =

⟨︀
𝑅2

𝑔,𝑏𝑟

⟩︀⟨
𝑅2

𝑔,𝑙𝑖𝑛

⟩ (2.16)

The upper limit is restricted to 1 by definition and contractions to 0.1 are
reported (Podzimek, 2011).
With this numerical approach different contraction factors can be calculated

leading to a degree of branching 𝑚, i.e. branch points per molecule. The
following equations show the relations between contraction and branching for
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star molecules with 𝑓 arms of equal length (𝑔𝑠) and tri- and tetra-functional (𝑔3
and 𝑔4) branch units:

𝑔𝑠 =
3𝑓 − 2

𝑓 2
(2.17)

𝑔3 =

[︂(︁
1 +

𝑚

7

)︁ 1
2

+
4𝑚

9𝜋

]︂− 1
2

(2.18)

𝑔4 =

[︂(︁
1 +

𝑚

6

)︁ 1
2

+
4𝑚

3𝜋

]︂− 1
2

(2.19)

A second verification of the coil contraction factor is given by the intrinsic
viscosity. Similar to the coil contraction based on the radius of gyration, a
factor 𝑔′ is defined by the intrinsic viscosity [𝜂]. The comparison between a
linear and a branched molecule with equal molar mass is expressed as (Zimm
and Kilb, 1959)

𝑔′ =
[𝜂𝑏𝑟]

[𝜂𝑙𝑖𝑛]
(2.20)

The advantage of 𝑔′ is that it can be obtained for small molecules, since the
detection of 𝑅𝑔 is restricted to values larger than 10𝑛𝑚. Both factors can
be related by a power law, which allows conclusions of the structure with an
exponent 𝜀 (Berry, 1968, 1988; Podzimek, 2013).

𝑔′ = 𝑔𝜀 (2.21)

From the degree of branching, a branching frequency 𝜆 per 1000 repeated units
can be calculated. Both the radius of gyration and the intrinsic viscosity can be
performed by batch test without separation of size. However, the molar mass
can be expressed by different moments leading to a number-average:

𝑀𝑛 =

∑︀
𝑖 𝑛𝑖𝑀𝑖∑︀
𝑖 𝑛𝑖

(2.22)

weight-average

𝑀𝑤 =

∑︀
𝑖 𝑛𝑖𝑀

2
𝑖∑︀

𝑖 𝑛𝑖𝑀𝑖
=

∑︀
𝑖𝑤𝑖𝑀𝑖∑︀
𝑖𝑤𝑖

=
∑︁
𝑖

𝑐𝑖
𝑐
𝑀𝑖 (2.23)

and z-average

𝑀𝑧 =

∑︀
𝑖 𝑛𝑖𝑀

3
𝑖∑︀

𝑖 𝑛𝑖𝑀 2
𝑖

=

∑︀
𝑖𝑤𝑖𝑀

2
𝑖∑︀

𝑖𝑤𝑖𝑀𝑖
=

∑︀
𝑖 𝑐𝑖𝑀

2
𝑖∑︀

𝑖 𝑐𝑖𝑀𝑖
(2.24)

with the number fraction 𝑛𝑖, weight fraction 𝑤𝑖, concentration fraction 𝑐𝑖 and
the molecular mass distribution (MMD) or polydispersity index (PDI) is given
as:

𝑃𝐷𝐼 =
𝑀𝑤

𝑀𝑛
(2.25)



2.1 Properties of a Single Chain 13

Consequently, a polymer with broad molar mass distribution should be ana-
lyzed by fractionated specimens, in order to get more insight of the physical
response under deformation and the polymer structure. The SEC is the com-
mon technique to separate a diluted polymer by the hydrodynamic radius. The
triple detection, i.e. the combination of MALS, concentration and viscosity
detector, is capable to define an absolute molar mass, 𝑀𝑛, 𝑀𝑤, 𝑀𝑧, the radius
of gyration and the intrinsic viscosity, which can be distinguished from a linear
chain by the Mark-Houwink equation:

[𝜂] = 𝐾𝑀𝑎 (2.26)

with 𝐾 depending on polymer, solvent and temperature and 𝑎, on the chain
structure, additionally.

2.1.3 Microscopic Dynamics

A freely jointed chain obeys Brownian motions as long as no external constrains
affect the mobility of the molecule. Consequently, it is plausible to include some
thermodynamic considerations when analyzing microscopic behavior of a single
chain. Based on the first law of thermodynamics a retractive force 𝑓 as a
function of the Helmholtz free energy 𝐹 by a change of length 𝑑𝑙 at constant
temperature and volume can be defined:

𝑓 =

(︂
∂𝐹

∂𝑙

)︂
𝑇,𝑉

(2.27)

=

(︂
∂𝑈

∂𝑙

)︂
𝑇,𝑉

− 𝑇

(︂
∂𝑆

∂𝑙

)︂
𝑇,𝑉

(2.28)

= 𝑓
𝑒
− 𝑓

𝑠
(2.29)

with internal energy 𝑈 , temperature 𝑇 , entropy 𝑆, and 𝑓𝑒 as the energy and
𝑓𝑠 the entropy contribution to the force. Above a certain temperature1, the
physical interactions between the amorphous chains are negligible (𝑓𝑒 = 0) and
the force is purely entropic (Boyd and Phillips, 1996). The maximum entropy
will occur, if the chain bond rotation is quasi free. The Boltzmann constant 𝑘
relates the entropy to the probability of microstates of the molecule:

𝑆 = 𝑘 𝑙𝑛Ψ (2.30)

The possible states are given by Equation 2.2 and depend on the end-to-end
vector 𝑅. In other words, if the end-to-end distance is constrainted by a force
into a less preferred length, the amount of free microstates and entropy declines.

1Thermal inversion point.
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Figure 2.5: Rouse model as illustration of
beads which are connected by
different spring elements.

By assuming that all conformations have the same internal energy 𝑈 = 𝑐𝑜𝑛𝑠𝑡.,
the force in Equation 2.28, leads to the retractive force of an ideal chain 𝐾,
which is needed to separate chain ends:

𝑓 = 𝐾 =

(︂
∂𝐹

∂𝑅

)︂
𝑇,𝑉

=
3𝑘𝑇

𝑁𝑏2
𝑅 (2.31)

The term in front of 𝑅 is the entropic spring constant, which decreases with
decreasing number and length of segments and increases with increasing tem-
perature. The force increases by stretching due to less possible conformation of
the chain, but the linear dependence does not hold for large elongations, where
𝑅 approaches 𝑅𝑚𝑎𝑥 (Rubinstein and Colby, 2003).

Rouse Model
Whether solvent or melt, the diffusion of a particle in a surrounding fluid is
controlled by the fluctuation and collisions of adjacent molecules. The force
needed to drag the particle through the liquid with constant velocity 𝑣 depends
on a friction coefficient 𝜁 which is proportional to a solvent viscosity2:

𝑓 = 𝜁𝑣 (2.32)

The friction coefficient can be related to the diffusion coefficient 𝐷 by the
Einstein relation (Einstein, 1905), which states how fast a molecule can move:

𝐷 =
𝑘𝑇

𝜁
(2.33)

Rouse developed the first model that was able to describe the dynamics of
a polymer chain. As can be seen in Figure 2.5, he separated the chain into 𝑛
beads which are connected by springs with end-to-end distance 𝑏. If the chain is

2A velocity and shear rate dependence on the liquid is not considered here.
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dragged through a freely draining solvent, each bead undergoes a single friction
and the total contribution is given by (Rubinstein and Colby, 2003):

𝜁𝑅 = 𝑛𝜁 (2.34)

and with Equation 2.33 the diffusion coefficient of a Rouse chain becomes:

𝐷𝑅 =
𝑘𝑇

𝑛𝜁
(2.35)

Since the chain consists of different segments, a differential equation of motion
based on Equation 2.32 leads to different modes. The longest relaxation time,
i.e. the first mode, is usually referred as Rouse relaxation time (Rouse, 1953):

𝜏𝑅 =
𝜁𝑏2

6𝜋2𝑘𝑇
𝑛2 (2.36)

It can be noted by Equation 2.36 that the inverse entropic spring constant
(Equation 2.31) determines the movement of the chain. It was shown that
the model undergoes limitations in a diluted system, due to the lack of hydro-
dynamic interaction, which are included in the Zimm model (Rubinstein and
Colby, 2003). Nevertheless, the Rouse model can describe the behavior of an
unentangled polymer chain in melt state (Bueche, 1954). As will be demon-
strated later, this characteristic time is a determining property of the relaxation
modulus of polymeric systems, i.e. single chains, colloids, rubber material, and
entangled melts. However, the description of such bulk material requires a
capable macroscopic mechanical approach.

2.2 Fundamentals of Continuum Mechanic

The most basic description in mechanics is given by the relation between the
load and the deformation of a material. For a wide range of solids the response
of the material follows a linear constant, i.e. the shear or Youngs modulus,
known as Hookes law. Polymers are viscoelastic materials and possess a large
time and deformation dependent response. A stress 𝜎, i.e. a force per area, is
given by an intrinsic material property 𝐺 and a deformation:

𝜎 ∝ 𝐺 · 𝑆 (2.37)

The deformation can be expressed in different form, due to the time dependence.
The general strain measure 𝑆 is either correlated to a dimensionless deformation
gradient3, an orientation tensor4 or a deformation rate5. The time dependent

3E.g. elongation strain 𝜀, Cauchy tensor 𝐶.
4𝑆.
5E.g. shear rate �̆�, deformation rate tensor 𝐷.
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material property 𝐺 is usually a modulus6, the viscosity or the memory func-
tion 𝑚, which includes the deformation history. Either 𝐺 or 𝑆 is expressed
as time derivative to include the former deformation or deformation rate de-
pendence7. Generally, the constitutive equation is either a differential-type or
an integral-type, as will be considered in this study. Equation 2.37 reflects
only a proportional relation between the properties. In particular, a non-linear
parameter in regards to entanglements and stretch of the molecules needs to
be added to achieve a fully developed equation. The necessary parameters are
introduced in this chapter, and are still a current concern in polymer research
(Narimissa and Wagner, 2016a,b).

The linear and non-linear viscoelastic behavior of polymers is largely defor-
mation and motion dependent, due to the relaxation properties and interactions
of the macromolecules. For such bulk materials, continuum mechanics can de-
scribe the forces and motions in regards of their spatial behavior as long as
the quantities are larger than those of the individual particles. An advantage
of this approach is the application of field theory, which can be employed as
long as a homogeneous distribution of matter is given in space. This allows
a characterization of matter by scalar, vector and tensor values, in the forms
of mass density, velocity distribution or stress tensors depending on time and
space (Leigh, 1968; Haupt, 2002).

2.2.1 The Spatial Stress

An applied stress on a three-dimensional body acts from the surface to the
inside, which can be understood by an interaction of infinitesimal cubes, as can
be seen in Figure 2.6 (a). A complete description is given by the stress tensor
and by nine Cartesian components 𝜎𝑖𝑗 with 𝑖 as plane and 𝑗 as direction indices:

𝜎 =

⎡⎢⎢⎣
𝜎𝑥𝑥 𝜎𝑥𝑦 𝜎𝑥𝑧

𝜎𝑦𝑥 𝜎𝑦𝑦 𝜎𝑥𝑧

𝜎𝑧𝑥 𝜎𝑧𝑦 𝜎𝑧𝑧

⎤⎥⎥⎦ =

⎡⎢⎢⎣
𝜎𝑥𝑥 𝜏𝑥𝑦 𝜏𝑥𝑧

𝜏𝑦𝑥 𝜎𝑦𝑦 𝜏𝑥𝑧

𝜏𝑧𝑥 𝜏𝑧𝑦 𝜎𝑧𝑧

⎤⎥⎥⎦ (2.38)

The components with equal indices are defined as normal stresses 𝜎 and the
components, which are parallel to the corresponding plane as shear stresses 𝜏 .
Due to a balance of angular momentum, the tensor is symmetric and opposed
shear stresses are equal, i.e. 𝜏𝑥𝑦 = 𝜏𝑦𝑥, 𝜏𝑥𝑧 = 𝜏𝑧𝑥 and 𝜏𝑦𝑧 = 𝜏𝑧𝑦 (Münstedt and
Schwarzl, 2014). With this, a force 𝑓 acting on a plane with any orientation,

6E.g. shear modulus 𝐺, elastic modulus 𝐸.
7𝑚 or 𝐷.
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Figure 2.6: Extra stress tensor (a) and deformation of two arbitrary points (b).

which is characterized by a normal vector 𝑛, can be described:

𝑓 = 𝑛 · 𝜎 (2.39)

𝑓
𝑖
= 𝑛𝑗 · 𝜎𝑖𝑗

(2.40)

An isostatic pressure acts as normal stresses in negative direction on the mate-
rial. Due to the assumption that polymer melts are incompressible, the pressure
can be seen as scalar component, which changes the absolute boundary con-
ditions, but not the flow behavior. Therefore the normal stresses are usually
denoted as differences. The stress tensor introduced here is equal to the so-
called extra stress tensor, neglecting the isostatic pressure (Macosko, 1994).

2.2.2 Deformation

At small deformations, it is sufficient to know the displacement of two adjacent
points from a relaxed state 𝑥0 at 𝑡 = 0 to a deformed state 𝑥 at a time 𝑡. If the
changes in all directions are known, the Cauchy-Green deformation tensor can
be expressed and a distinct relation to the stress tensor can be found. Other
than usual deformations of solids, polymer melts undergo large strains during
processing. The relative deformation of two adjacent points 𝑃1 and 𝑃2 (Figure
2.6 (b)) with vector 𝑑𝑥 at the observation time and 𝑑𝑥′ at the past can be
related by a partial derivative with respect to the present position:

𝑑𝑥′ =
∂𝑥′

∂𝑥
𝑑𝑥 (2.41)

The components of the displacement lead to the the relative deformation gra-
dient tensor 𝐹

𝑡,𝑡′
(𝑡, 𝑡′) with regards to the time of observation 𝑡:

𝐹
𝑡,𝑡′
(𝑡, 𝑡′) ≡ ∂𝑥′

∂𝑥
=

⎡⎢⎢⎣
∂𝑥′

∂𝑥
∂𝑥′

∂𝑦
∂𝑥′

∂𝑧
∂𝑦′

∂𝑥
∂𝑦′

∂𝑦
∂𝑦′

∂𝑧
∂𝑧′

∂𝑥
∂𝑧′

∂𝑦
∂𝑧′

∂𝑧

⎤⎥⎥⎦ (2.42)
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The expression as a gradient allows a uniform description of the deformation
of adjacent points. Since it is not easy to define a fully relaxed state 𝑡0 of
viscoelastic materials, the observations of the relative deformation concern a
deformed state 𝑡′ between 0 and 𝑡. The use of Lagrangian coordinates allows
a perspective which follows the motion of the material. This simplifies the
boundary values, since an initial state is obsolete and the past motion can
be described as Equation 2.42. This prediction goes back in time and the
relative inverse deformation gradient tensor refers to the time of observation,
with 𝐹−1

𝑖𝑗 = ∂𝑥𝑖/∂𝑥
′
𝑗:

𝐹−1
𝑡,𝑡′
(𝑡, 𝑡′) ≡ ∂𝑥

∂𝑥′
(2.43)

Since rotation of the material does not lead to a change of distance between
two points concerned, the emerging stress would be unaffected. The rotation
can be discarded by the product of the tensor and its transposed, leading to
the relative Cauchy tensor 𝐶

𝑡,𝑡′
(𝑡, 𝑡′) and its inverse, the Finger tensor 𝐶−1

𝑡,𝑡′
(𝑡, 𝑡′)

(Leigh, 1968; Bird et al., 1987; Münstedt and Schwarzl, 2014):

𝐶
𝑡,𝑡′
(𝑡, 𝑡′) = 𝐹 𝑇

𝑡,𝑡′
(𝑡, 𝑡′) · 𝐹−1

𝑡,𝑡′
(𝑡, 𝑡′) (2.44)

𝐶−1
𝑡,𝑡′
(𝑡, 𝑡′) = 𝐹−1

𝑡,𝑡′
(𝑡, 𝑡′) · 𝐹 𝑇

𝑡,𝑡′
(𝑡, 𝑡′) (2.45)

2.2.3 Shear and Extensional Flow

A constraint deformation induces an opposed force as a consequence of entropic
elasticity, as derived in Section 2.1.3. However, the Brownian motion and an
entropic driven resistance are largely time dependent. Therefore, it is necessary
to study the flow by the rate of the relative deformation, expressed as the
velocity gradient tensor (Haupt, 2002):

∇𝑣 =
∂

∂𝑡
𝐹−1

𝑡,𝑡′
(𝑡, 𝑡′) (2.46)

or written in components ∇𝑣 = ∂𝑣𝑗/∂𝑥𝑖 (Bird et al., 1987). It can also be
written as 𝜅 and decomposed into the sum of a symmetric and an antisymmetric
tensor:

∇𝑣 = 𝜅 = 𝐷 +𝑊 (2.47)

with 𝐷 representing the deformation rate tensor and 𝑊 the rotation deforma-
tion or vorticity tensor. This separation is useful since the rotation is not always
of interest in studying the flow behavior8. The tensors are defined as:

𝐷 =
1

2

(︀
∇𝑣 + (∇𝑣)𝑇

)︀
(2.48)

𝑊 =
1

2

(︀
∇𝑣 − (∇𝑣)𝑇

)︀
(2.49)

8Simple elongation possesses no rotation components in contrast to shear flow.
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An effective way to simplify the boundary conditions is the use of well defined
flows. Simple shear and uniaxial extensional flow possess the advantage to be
analyzed by both experimental and theoretical approaches.

Simple Shear Flow
A simple shear flow can be achieved by two parallel confining plates, where the
lower is fixed and the upper moves with a velocity 𝑣𝑥, as can be seen in Figure
2.7. If the fluid possesses wall adhesion, the shear deformation 𝛾(𝑡, 𝑡′) and the
corresponding rate can be expressed as:

𝛾(𝑡, 𝑡′) =
𝑑𝑥

𝑦
(2.50)

�̇�(𝑡, 𝑡′) =
𝑑𝛾

𝑑𝑡
(2.51)

The time dependence is omitted for the following strains, 𝛾 = 𝛾(𝑡′, 𝑡). The
shear deformation defines the displacement in x-direction, as 𝑥 = 𝑥′ + 𝛾𝑦, and
with no displacement in y and z direction, the relative deformation gradient
tensor is given as:

𝐹−1
𝑡,𝑡′
(𝑡, 𝑡′) =

⎡⎢⎢⎣
1 𝛾 0

0 1 0

0 0 1

⎤⎥⎥⎦ (2.52)

The velocity of deformation in x-direction can be expressed with the shear rate
as 𝑣𝑥 = �̇�𝑦, and with zero velocity in the y- and z-direction, the velocity gradient
becomes:

∇𝑣 =

⎡⎢⎢⎣
1 �̇� 0

0 1 0

0 0 1

⎤⎥⎥⎦ = 𝐷 +𝑊 =
1

2

⎡⎢⎢⎣
0 �̇� 0

�̇� 0 0

0 0 0

⎤⎥⎥⎦+
1

2

⎡⎢⎢⎣
0 �̇� 0

−�̇� 0 0

0 0 0

⎤⎥⎥⎦ (2.53)

As can be seen by Equation 2.53, simple shear is determined only by a scalar
value, and the shear stress can be expressed by 𝜏𝑥𝑦 = 𝜂�̇� (Phan-Thien, 2002).

Simple Extensional Flow
Uniaxial or simple elongation is the change of shape under normal stresses.
Equibiaxial and planar elongation are not discussed here. The strain or exten-
sion ratio of each direction 𝑖 is given by the ratio of the present length 𝑙 to the
former length 𝑙′ (Macosko, 1994):

𝜆𝑖(𝑡, 𝑡
′) =

𝑙𝑖(𝑡)

𝑙𝑖(𝑡′)
(2.54)
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Figure 2.7: Shear and elongation deformation.

For simplicity, the direction and time dependence is not denoted further. A
common description for the strain is given by the engineering strain as:

𝜀𝐸 =
𝑙 − 𝑙′

𝑙′
(2.55)

By assuming an incompressible fluid the volume is constant, leading to:

𝜆1 · 𝜆2 · 𝜆3 = 1 (2.56)

At large deformation, it is convenient to use an infinitesimal change of the
current length by a differential analysis, which leads to the so-called Hencky
strain:

𝑑𝜀 =
𝑑𝑙

𝑙
→ 𝜀 = 𝑙𝑛𝜆 (2.57)

A strain can be expressed as inverse deformation gradient tensor:

𝐹−1
𝑡,𝑡′
(𝑡, 𝑡′) =

⎡⎢⎢⎣
𝜆 0 0

0 𝜆− 1
2 0

0 0 𝜆− 1
2

⎤⎥⎥⎦ =

⎡⎢⎢⎣
𝑒𝜀 0 0

0 𝑒−
1
2𝜀 0

0 0 𝑒−
1
2𝜀

⎤⎥⎥⎦ (2.58)

The Hencky strain rate �̇� is the time derivative of 𝜀 and the velocity gradient
tensor is given as:

∇𝑣 =
1

2

⎡⎢⎢⎣
�̇� 0 0

0 −1
2 �̇� 0

0 0 −1
2 �̇�

⎤⎥⎥⎦ = 𝐷 (2.59)

Since no rotation occurs in simple elongation, the vorticity vector is zero.
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2.3 Linear Viscoelasticity

The complete description of the material function Equation 2.37 is given by a
entirely known material behavior. In regards of the extend or rate of deforma-
tion, a linear and a non-linear response need to be distinguished. A creep or a
relaxation experiment under shear is a simple arrangement to observe the linear
viscoelastic behavior of a material. As long as the applied constant stress or de-
formation is small, a compliance 𝐽(𝑡) or relaxation modulus 𝐺(𝑡) describes the
material sufficiently. The time dependent behavior can be analyzed by models.

2.3.1 Generalized Maxwell Model

The Maxwell model describes the relaxation behavior of an idealized polymer,
which is governed by an elastic (spring) and viscous (dashpot) contribution
(dashed box in Figure 2.8). The differential Equation 2.60 describes the relation
between shear rate �̇�, relaxation time 𝜆, shear stress 𝜏 and viscosity 𝜂.

𝜂�̇� = 𝜆𝜏 + 𝜏 (2.60)

The characteristic value of the material is given by the relaxation time as the
ratio of the viscous (𝜂) and elastic (𝐺) contributions:

𝜆 =
𝜂

𝐺
(2.61)

The solution of the differential equation leads to (Ferry, 1980):

𝜏(𝑡) =

∫︁ 𝑁

𝑖=1

𝐺𝑒−
𝑡−𝑡′
𝜆 �̇�(𝑡, 𝑡′)𝑑𝑡′ (2.62)

An idealized polymer consists of chains with uniform length, leading to a molar
mass distribution of 1. Usually, polymers have a broad MMD and even nar-
row distributed polymers possess different molar masses. The general Maxwell
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model, as can be seen in Figure 2.8, is an approximation of the behavior of
real polymers by different modes 𝑖. Single spring and dashpot elements repre-
senting different fraction of molecules with a characteristic relaxation time 𝜆𝑖

and modulus 𝑔𝑖 arranged to an array. The single modes describe single stresses
which can be added as Carreau et al. (1997):

𝜎 =
𝑁∑︁
𝑖=1

𝜎𝑖 (2.63)

This sum is known as Boltzmann superposition principle, which is given when
a stress or deformation on a body can be added and a linear proportional re-
sponse emerges. By including Equation 2.63 into Equation 2.62, the generalized
Maxwell model for any spacial deformation can be described:

𝜎(𝑡) = 2

∫︁ 𝑡

𝑖=−∞

𝑁∑︁
𝑖=1

𝑔𝑖𝑒
− 𝑡−𝑡′

𝜆𝑖 𝐷
𝑡,𝑡′
(𝑡, 𝑡′)𝑑𝑡′ (2.64)

with the discrete relaxation spectrum as

𝐺(𝑡− 𝑡′) =
𝑁∑︁
𝑖=1

𝑔𝑖𝑒
− 𝑡−𝑡′

𝜆𝑖 (2.65)

In the linear viscoelastic regime a fully known relaxation modulus leads to a
complete description of the stress and the strain.

Although a complete stress relaxation curve can be achieved from a step strain
test, the precision at long relaxation times is limited due to physical limits of
the instrument. An oscillatory rotational measurement is not only a precise and
convenient technique, but also, it allows to examine relaxation phenomena at
different frequencies. Based on the generalized Maxwell model a substitution
of the strain with a complex sinusoidal strain:

𝛾(𝑡) = 𝛾0 · 𝑠𝑖𝑛(𝜔𝑡) (2.66)

𝛾*(𝑡) = 𝛾0 · 𝑒𝑖𝜔𝑡 (2.67)

lead to a complex shear modulus

𝐺* = 𝐺′(𝜔) + 𝑖𝐺′′(𝜔) (2.68)

with 𝐺′(𝜔) as storage and 𝐺′′(𝜔) loss modulus.

𝐺′(𝜔) =
𝑁∑︁
𝑖=1

𝑔𝑖
(𝜔𝜆𝑖)

2

1 + (𝜔𝜆𝑖)2
(2.69)

𝐺′′(𝜔) =
𝑁∑︁
𝑖=1

𝑔𝑖
𝜔𝜆𝑖

1 + (𝜔𝜆𝑖)2
(2.70)
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entangled polymer and an equilibrium modulus 𝐺𝑒 of a cross-linked
polymer.

The elastic and viscous response are shifted by a phase angle 𝛿. The absolute
complex viscosity can be expressed as:

|𝜂*| =
√︀
𝐺′(𝜔)2 +𝐺′′(𝜔)2

𝜔
(2.71)

From the numerators in Equation 2.69 and 2.70 it can be noticed that 𝐺′ and
𝐺′′ depend on the angular frequency with 𝜔2 and 𝜔 at small values of 𝜔. This
dependence is expressed by a slope of 2 and 1 in a double logarithmic plot for
a Maxwell fluid, indicating the terminal regime.

Although the discrete relaxation spectrum (𝜆𝑖 and 𝑔𝑖) possesses no physi-
cal meaning (Dealy and Larson, 2006), it allows a complete description of the
storage and the loss moduli and hence, the linear viscoelastic behavior. The
relaxation modulus can be calculated from the discrete spectrum by different
analytic or numerical approaches (Schwarzl, 1975; Baumgaertel and Winter,
1989). If infinitesimal modes are known, a continuous relaxation spectrum
𝐻(𝜆) would be expressed (Goodwin and Hughes, 2000), which is of particu-
lar importance for the expression of the compliance and the analysis of creep
experiments. A typical evolution of the relaxation modulus with time for an
entangled thermoplastic with broad MMD and a cross-linked polymer is illus-
trated in Figure 2.9. The double logarithmic plot reveals a drastic drop of the
modulus to a plateau 𝐺0

𝑁 which is governed by the entanglements of the strands,
as will be discussed in Section 2.4.2. Further, the final decrease corresponds
to the terminal behavior with the aforementioned frequency dependence of 𝐺′

and 𝐺′′. Polymers with additional cross-linking like rubbers exhibit a similar
relaxation at first, but also a remaining elastic component 𝐺𝑒, which depends
on the amount of network cross-links.
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2.3.2 Dependence on Temperature, Molar Mass, and
Branching

The measurement of the relaxation modulus is strongly dependent on time,
since the duration of relaxation can exceed to very long measurement times, e.g.
during a step strain experiment. However, the relaxation time can be reduced
by higher temperature since at low temperature the behavior is more glassy
and at high temperature more rubbery and viscous. Therefore, the relaxation
modulus in Figure 2.9 and the storage and loss moduli can be obtained at
different temperatures and shifted along the time or frequency axis to a master
curve. The main assumption is that the relaxation phenomena possesses the
same temperature dependence (Ferry, 1980) and can be shifted by a single
parameter 𝑎𝑇 :

𝜆𝑖(𝑇 ) = 𝑎𝑇 (𝑇 )𝜆𝑖(𝑇𝑟) (2.72)

If the temperature is more than 100𝐾 above the glass transition temperature
𝑇𝑔, an Arrhenius type equation can be used to relate the shift to the reference
temperature 𝑇𝑟:

𝑎𝑇 = exp

[︂
𝐸𝐴

ℛ

(︂
1

𝑇
− 1

𝑇𝑟

)︂]︂
(2.73)

where ℛ is the universal gas constant. A change of flow activation energy 𝐸𝐴 is
known to depend more significantly on branching than on the molar mass of a
molecule (van Gurp and Palmen, 1998). As soon as the observed temperature
is close to 𝑇𝑔, the WLF equation can be used, which is based on an assumption
that the free volume changes with temperature linearly. Beside the horizontal
shift, a vertical shift 𝑏𝑇 can be necessary, which can be explained by variation
of density 𝜌 with temperature (Ferry, 1980):

𝑏𝑇 ≡ 𝑇𝑟𝜌𝑟
𝑇𝜌

(2.74)

Rouse related the vertical shift to a change of the friction coefficient with free
volume effects (Rouse, 1953), leading to a shift of the relaxation modulus. Ad-
ditionally, experimental artifacts can be compensated by a vertical shift (Ma-
cosko, 1994). If both factors are not sufficient to create a master curve, the
material is said to be thermo-rheologically complex [Schwarzl and Staverman
1952].
A material with LCB structure often exhibits thermo-rheological complex-

ity, since the free volume dependence is more sophisticated, although star-like
chains are mostly found to be simple (Dealy and Larson, 2006). A method to
analyze such behavior is the van Gurp-Palmen plot (van Gurp and Palmen,
1998; Trinkle and Friedrich, 2001; Trinkle et al., 2002), which relates the com-
plex modulus to the phase angle. Since such an illustration contains no time and
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Figure 2.10: Relation between zero-shear
viscosity and molar mass
for entangled and non-
entangled molecules.

temperature information, a rheological simple material should superimpose. A
further advantage of the analysis is a molar mass independent plotting, lead-
ing to the predictions of the structure in terms of molar mass distribution and
branching. The method is discussed in detail in Section 5.1.3.

The most significant and widely analyzed correlation between molecular struc-
ture and linear viscoelastic response of the material is provided by the zero-shear
viscosity 𝜂0 (Münstedt, 1980). If a shear rate is low enough, a liquid polymer
possesses no rate dependence and the Boltzmann superposition principal is
valid. Based on a large number of experiments, a relation between the molar
mass and 𝜂0 can be represented as Figure 2.10. The first section of the graph
is restricted by a critical molar mass 𝑀𝑐 and reveals a slope of 1 in the double
logarithmic plotting. The region is governed by the Rouse time, which increases
linear with the molar mass (cf. Section 2.1.3). Regardless of a diluted or melt
state, the friction coefficient acts like a spring constant and the relaxation time
and zero-shear viscosity increase linear, as long as no entanglements exits. From
a critical value 𝑀𝑐, which is in the range of 2𝑀𝑒, the entanglements dominate
the viscosity and the slope changes (Münstedt and Auhl, 2005). The origin of
the behavior is discussed in the next section. As shown in the literature, the
exponent changes slightly with the polymer and different numbers are reported
on this question (Ferry, 1980; Dealy and Larson, 2006; Münstedt et al., 2006).
The 3.4 power law used in this study can be seen as a empirical tradition.

𝜂0 = 𝐾𝑀 3.4
𝑤 𝑀𝑤 ≥ 𝑀𝑐 (2.75)

The parameter 𝐾 and 𝑀𝑐 depend on the polymer and temperature (Dealy
and Larson, 2006; Rubinstein and Colby, 2003). This power law is only valid
for linear polymers. Deviations were observed at equal molar mass for highly
branched molecules leading to lower viscosities and single LCB polymers like
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star-like structures, which exhibit a higher zero-shear viscosity at constant mo-
lar mass (Larson, 1988; Münstedt et al., 2006). This phenomenon was analyzed
by an exponential function by (McLeish and Milner, 1999). It was also found
that small amounts of high molar mass increase the zero-shear viscosity, al-
though thought to be independent of MMD (Kheirandish, 2005).

Indeed, the linear viscoelastic measurement is capable to distinguish different
topologies of polymer (Van Ruymbeke et al., 2002). The zero viscosity is very
sensitive to changes in molar mass, and the activation energy to LCB. The phase
angle can be analyzed by the van Gurp-Palmen plot and broad MMD and LCB
can be concluded. Unfortunately, a large amount of reference measurements is
necessary and an absolute prediction can not be drawn. Therefore, non-linear
rheological characterization should be employed for secured information (Dealy
and Larson, 2006).

2.4 Non-Linear Viscoelasticity

In this section the non-linear phenomena in shear and elongational flow are
described. Different theories were developed in the last decades to model the
deformation behavior. Molecular features, in particular, helped to improve the
performance and the realistic description of the models and are discussed in the
following.

2.4.1 Non-Linear Phenomena

Non-linearity between stress and strain will occur if the strain or the strain
rate exceeds a critical value. In other words, when shearing occurs with a low
rate or low deformation, the molecules are able to compensate the constrains
by relaxation.
The two main origins of this behavior are the entanglements and the stretch of

the molecules. The former can be observed by the shear thinning effect, which
occurs when the recoiling of the chains cannot follow the deformation rate.
Consequently, disentanglement emerges and the viscosity decreases. Different
models were developed9, quantifying the shear thinning and include the offset
partially (Macosko, 1994). Since the phenomena originates in the entanglement
density, it is affected by the chemical consistency, temperature, molar mass and
polymer structure.
However, since an oscillatory response of liquid material depends also on

the entanglement density, it reveals a change from Newtonian to non-terminal
behavior, too. Cox and Merz (1958) observed that the onset and magnitude of

9Ostwald/de Waele, Carreau/Yasuda, Herschel/Bulkley.
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the shear thinning effect will superimpose, if steady shear and dynamic shear
data are compared:

𝜂 (�̇�) = |𝜂*| (𝜔) ; 𝑤𝑖𝑡ℎ �̇� = 𝜔 (2.76)

This empirical rule is widely used in polymer research for all kinds of polymers.
However, due to the usual logarithmic illustration, the observed difference of
25% vanishes apparently (Dealy and Larson, 2006).
The second effect, the stretching, can also be observed during a steady state

experiment and is of great practical relevance. If a converging flow appears, e.g.,
from an extruder barrel into a die, a pure shear dissipation is enhanced by a
stretch contribution. As demonstrated in Chapter 4, a capillary flow needs to be
corrected to achieve true data. Cogswell (1972, 1978, 1981) derived Equation
2.77, that allows to distinguish between shear and elongational contribution,
and gives an elongation viscosity as a function of the strain rate �̇�:

𝜂𝐸 =
9

32

(𝑛+ 1)2

𝜂

(︂
𝑃𝑂

�̇�

)︂2

(2.77)

𝜂 is the shear viscosity, �̇� the shear rate, 𝑃𝑂 the pressure drop of an orifice die
and 𝑛 the shear power law index.
Both effects need to be included in a constitutive equation like Equation

2.37 to achieve a complete description valid for all types of deformation. The
disentanglement effects were analyzed by the damping function (Wagner, 1976),
which describes a survival property of entanglements (cf. Rolón-Garrido and
Wagner (2009)). The second contribution, in particular, can be observed during
simple elongation. The molecular stress model was introduced by Wagner and
Schaeffer (1992, 1993) to describe the stretching effect and the impact on the
rheological behavior based on molecular features. The model is based on the
tube model and a brief overview of its evolution is given in the following sections.

2.4.2 The Rubber-Like Liquid and Tube Model

In the beginning of the 1940s, a theory of elasticity for a cross-linked network
was introduced independently by different researchers (Larson, 1988). The rub-
ber elasticity is based on network strands, which are connected by permanent
cross-links and possess 𝑁𝑘 Kuhn segments. At the undeformed state, it is as-
sumed that each strand is defined by an end-to-end vector 𝑅 and a Gaussian
distribution Ψ0(𝑅)𝑑3𝑅′, as can be noted in Figure 2.11. By assuming an even
spaced arrangement of strands, an affine deformation 𝜆, lead to a deformed 𝑅
and new probability Ψ(𝑅)𝑑3𝑅 of microstates. The two states are related by the
affine strain, i.e. the same relative deformation of the strands as imposed on
macroscopic network (Rubinstein and Colby, 2003):

𝑅𝑖 = 𝑅′
𝑖𝜆𝑖 (2.78)
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Figure 2.11: Rubber elasticity with affine deformation.

Equation 2.39 relates the stress to a unit area depending on a force 𝑓 . Therefore,
a spacial stress can be related to the network strands per unit volume 𝑣, each
possessing a respective retractive forces 𝐾:

𝜎 = 𝑣 ⟨𝑅𝐾⟩ =
3𝑘𝑇𝑣

𝑁𝑏2
⟨︀
𝑅2
⟩︀

(2.79)

The classical rubber elasticity equation for an incompressible material is ex-
pressed by the relative Finger tensor as:

𝜎 = 𝐺𝑒𝐶
−1
𝑡,𝑡′
(𝑡, 𝑡′) = 𝑣𝑘𝑇

⎡⎢⎢⎣
𝜆2
𝑥 0 0

0 𝜆2
𝑦 0

0 0 𝜆2
𝑧

⎤⎥⎥⎦ (2.80)

with the equilibrium shear moduls of the permanent network 𝐺𝑒 (Ferry, 1980;
Larson, 1988)10:

𝐺𝑒 = 𝑣𝑘𝑇 (2.81)

Rubber-Like Liquid
The Rouse relaxation time and the rubber elasticity are the fundamental equa-
tions in polymer mechanics, although they do not include entanglement and

10Two different notations are common in the literature. If the Boltzmann constant is expressed as gas constant,
the strand density would be in molar units.
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deformation rate of the material. Green and Tobolsky (1946) transformed the
idea of rubber elasticity into a transient network model by replacing the cross-
links by temporary junctions. A survival property 𝑃 of isotropic distributed
entanglements during a deformation between 𝑡′ and 𝑡 can be related to a relax-
ation time 𝜆:

𝑑

𝑑𝑡
𝑃𝑡′,𝑡 = −1

𝜆
𝑃𝑡′,𝑡 (2.82)

If only a single relaxation process occurs, a material could be characterized by
one relaxation time. A decade later, Lodge (1956) refined the idea by adding
multiple relaxation processes. By assuming a constant number of 𝑣𝑖 strands per
volume with 𝜆𝑖 relaxation times, Equation 2.80 can be expressed as:

𝜎(𝑡) =

∫︁ 𝑡

𝑖=−∞
𝑚(𝑡− 𝑡′)𝐶−1

𝑡
(𝑡, 𝑡′)𝑑𝑡′ (2.83)

and subtitution of the memory function:

𝑚(𝑡− 𝑡′) =
∑︁
𝑖

𝑔𝑖
𝜆𝑖
𝑒
− 𝑡−𝑡′

𝜆𝑖 =
𝑑𝐺(𝑡− 𝑡′)

𝑑𝑡′
(2.84)

The memory function describes the survival probability regarding the intrinsic
material properties and can be determined experimentally from Equation 2.65.
The strand density in Equation 2.81 can be replaced by an entanglement density
𝑣𝑒, which leads to the plateau modulus of a high molecular liquid material:

𝐺0
𝑁 = 𝑣𝑒ℛ𝑇 =

𝜌ℛ𝑇

𝑀𝑒
(2.85)

with a molar mass of entanglements 𝑀𝑒 and the density 𝜌:

𝑀𝑒 ≡ 𝜌

𝑣𝑒
(2.86)

(2.87)

The plateau modulus of a rubber and rubber-like liquid material (cf. also 𝐺𝑒

and 𝐺0
𝑁 in Figure 2.9) are unique polymer properties and can be determined

experimentally. Equation 2.83 is able to predict the first normal stress difference
and strain hardening behavior, although overpredicted.
The expression by Lodge considers the motion of the molecules, but neglects

the survival probability due to deformation included by Wagner (1976), and
the damping function ℎ(𝐼1, 𝐼2), with 0 ≤ ℎ ≥ 1. 𝐼1 and 𝐼2 being the first and
second invariants of the Finger tensor. This results in a scalar, which adjusts the
overpredictions from the the memory function by separation into a strain and
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time dependent behavior (Wagner, 1976, 1978). The modified Lodge equation
is:

𝜎(𝑡) =

∫︁ 𝑡

𝑖=−∞
𝑚(𝑡− 𝑡′)ℎ(𝐼1, 𝐼2)𝐶

−1(𝑡, 𝑡′)𝑑𝑡′ (2.88)

The most important feature of a model is the application to different scenarios.
The rubber-like liquid theory allows predictions of shear and elongation with
the corresponding deformation gradient Equation 2.52 and 2.58 and Cauchy
tensor, respectively. The Trouton ratio relates a transient shear 𝜂+𝑆 (𝑡) to an
uniaxial elongation viscosity 𝜂+𝐸(𝑡, �̇�) (Dealy and Larson, 2006):

lim
�̆�→0

𝜂+𝐸(𝑡, �̇�) = 3 𝜂+𝑠 (𝑡) (2.89)

A further progression of the rubber elasticity theory was introduced as K-BKZ
equation [Kaye-Bernstein, 62,63], which considered the free energy of the his-
tory integral, leading to a time-strain separability. Nevertheless, the presented
models consider solely a continuum approach and neglect the molecular features.

Tube Model
The breakthrough of a molecular based description began with the tube model
of Doi and Edwards (Doi and Edwards, 1978; Doi, 1983; Doi and Edwards,
1986). The model is based on considerations of chain motion, which were in-
troduced by de Gennes (1971). In de Gennes perception, a single free chain
in a surrounding cross-linked gel undergoes worm-like motion, which in anal-
ogy to movements of a snake or a lizard is called reptation. Two characteristic
times of chain motion were introduced that control the reptation, which lead
to 𝜆 ∝ 𝑀 3. Doi and Edwards transformed the idea into an entangled high con-
centrated solution or melt, where the obstacles and tube geometry are defined
by entanglements, as can be seen in Figure 2.12. The tube can be separated
into segments with diameter and segment length 𝑎. The chain is meandering
through the tube and each segment possesses an end-to-end vector 𝑅, assum-
ing a freely jointed chain. Reptation is the diffusion controlled motion of the
chain into a new tube. If an imposed load on the chain ends is released after a
deformation, two relaxation times dominate. The first is related to the Rouse
time 𝜏𝑅, which leads to an equilibrium in each segment from retraction. The
tension is equal to the equilibrium state:

|𝐾| =
⃒⃒⃒
𝐾𝑒𝑞

⃒⃒⃒
=

3𝑘𝑇

𝑎0
(2.90)

The second relaxation process is a disengagement time 𝜏𝑑 which occurs due to
Brownian motion, leading to disentanglements by chain fluctuations at both
tube ends. The latter includes further processes like double reptation, which
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Figure 2.12: Doi Edwards tube model, with segment length a, and primitive
path.

takes into account the release of confining chains and their reptation. A more
complex phenomenon based on the reptation of the surrounding chains is the
constraint release mechanism (Section 2.4.3). The disengagement time is of par-
ticular interest in the present work, since it is the longest process and strongly
influences the rheological behavior. This contributions still explains solely a 𝑀 3

dependents of the relaxation processes. Doi expanded the theory by the contour
length fluctuation to explain a slope of 3.4 in the molar mass and zero-shear
viscosity relation (Doi, 1983). The basic concept is that the tube ends become
fuzzy and friction enhances. If the fuzzy end segments become small compared
to the entire tube length, 𝑀 3 should be the dominating correlation. A second
consequence of the end fluctuation is an enhanced relaxation time of branched
molecules with long side arms as star-like molecules. McLeish reported on a
restricted backbone relaxation, which can only occur if the entire side arms are
in close neighborhood to the backbone (McLeish and Milner, 1999)

The molecular approach of the tube model allows an expression of a strain
as a change from an unoriented into a oriented conformation. The single tube
segments can be described by tangent vectors 𝑢 and an affine deformation leads
to the deformed orientation vector 𝑢′ = 𝑢′(𝑡, 𝑡′) from the equilibrium state 𝑢:

𝑢′ = 𝐹−1(𝑡, 𝑡′) 𝑢 (2.91)

If creation and vanishing of entanglements are in balance, the dyadic product of
the deformed unit vector leads to the orientation tensor. Through a negligible
correlation between adjacent segments, assuming each segment in its equilib-
rium state leading to a constant tube diameter (with 𝑅′ = 𝑅𝑢′ and 𝑅 = 𝑅𝑢),
the second order orientation tensor with independent alignment assumption is
given as:

𝑆𝐼𝐴
𝐷𝐸

= 5

⟨
𝑢′𝑢′

𝑢′2

⟩
= 5𝑆 (2.92)
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with < ... > as an integral over an isotropic distribution of unit vectors over an
unit surface by angle Ω:

⟨...⟩ = 1

4𝜋

∫︁
< ... > 𝑑Ω (2.93)

The factor 5 allows a correct prediction of the linear viscoelastic limit. Hence,
the Doi-Edwards model is expressed as:

𝜎(𝑡) =

∫︁ 𝑡

−∞
𝑚(𝑡− 𝑡′)𝑆𝐼𝐴

𝐷𝐸
(𝑡, 𝑡′)𝑑𝑡′ (2.94)

which possesses the advantage of separable integrals and allows the description
of the linear viscoelastic start-up. The affine strain of a polymer network can
be also expressed by a dyadic product of 𝑢′ (Wagner and Geiger, 1997):

𝐶−1
𝑡,𝑡′

= 3 ⟨𝑢′𝑢′⟩ (2.95)

Therefore the Lodge Equation 2.83 is a function of affine deformation. The
disadvantage of the tube model is an overprediction of the shear thinning, and
the normal stress overshoot is not predicted. Although Doi and Edwards were
able to introduce the chain orientation into description, the model assumes a
constant tube diameter, and phenomena like strain hardening cannot be mod-
eled.

2.4.3 Molecular Stress Function Model

Wagner and Schaeffer (1992) introduced an equation which considers the stretch
of the molecule as contribution to an emerging stress, i.e. the molecular stress
function (MSF) model (Wagner and Schaeffer, 1993). Based on the tube model,
the stretch of the molecule would lead to a stretch of the tube and the tube
diameter is reduced with increasing deformation:

𝑎 = 𝑎(⟨𝑢′⟩) (2.96)
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Figure 2.13: Undeformed, affine deformation, DE and MSF orientation.
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Thus, the stretch 𝑓(𝑡, 𝑡′) can be expressed as reciprocal of the decreasing tube
diameter with respect to the initial size 𝑎0 at equilibrium:

𝑓(𝑡, 𝑡′) =
𝑎0

𝑎(𝑡, 𝑡′)
(2.97)

The MSF theory leads to a new strain measure of the Doi-Edward independent
alignment assumption orientation tensor, which is enhanced by the non-linear
scalar parameter 𝑓 > 1:

𝑆
𝑀𝑆𝐹

= 𝑓 2 𝑆𝐼𝐴
𝐷𝐸

(2.98)

The constitutive equation for the stress is given as:

𝜎(𝑡) =

∫︁ ∞

0

𝑚(𝑡− 𝑡′)𝑆
𝑀𝑆𝐹

(𝑡, 𝑡′)𝑑𝑡′ (2.99)

Since the actual tube geometry is not known, an energy consideration can be
used to describe the changes (Marrucci and Grizzuti, 1983). The entropic force
introduced by the molecule on a tube segment at equilibrium state will change,
if a stretch occurs and tube diameter decreases:

|𝐾| = 3𝑘𝑇

𝑎
=

𝑎0
𝑎(⟨𝑢′⟩)

|𝐾𝑒𝑞| = 𝑓(⟨𝑢′⟩)|𝐾𝑒𝑞| (2.100)

The change of diameter and force leads to a change in free energy of a segment
𝑤𝑀𝑆𝐹 . The derivation of the model can be found in the literature (Rolón-
Garrido, 2014). For the present study, it should be emphasized that an evolution
equation is necessary to describe the stretch with respect to the deformation
rate tensor:

∂𝑓 2

∂𝑡
= 𝑓 2

[︂
(𝜅 : 𝑆)− 𝐶𝑅

𝑓 2 − 1

]︂
(2.101)

The tube stretch depends on the observation time and the strain history. As
seen, the reptation of the confining molecules leads to a reduced stress of the de-
formed molecule. The constraint release (CR) occurs, as entanglements renew
during the motion (Marrucci and Grizzuti, 1983; Wagner et al., 2001). Conse-
quently the chain is able to relax in absence of entanglements. This dissipative
process is determined by two parameters, 𝑎1 ≥ 0 and 𝑎2 ≥ 0 (Wagner, 2006):

𝐶𝑅 = 𝑎1(𝑓
2 − 1)2

√︁
𝐷2 : 𝑆 + 𝑎2(𝑓

2 − 1)2
√︁⃒⃒

𝑊 𝐷 : 𝑆
⃒⃒

(2.102)

The factor 𝑎2 ≥ 0 needs to be considered for simple shear flow, where a ro-
tational component emerges, but it is irrelevant for uniaxial elongation where
𝑊 = 0 (cf. Section 2.2). The evolution equation for uniaxial flow for a linear
polymer is:

∂𝑓 2

∂𝑡
= �̇�𝑓 2

(︃
𝑆11 −

1

2
𝑆22 −

1

2
𝑆33 − 𝑎1(𝑓

2 − 1)

√︂
𝑆11 +

1

4
𝑆22 +

1

4
𝑆33

)︃
(2.103)
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Figure 2.14: Sketch of an branched molecule in a tube segment at undeformed
and deformed state.

The prefactors of the components of the orientation tensor 𝑆𝑖𝑖 are valid only
for uniaxial deformation and not for equibiaxial or planar elongation. The
boundary value of the equation is set to the maximum reduction of the tube
segments, which is a measure of the maximum of storable energy. It is assumed
that at large strains 𝑓 = 𝑓 2

𝑚𝑎𝑥 when ∂𝑓 2/∂𝑡 = 0 and 𝑎1 can be expressed by:

𝑎1 =
1

𝑓 2
𝑚𝑎𝑥 − 1

(2.104)

Figure 2.13 demonstrates orientation of an undeformed and affine deformed
case, the normalization by the Doi-Edwards orientation, and the impact of
the stretch from the MSF model which enhances the amount of orientation by
stretch weighted.
The MSF model was shown to predict linear polymer melts with high accu-

racy in melt and solution for narrow and broad distributed polymers (Wagner
et al., 2005). However, the molecular motion of branched deviates from linear
structures. The stretch and the friction contribution increases, and an enhanced
strain hardening behavior can occur due to the topology (Wagner et al., 2000).
Wagner et al. (2003) proposed an assumption that side chains are compressed
during the tube stretch, as can be seen in Figure 2.14, and contribute to the
energy balance of the segments. Consequently, the branching factor 𝛽 can be
introduced into the evolution equation:

∂𝑓 2

∂𝑡
=

𝛽𝑓 2

1 + 𝛽−1
𝑓4

[︂
(𝜅 : 𝑆)− 𝐶𝑅

𝑓 2 − 1

]︂
(2.105)

A quantitative description of the parameter is given as (Wagner et al., 2004):

𝛽 =
𝑀𝑛

𝑀𝑛,𝑏𝑏
(2.106)

where the number average molar mass of the backbone 𝑀𝑛,𝑏𝑏 is related to the
molar mass of the entire branched molecule 𝑀𝑛.
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Figure 2.15: Interactions between experimental and model parameters from
micro- to macroscale (cf. Nomenclature).

2.5 Conclusions

It was shown that the behavior of a single molecule and the behavior of a
macroscopic bulk can be related by different quantities and model parameters.
The most important feature of a model parameter is that it can be attributed
to a physical origin and can be verified experimentally.
Figure 2.15 illustrates the correlations and interaction between the quantities

that can be measured and those that are based on theoretical approaches.
The use of statistics and field approaches are necessary to correlate the mi-

crostate with the macrostate. The freely jointed chain and the end-to-end
vector 𝑅0 based on a random walk can be determined by measuring the radius
of gyration 𝑅𝑔. The particle scattering function 𝑃 (𝜃) allows to determine the
theoretical monomer distribution, which can be measured by the Rayleigh ratio
𝑅𝜃 and the radius and molar mass can be achieved. The different microstates Ψ
determine the entropy 𝑆 and hence the retraction force |𝐾| and entropic spring

constant. Consequently, the stretch of a molecule 𝑓 2
𝑚𝑎𝑥 can be calculated by a

change of the force and free energy 𝑤, respectively. Additionally, the branching
is represented by 𝛽 and can be determined experimentally by the coil contrac-
tion factor 𝑔 or 𝑔′. The transition to the macrostate can be accomplished by
the orientation 𝑢′ of the deformed molecule, which can be included in the strain
measure 𝑆. By means of the Maxwell model and a discrete relaxation spectrum
with 𝑔𝑖 and 𝜆𝑖, the relaxation modulus 𝐺(𝑡) can be determined and an entire
description of the material behavior is given by the stress evolution 𝜎(𝑡).
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In Chapter 1 the key role of the ester group and the impact of synthesis on
possible molecular alterations were emphasized. The following chapter con-
cerns about polymerization of PET by introducing the three PETs investigated.
Subsequently, the experimental method and thermal stability of poly(ethylene
terephthalate) are described and analyzed, respectively. This involves the role
of surrounding atmosphere (air or nitrogen), which has to be considered by
interpreting the data. Based on the 𝐺′ data analyzed, an extrapolation of the
initial unaffected condition of the polymer is realized. The changes during the
characterization occurred in a rapid manner, consequently, time-resolved me-
chanical spectroscopy (TRMS) is conducted, which includes an observation of
the frequency dependence. This findings are crucial for analyzing the viscosity.
Finally a comparison of linear dynamic, steady and rotational flow measure-
ments is conducted to verify the validity of the Cox-Merz rule.

3.1 Materials

This section covers the three different grades of PET used in this study. The
different chain extenders employed to modify the polymer structure are intro-
duced in Section 4.3.1.

The polycondensation of poly(ethylene terephthalate) consists of mainly two
reactions as shown in Figure 3.1. The first leads to the intermediate product
bis(2-hydroxyethyl) terephthalate (BHET) and the second condensation reac-
tion into the PET macromolecule. Commercially, the synthesis routes starts
either form dimethyl terephthalate (DMT) or purifed terephthalic acid (TPA)
as initial material. DMT and monoethylene glycol (MEG) reacts to BHET and
methanol as side products, and the latter has to be removed by vacuum (Ravve,
2012). The methane end groups of the DMT are attached to the benzene ring
by an ester group. Consequently, this first reaction is a transesterification.
However, the polycondensation from the initial TPA is an esterification. The
reaction with ethylene glycol and the separation of water is becoming more
common (Rieckmann and Völker, 2004), since the production of highly puri-
fied terephthalic acid progressed. The first step is processed at relatively low
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Figure 3.1: Polycodnesation of PET from dimethyl terephthalate (DMT) and
purifed terephthalic acid (TPA) as initial material with monoethy-
lene glycol (MEG). Bis(2-hydroxyethyl) terephthalate (BHET) is
an intermediate product and water, methane and MEG are side
products with respect to the synthesis routine.

Table 3.1: Specifications of the producer for H-PET, L-PET, and l-PET.

Initial product [𝜂] [𝑑𝑙/𝑔]1 DEG [𝑤𝑡%] Carboxyl end

groups [𝑚𝑒𝑞/𝑘𝑔]

H-PET DMT 0.82-0.88 <0.80 <25

L-PET DMT 0.652-0.678 <1.0 22-32

l-PET TPA 0.643-0.647 <1.1 22-28

temperatures from 150-250∘C (Ravve, 2012), whether it is a trans- or an esteri-
fication. The side products emerged, i.e. water and methanol, can be neglected
with regards to the processing of PET. Due to the subsequent temperature in-
crease and the applied vacuum, the concentration converges to zero during the
second step (Scheirs and Long, 2004). The second reaction is a transesterifica-
tion of BHET into the final PET, and accompanied by a separation of MEG at
around 270-285∘C. The high temperature ensures a lower viscosity, which leads
to an improved processability and a thoroughly stirring of the melt (Ravve,
2012). Only an extensive mixing promotes the side product, in this case ethy-
lene glycol, to evaporate from the polymer. Otherwise the reversible reaction
inhibits a higher molar mass (Scheirs and Long, 2004). Additionally, diethylene
glycol (DEG) or other derivatives can affect the melt properties (Zimmermann,
1984), if MEG remains in the resin produced.
The grades selected for this work cover a broad variety of properties. This

enables an analysis of melt properties and degradation mechanisms, and differ-
ent molecular structures induced by the chain extension, which are discussed
in Chapter 5 and 6. The three poly(ethylene terephthalate) investigated are
linear, titanium free homopolymers as confirmed by Invista. The specifications
of the producer are shown in Table 3.1. The preceding letter refers to the syn-

1Intrinsic viscosity in 1% solution of dichloroacetic acid
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Table 3.2: DSC results for virgin for H-PET, L-PET, and l-PET.

𝑇𝑔 [∘𝐶] 𝑇𝑚 [∘𝐶] 𝑇𝑐𝑐 [
∘𝐶] △𝐻𝑚

[︀
𝐽.𝑔−1

]︀
H-PET 80.7 ±0.20 254.2 ±0.36 173.4 ±1.70 29.3 ±0.94

L-PET 80.0 ±0.42 254.5 ±0.43 168.5 ±0.39 27.2 ±0.66

l-PET 79.4 ±0.15 253.6 ±0.65 171.6 ±2.78 36.0 ±1.18

thesis route of the corresponding PET, i.e. the capital H and L denote DMT
and uncapitalized l, TPA as base material. Another distinction is given by the
molar mass of the grades. From the Mark-Houwink Equation 2.26, the intrinsic
viscosity is proportional to the molar mass. The letter H represents the high,
and L and l the low and even lower molar mass of the grades.
The enhancement of molar mass in the reactor is limited, but the intrinsic
viscosity of H-PET reveals a 30% higher value compared to the other grades,
which results from the solid-state polycondensation. During the annealing of
the SSP, the transesterification continues and a crystallization process occurs
(Toda et al., 1995), and additionally volatile products diminish, as can be noted
by a reduction of the diethylene glycol content.

The thermal properties and a relation to molecular differences were inves-
tigated. Dynamic scanning calorimetry (DSC) was conducted with a Mettler
Toledo DSC 822e at heating and cooling rates of 10𝐾𝑚𝑖𝑛−1 and a mass of
around 5𝑚𝑔. Table 3.2 reveals a decreasing glass temperature 𝑇𝑔 from H-PET
to l-PET. The higher mobility of shorter chains enables a molecular movement
at lower temperatures, where less free volume exists. Fox and Flory (1950)
derived Equation 3.1, where 𝑇𝑔 is related to the inverse of the molar mass:

𝑇𝑔 = 𝑇𝑔,∞ − 𝐾

𝑀
(3.1)

𝑇𝑔,∞ is the transition temperature of an infinitely long molecule and 𝐾 a con-
stant including thermal expansion, density and impurities from the chain ends
(Lechner et al., 2014). The impact on 𝑇𝑔 is known to be small above a critical
molar mass (Cowie and Toporowski, 1968), which has a strong correlation to
𝑀𝑐 denoted in Figure 2.10 (van Krevelen and te Nijenhuis, 2009). The ob-
served tendency is small and within an experimental error. The comparison of
the melt and cold crystallization temperature (𝑇𝑚 and 𝑇𝑐𝑐) and the enthalpy of
fusion △𝐻𝑚 are not strictly correlated with the molar mass. Catalysts or dif-
ferent residuals of side reactions from the synthesis influence the crystallization
behavior, e.g. as nuclei, but the overall differences are small.
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3.2 Experimental Conditions for Shear Viscosity
Measurements

When a strain applied on a melt exceeds a certain value, the material reacts
non-linear. However, since the rheometer is limited by its physical resolution,
a deformation reasonably close to the non-linear response is favorable, which
allows an observation of material properties at low frequencies. A strain am-
plitude of 𝛾0 = 10% was obtained valid for all grades (Incarnato et al., 2000),
by an amplitude sweep measurement at a fixed angular frequency 𝜔 = 10𝑠−1

(Daver et al., 2008). The dynamic measurements were conducted with an An-
ton Paar MCR301 stress-controlled rheometer with parallel plate geometry of
25𝑚𝑚. The advantage of this geometry is a convenient handling, e.g. since the
gap size can be adjusted, and even high viscous polymer melts, as the modified
PET, can be analyzed (Macosko, 1994). Therefore, the experimental setting
is nearly the same throughout this work. Additionally a 50𝑚𝑚 parallel plate
and a cone and plate geometry of 25𝑚𝑚 were used to validate the data and to
perform the rotational experiments. The melting temperature was determined
at approximately 255∘𝐶. Measurements around 258∘𝐶 revealed a tendency
to shear crystallization. However, with respect to elongation experiments and
a possible sagging effect, a low temperature is required to analyze even low
elongation viscosities. The temperatures applied are 265, 272, 280 and 288∘𝐶
by an Anton Paar CTD 450 convection heating chamber by nitrogen or dried
air supply. The frequency sweep, steady rotational and TRMS experiments
were performed by variation of angular frequency or shear rate between 0.05 to
500𝑠−1 with 5 points per decade (5, 7.92, 12.6, 19.9 and 31.5). The capillary
flow measurements were conducted from 50 to 3150𝑠−1 with the same interval.

The most important feature to characterize a time dependent alteration is a
reliable reference. To minimize structural changes before the data collection,
pellets were loaded directly between the plates, squeezed after softening, molten
for two minutes, compressed to approximately 1𝑚𝑚 gap size and trimmed. The
time between loading and the start of the measurement was always recorded.
Additionally, samples prepared by heated compression molding in air and in
a mold with N2 atmosphere, which was specially made for the occasion, were
investigated to study the effect of preparation. The produced sheets with an
area about 400𝑐𝑚2 possess a thickness between 0.5 and 0.8𝑚𝑚. The moisture
content of the pellets was reduced by thoroughly drying in a vacuum oven at
130∘𝐶 for 24ℎ (Utracki et al., 1982; Hatzikiriakos et al., 1997) to achieve a water
content below 0.02𝑤𝑡% (Scheirs, 1998).
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Figure 3.2: Storage modulus as time-dependent function for H-PET (square),
L-PET (circle) and l-PET (triangle) of virgin pellets in air (a) and
N2 (b) atmosphere at 280∘C.

3.3 Thermal Stability

The main influences on the thermal stability of poly(ethylene terephthalate)
are hydrolysis, thermal-oxidation and random chain scission (homolysis) (Zim-
mermann, 1984). Additionally, changes by polymerisation mechanisms such as
ester- and transesterification and cross-linking can occur during thermal treat-
ment. The observation of these mechanisms is a fundamental task in under-
standing the melt behavior.

3.3.1 The Impact of Atmosphere

The surrounding atmosphere involved was always considered in studies of
poly(ethylene terephthalate) in the melt state. Marshall and Todd (1953) com-
pared the degradation effect in N2 to various oxygen contents. Regardless of the
atmosphere, all measured melt viscosities declined linearly on a half logarith-
mic plot, but more pronounced with increasing oxygen concentration. Thermal-
oxidative degradation is a very determining process during melt processing, due
to the reactivity of oxygen and the generation of peroxides (Johnson and Mor-
rison, 1996). Figure 3.2 (a) shows the change of the storage modulus 𝐺′ with
time for the grades investigated. It has to be mentioned that 𝐺′ is also repre-
sentative for 𝐺′′, which is not plotted here, but behaves qualitatively similar.
The initial level of modulus corresponds to the specification of the producer
(see Section 3.1).
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Table 3.3: Intrinsic viscosity and molar mass calculated with Mark-Houwink
equation.

[𝜂] [𝑑𝑙/𝑔]2 𝑀𝑣 [𝑘𝑔/𝑚𝑜𝑙] 𝑀𝑛𝑣
[𝑘𝑔/𝑚𝑜𝑙]3

H-PET 1.045 ±0.0083 63.6 ±0.8 31.8

L-PET 0.844 ±0.0025 45.3 ±0.2 22.6

l-PET 0.824 ±0.0131 43.6 ±1.1 21.8

Additionally, solution viscosity measurements were conducted to obtain the
molar mass. The whole procedure and analysis is described in Chapter 6. At
this point, it should be sufficient to mention that the Mark-Houwink parameters
𝑎 = 0.630 and 𝐾 = 0.0985𝑚𝑙.𝑔−1 are based on absolute measurement (MALS),
which were obtained by PET standards. The results in Table 3.3 agree with
Berkowitz (1984) and reveal the same intrinsic viscosity relation as in Table 3.1.
However, since the solvent hexafluoroisopropanol used in this study act more
as a theta or even as a good solvent, the viscosity is higher. The calculated
molar mass values are 63.5𝑘, 45.2𝑘 and 43.5𝑘 for H-PET, L-PET and l-PET,
respectively, and exhibit a standard deviation below 3%. Since all grades pos-
sess the same structure, a high molar mass leads to long relaxation times and
to high values of 𝐺′ at constant frequency, as for H-PET. All three grades
in Figure 3.2 (a) undergo initially a substantial reduction of elasticity. The
decrease continues to a minimum, which occurs for the low molar mass PET
between 60 and 100𝑚𝑖𝑛 and for H-PET at 300𝑚𝑖𝑛 at different duration, but
at comparable levels of storage modulus. This decay of melt elasticity was ob-
served by many authors as will be demonstrated in the following. The common
way to achieve reliable viscoelastic data is to perform the experiment under an
inert atmosphere. Therefore already Marshall determined melt viscosities in
nitrogen and observed a lower degradation rate. However, the viscoelasticity
of the PET investigated increases with time in N2 surrounding. In Figure 3.2
(b) an immediate enhancement of 𝐺′ to a maximum at around 100𝑚𝑖𝑛 can
be seen. The most obvious explanation is that the chains in air atmosaphere
undergo a reduction of molar mass, and an enhancement in nitrogen. Both al-
terations occurred affect the mobility of the polymer. Mours and Winter (1994)
described changes regarding the mobility, no matter if introduced by changes
in molar mass, connectivity between molecules or aggregation, as mutation.
Table 3.4 displays the mutation factor, i.e. the ratio of minimal or maximum
value of 𝐺′ to the initial value. The initial differences between the grades (83
to 1260𝑃𝑎) are almost compensated during the measurement of 𝐺′ in N2 atmo-
sphere, reflected by the maximum value (between 2240 and 5220𝑃𝑎). Although

2Solvent: hexafluoroisopropanol at 35∘𝐶
3Assuming PDI=2 (Rieckmann and Völker (2004))
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Table 3.4: Mutation factor relating minimum to maximum value from thermal
stability test for H-, L-, and l-PET.

air N2

Initial Min or Mutation Initial Min or Mutation

𝐺′ [Pa] max
𝐺′ [Pa]

factor [-] 𝐺′ [Pa] max
𝐺′ [Pa]

factor [-]

H-PET 601 ±61 99.0
±45.5

0.16 1260
±140

5220
±160

4

L-PET 62.0
±2.9

33.5
±2.8

0.54 141
±7

2560
±240

18

l-PET 36.7
±2.1

27.5
±3.2

0.75 83.0
±3.5

2240
±60

27

the general tendency holds for all grades, individual changes of the different
grades occur. H-PET reveals a mutation factor of 4 in nitrogen while 𝐺′ is
reduced in air to 16% (6.25-fold) of the initial value. The low molar mass grade
l-PET behaves in a different way resulting in a 27-fold enhancement of 𝐺′ in
N2 but maintaining 75% of 𝐺′ in air atmosphere. This ratios were obtained at
the order of 100𝑚𝑖𝑛 thermal exposure which is neither an appropriate duration
for processing nor rheological characterization, but it gives already a hint to a
first property which dictates the melt behavior: high molar mass PET is more
stable in nitrogen and less stable in air surroundings than low molar mass.

Nevertheless the instability in N2 surrounding is rather unusual. For its under-
standing it is worth to briefly review how rheologically based work on
poly(ethylene terephthalate) developed since the time of Marshall. Buxbaum
(1968) compared the thermal scission of PET observed by different authors.
He described the degradation kinetics based on melt or intrinsic viscosities and
emphasized the accelerating impact of temperature. Although Utracki et al.
(1982) conducted their experiments regarding degradation in air atmosphere,
they mentioned that the behavior in nitrogen was not different. In the fol-
lowing years, the decrease of viscosity is the only documented behavior (Kim
et al., 1990; Seo and Cloyd, 1991), even in inert atmosphere. Additionally Tate
and Narusawa (1996) quantified the degradation derived from COOH concen-
tration and revealed a higher degradation rate when a specimen possesses a
higher molar mass. Guenther and Baird (1996) observed a reduction of the
complex viscosity in air by 35% but by 9% in nitrogen at 290∘𝐶 during 5𝑚𝑖𝑛.
Hatzikiriakos et al. (1997) were able to shift subsequently conducted frequency
sweeps by a linear factor to a reference measurement, which was assumed to be
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unaffected. However, two years later Paci and La Mantia (1998) reported the
opposite, an increasing molar mass during kneading PET in a torque rheometer
under N2. They concluded that either a trans- or an esterification proceeded.
Although articles were still published on decreasing viscosities in nitrogen (In-
carnato et al., 2000; Dhavalikar et al., 2003; Tharmapuram and Jabarin, 2003),
Assadi et al. observed an increase of the complex viscosity at a low rate in
nitrogen of a processed PET. Based on these results, Nait-Ali et al. (2011)
derived a kinetic model, and concluded that small doses of oxygen during the
measurement lead to cross-linking. In the following years, published data re-
vealed small increases of melt viscosities (Forsythe et al., 2006; Coltelli et al.,
2007; Daver et al., 2008). In 2010, Souza et al. found a drastic increase of melt
viscosity at 𝜔 = 1𝑟𝑎𝑑/𝑠 by analyzing the impact of drying. Recently Härth
et al. (2015) described the reaction kinetics of the build-up process at the same
angular frequency as a function of temperature. It seems that somehow the
thermally induced degradation of poly(ethylene terephthalate) changed in the
past 60 years. The initially observed strong decrease of viscosity reduced with
time and muted into a viscosity enhancement currently observed at low shear
rates and frequencies.

Definitely, the production of PET progressed and improved in the last decades,
although the initial materials are still the same. The requirements on stable
products increased, not least, due to the wide application of PET in food pack-
aging. In particular the beginning of the solid state polycondensation and the
need for specific and antimony free catalysts go along with the observed en-
hancement. It is also noticeable that all the enhancements were measured at
low frequencies or rates, e.g. by torque rheometer.

Besides the degree of polymerization, the grades investigated differ in the chem-
ical synthesis route. Poly(ethylene terephthalate) from TPA is known to have a
higher DEG content than PET produced from DMT (Scheirs and Long, 2004).
As can be seen from Table 3.1, l-PET has the highest DEG concentration and
with an additional SSP it diminishes to lower values than observed for H-PET,
although the behavior of DEG in SSP is not fully understood (Wu et al., 1997).
An affect of DEG, on thermal degradation of PET in nitrogen, is not known.
Hence the progression in nitrogen should be independent on DEG. However,
an influence on thermal-oxidative degradation was observed, based on concen-
trations of DEG which were four times higher than in the PET investigated
(Zimmermann, 1984). By examining the l-PET data in air atmosphere a small
bump is prominent. This TPA based PET reveals that the reduction in 𝐺′ is
split into a first relatively stable region and a second stronger decline starting
from 40𝑚𝑖𝑛, until an increase at very long times dominates. Since the degrada-
tion rate is lower at the beginning, an effect of DEG can be neglected at these
low concentrations. However, an explanation for the two different reduction
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rates of l-PET can be given by the two catalysts used. Compared to H- and
L-PET, the TPA based l-PET needs a different combination of catalysts for the
ester- and the transesterification. Their interaction can emerge a lower degra-
dation rate, before the reaction is terminated and a stronger decrease occurs.
A second reason could be the end groups. A coupling of two PET chains

by a transesterification would consume two hydroxyl and an esterification each
a COOH and a OH end group(s) (Rieckmann and Völker, 2004). With this
general rule a beneficial tendency considering a polycondensation with higher
amount of hydroxyl end groups can be inferred. From the 𝑀𝑣 and an assumed
𝑃𝐷𝐼 = 2 as typical for poly(ethylene terephthalate)4 (Awaja and Pavel, 2005)
a number-average molar mass 𝑀𝑣/𝑛 based on the intrinsic viscosity yields a
carboxyl group amount per two possible end groups of 0.79, 0.61 and 0.54 for
H-, L- and l-PET, respectively. In other words, the theoretical hydroxyl end
group content of 1.46 per molecule in l-PET is the largest5. Since compara-
ble more OH groups are consumed during polycondensation, a SSP treatment
increases the concentration of COOH end groups (Wu et al., 1997) as reflected
in H-PET. A second positive effect of OH-groups is a reactivity with vinyl end
groups (Zimmermann, 1984) which are generated by thermal-oxidative degrada-
tion. Although no enlargement from their reaction can be expected, the molar
mass maintains on average. However, comparing the initial value of l-PET in
air to 𝐺′ after 40𝑚𝑖𝑛 a deviation of only 12% occurs. A reason for this low
degradation can be seen by, either the catalyst combination and, or the OH end
group concentration which act as an ”active” stabilizer.

The initial idea of the thermal stability measurement is to define a scope for
reliable rheological measurements. By using a 5% deviation rule the response
of the grades at 280∘𝐶 vary from 60𝑠 to 400𝑠, which is not a sufficient duration
for rheological practice. Furthermore, by comparing the initial 𝐺′ data for each
grade from Table 3.4 or in Figure 3.2, a fundamentally different modulus can
be observed. This leads to the conclusion that the structure of the polymer is
changed significantly before the start of measurement.

3.3.2 Zero-Loading Time

Usually, rheological data as viscosity or moduli are plotted in a logarithmic
diagram, since the changes exceeds decades, due to the temperature, shear rate
or frequency variation. However, this can hide actual differences, in particular
on a half logarithmic graph. The results from the thermal stability measurement

4As demonstrated in Chapter 6, the SSP leads to a broadening of PDI of H-PET due to diffusion. Additionally,
the MALS weight-average molar mass is slightly higher than the Mark-Houwink based value. Since l-PET
and l-PET were not fractionated, 𝑃𝐷𝐼 = 2 and 𝑀𝑣 were used for the sake of homogeneity.

5Both end groups of TPA are COOH groups and since l-PET exhibits the lowest amount of COOH per mol
the TPA conversion into BHET seemed to be terminated.
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Figure 3.3: Zero-loading time by comparison of air (empty) and N2 (solid) atmo-
sphere for H-PET (square) (a) L-PET (circle) and l-PET (triangle)
(b) with fitting at 280∘C (Kruse et al., 2013).

are shown in Figure 3.3 with linear scale. To get an insight of the initial state
of the PET investigated, the two atmospheres are compared for each grade in
one diagram.
The sample with the high molar mass H-PET in Figure 3.3 (a) features a

twofold difference of the storage modulus between air and nitrogen at the be-
ginning of measurement at 𝑡 = 0. Since the structure of the PET changed before
the measurement, the time axis is extended to negative values to include the
actual loading time, which is marked by the transverse striped area6. The stor-
age modulus was fitted to extrapolate the initial condition of the poly(ethylene
terephthalate) at the loading time (Kruse et al., 2013). The evolution of the
storage modulus was fitted by an exponential functions. The time scope was
limited to 600𝑠, which avoids complexity due to second order kinetics from side
products. Otherwise, a prevailing thermal degradation (N2) or cross-linking
(air) counteracts with time. The first order equation used is as follows (Kruse
and Wagner, 2016):

𝐺′(𝑡) = 𝐴+𝐵𝑒
𝑡
𝜏 (3.2)

𝐺′(𝑡 = 0) = 𝐴+𝐵 (3.3)

with 𝑡 as time and 𝜏 as time constant. The constant prefactor 𝐴 is required to
consider chain specimens which are not active, i.e. either the corresponding end
groups do not participate the polycondensation or the chains are not attacked
by radical scission. 𝐵 represents the chains which participate the progression

6The loading time was always recorded and took between 7-9𝑚𝑖𝑛. Subsequently, the routine was modified to
handle also the high viscous PET produced, which decreased the time to 5-6𝑚𝑖𝑛.
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either by enhancement or reduction of the molar mass. The interceptions of
the extrapolated data in 3.3 (a) and (b) reveal the initial storage modulus
at zero loading time for H-PET, L-PET, and l-PET. It has to be mentioned
that the sample conditions, between loading and start of the measurement are
not homogeneous. The oven temperature drops since the sample has to be
placed and trimmed, oxygen is in contact during the trimming of the sample
although employing nitrogen, and small water residuals inside the sample or air
atmosphere affect the reactions. Particularly, the hydrolysis is a fast reaction
(Scheirs and Long, 2004) which will be terminated in a few minutes, if the
water content is low (Seo and Cloyd, 1991). The time constant in Equation 3.2
gives information about the reaction speed. In case of an enhancement of 𝐺′

due to esterfication and transesterfication in nitrogen at a low rate, 𝜏 possesses
high values and the storage modulus would increase slowly. A fast reduction
in air atmosphere is reflected by a negative and small 𝜏 . Table 3.5 compares
the different kinetics of the grades investigated for both atmospheres at 280∘𝐶.
The results confirm the conclusions from the mutation number. The lowest
molar mass l-PET exhibits the highest time constant in air, and hence the
lowest degradation rate, while H-PET exhibits a small 𝜏 and a fast reduction.
The effect in nitrogen is vice versa, the high molar mass H-PET polymerizes
with the lowest rate expressed by the highest time constant. l-PET posses the
highest reactivity as also illustrated in Figure 3.2 (b) and correlates with the end
group analysis. A simple rule could be that a poly(ethylene terephthalate) with
high amount of OH end groups is less stable in nitrogen since the condensation
reaction is not terminated. A very high molar mass PET with saturated end
group reactivity is more stable in an inert atmosphere.

The comparison of factor 𝐴 and 𝐵 gives an idea about chain specimens
which are not affected by the reaction (𝐴), and which participate actively in
the reaction (𝐵). However, such model parameters underlie the limitations of
their ideal assumptions. The negative value of 𝐴 for H-PET results from an
almost linear increase from the start of recording, e.g. since an exponential
start-up occurred already during the loading time.

Table 3.5: Time-constant 𝜏 and factor 𝐴 and 𝐵 from exponential fitting for H-,
L-, and l-PET.

air N2

𝜏 [𝑠] 𝐴[𝑃𝑎] 𝐵[𝑃𝑎] 𝜏 [𝑠] 𝐴[𝑃𝑎] 𝐵[𝑃𝑎]

H-PET -550 295 210 3190 -2101 3282

L-PET -2120 30 31 630 1 140

l-PET -3200 23 13 460 18 57
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Figure 3.4: TRMS data splitting of the angular frequency over elapsed time of
17 frequency sweep runs.

The evolution of viscosity, storage or loss modulus with time, due to inert and
oxidative atmosphere, temperature and water content, were studied by differ-
ent authors (Buxbaum, 1968; Seo and Cloyd, 1991; Assadi et al.; Härth et al.,
2015). The two common ways describing mutations of PET melt properties,
assume either a large number of model parameters or a simplification of the
kinetics. However, since the structural changes due to a polycondensation and
degradation act on the molar mass and potentially on the polydispersity, the
flow variations should be analyzed in a wide frequency range.

3.3.3 Time-Resolved Mechanical Spectroscopy

In regards of rheology of PET, Hatzikiriakos et al. published an hitherto out-
standing article in 1997. Beside dynamic and non-linear measurements and the
constitutive description via a Phan-Tien-Tanner equation, they derived a degra-
dation shift factor valid for the whole frequency range. However, they observed
a reduction of moduli in a nitrogen environment and assumed the first frequency
sweep to be unaffected. Therefore they referred to the so-called time-resolved
mechanical spectroscopy (TRMS), which was established by Mours and Win-
ter (1994). This method does not include mutations which occur before the
measurement as emphasized in Section 3.3.2, but alterations during the mea-
surement can be analyzed. This allows investigations of the reliability of each
recorded frequency, and the observation of a frequency spectrum at a fixed time,
as demonstrated in the following. Already in 1988 Winter et al. presented a
mutation number 𝑁𝑚𝑢 (Equation 3.5) to relate changes of any property to a spe-
cific time. In 1994 they introduced the TRMS with the addition of a mutation
time 𝜆𝑚𝑢 (Equation 3.4) which can be understood as the reciprocal normalized



48 3 Properties of PET in Melt State

rate of alteration of a molecular property 𝑔.

𝜆𝑚𝑢 =

[︂
1

𝑔

∂𝑔

∂𝑡

]︂−1

(3.4)

𝑁𝑚𝑢 =
Δ𝑡

𝜆𝑚𝑢
(3.5)

Analogous to the Deborah number, the time of observation can be related to
the measurement time, which is of the order of a wave period Δ𝑡 = 2𝜋𝜔. The
property of interest is the loss or storage modulus, 𝑔 = 𝐺′ or 𝑔 = 𝐺′′, leading
to a 𝜆′

𝑚𝑢 and 𝜆′′
𝑚𝑢.

The data used for the TRMS originated from subsequently conducted fre-
quency sweeps on H-PET. Since the described changes for the PET grades in-
vestigated underlie fast changes, the two lowest frequencies 0.05 and 0.0792𝑠−1

were omitted. This reduces the duration of a single run from approximately 24
to 11𝑚𝑖𝑛 and a higher resolution can be achieved. Starting from the highest 𝜔
and with an equilibrium time of 2𝑚𝑖𝑛 between the runs, a rapid and reliable
data collection was realized and repeated 16 times. Subsequently, the measured
data were analyzed by the software IRIS (Winter and Mours, 2006), which splits
the 17 runs by their 19 different angular frequencies and relates them to the
corresponding time elapsed, as sketched in Figure 3.4. In fact, this method is
a thermal stability measurement over all angular frequencies with a recording
rate of approximately 13𝑚𝑖𝑛−1 and a duration of 212𝑚𝑖𝑛. The change of 𝐺′

is more sensitive compared to 𝐺′′, which generally is less pronounced or even
delayed (see Appendices). In particular if 𝛿 → 𝜋/2, a sinusoidal function con-
verges to 1 and the loss modulus converges to the reduced stress as denoted in
Equation 3.7, even an elastic response still exists. In contrast, a cosine function
as Equation 3.6 is at its inflection point, and small variations of 𝛿 lead to large
variations in 𝐺′. Therefore, the storage modulus, analyzed with care, can be a
precise indicator at high viscous behavior.

𝐺′ =
𝜏0
𝛾0
𝑐𝑜𝑠𝛿 (3.6)

𝐺′′ =
𝜏0
𝛾0
𝑠𝑖𝑛𝛿 (3.7)

𝑡𝑎𝑛𝛿 =
𝐺′′

𝐺′ (3.8)

TRMS in Air Atmosphere
In Figure 3.5, the evolution of 𝐺′ in air at (a) 265∘𝐶 and (b) 288∘𝐶 is illustrated.
The two graphs represent the behavior at low and high temperatures and the
results at 272∘𝐶 and 280∘𝐶 (Appendices) can be seen as intermediate states.
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Figure 3.5: TRMS of the storage modulus 𝐺′ for H-PET at (a) 265∘𝐶 and (b)
288∘𝐶 in air atmosphere. Dashed lines denote the state after the
1𝑠𝑡, 3𝑟𝑑, 8𝑡ℎ and 16𝑡ℎ sampling.

The reduction of 𝐺′ in air occurs at 265∘𝐶 over the whole angular frequency
range. The reduction follows an exponential evolution as described in Chapter
3.3. However, at higher temperature or, in terms of Arrhenius, reaction rate,
the modulus starts to increase at low 𝜔 in Figure 3.5 (b). Thermo-oxidative
degradation of poly(ethylene terephthalate) is known to occur after the initia-
tion of a hydrogen peroxide on the methyl group. This homolytic scission leads
to carbon and oxygen radicals and carboxyl and vinyl ester end groups. Chain
scission induced by radicals reduces the molar mass (Madras and McCoy, 1997).
However, the secondary reactions and arising side products can lead to network
formation. Assadi et al. observed a cross-linking of PET and reported on a
consumption of the O2 molecules by small doses of oxygen in a nitrogen atmo-
sphere and relates this cross-linking mainly to alkyl radicals. The competition
of both scission and polymerization and their evidence has been established by
rhelogical methods. In this context the contributions of Rolón-Garrido has to be
emphasized who studied thermal, thermo-oxidative and photoinitiated degra-
dations on polyolefins. He found an alternating process of a scission reaction
and the formation of LCB up to cross-linking and verified his results by dy-
namic shear, elongation and absolute molecular measurements [Rolón-Garrido
2013; 2014; 2015].

Since the storage modulus reaches very low values, the reliability of the data
needs to be verified. The lowest measured data presented are still two magni-
tudes above the minimal detectable torque. Since 𝑡𝑎𝑛𝛿 = 𝜋/2 is not defined for
𝐺′ = 0 (cf. Equation 3.8) a loss angle of 90∘ varies with the transducer resolu-
tion for pure viscous behavior. The scattering at low frequencies represent a 𝐺′
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Figure 3.6: TRMS of the loss angle for H-PET at (a) 265∘𝐶 and (b) 288∘𝐶 in
air atmosphere.

converging to zero, where the material approaches the behavior of a Newtonian
liquid. This can be noted from the phase shift converging to 𝜋/2 in Figure 3.6.

The initial degradation rate in air atmosphere is independent of the angular
frequency as can be noted from the parallel negative slope in Figure 3.5 and
3.12. Whereas, at 288∘𝐶, the reduction of 𝐺′ is followed by an enhancement,
which can be detected at first at low frequencies, i.e. at long relaxation times,
and leads to a plateau of 𝐺′ at low frequencies. The approach to the gelling
point is expressed by the convergence of all frequencies to a single loss modulus
at high times in Figure 3.6 (b) (Winter and Chambon, 1986; Chambon and
Winter, 1987). The impact of both degradation and cross-linking leads to large
changes of the viscosity. Figure 3.7 illustrates the evolution of the complex
viscosity with time in air at 265∘𝐶 (a) and 288∘𝐶 (b). Since the molecular
changes occur during the measurement, TRMS was employed to correct the
data. By smoothing the frequencies over time, a calculated 𝐺′ and 𝐺′′ for all 𝜔
at a fixed time can be obtained. With this, a snapshot of the whole frequency
spectrum is realized, as illustrated by the dashed lines in Figure 3.5 (b). The
plotted times of 11, 36, 113 and 201𝑚𝑖𝑛 represent the actual state after the 1𝑠𝑡,
3𝑟𝑑, 8𝑡ℎ and 16𝑡ℎ measurement. Since IRIS does not extrapolate the fittings to
the start of the measurement, the modulus 𝐺′

0 was calculated as (Kruse and
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Figure 3.7: TRMS of the complex viscosity for H-PET at (a) 265∘𝐶 and (b)
288∘𝐶in air atmosphere, based on calculations after the 1𝑠𝑡, 3𝑟𝑑, 8𝑡ℎ

and 16𝑡ℎ reading.

Wagner, 2016):

𝑚1,2 =
𝑑𝑙𝑜𝑔𝐺′

𝑑𝑡
(3.9)

≈ 𝑙𝑜𝑔𝐺′
2 − 𝑙𝑜𝑔𝐺′

1

Δ𝑡1,2
(3.10)

𝑙𝑜𝑔𝐺′
0 = 𝑙𝑜𝑔𝐺′

1 −𝑚1,2𝑡1 (3.11)

with the slope 𝑚1,2 between 𝐺′
1 and 𝐺′

2 at run 1 and 2 with time Δ𝑡1,2 = 𝑡2− 𝑡1,
respectively.
The complex viscosity based on the calculated 𝐺′

0 and 𝐺′′
0 is denoted with

0𝑚𝑖𝑛 in Figure 3.7 (a) and overlaps with the uncorrected first frequency sweep
measurement at high 𝜔. However, at low frequencies the degradation is ex-
pressed as a reduction of the non-corrected data and overlaps with the first
snapshot at 11𝑚𝑖𝑛. All following viscosities are shifted vertical to lower values
with degradation time (Hatzikiriakos et al., 1997). Neither the range of the
Newtonian plateau nor the slope of shear thinning behavior changes signifi-
cantly. Usually, the shear thinning behavior is less pronounced when lowering
the molar mass (Ferry, 1980). The response at high frequencies represents the
chemical consistence of the polymer, since it originates from small segments,
or even the primary covalent bonds of the macromolecule. Since the shift is
solely vertical, it can be concluded that the emerging scission products, e.g.
oligomeric chains and other degradation side products, act as plasticizer. The
dilution effect leads to a lower viscosity with increasing degradation time.
This agrees also with the complex viscosities measured at 288∘𝐶. Due to

the higher temperature, the absolute value is lower and the degradation rate
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Figure 3.8: TRMS of the storage modulus 𝐺′ for H-PET at (a) 265∘𝐶 and (b)
288∘𝐶 in nitrogen atmosphere at deformation of 1%. Dashed lines
denote the state after the 1𝑠𝑡, 3𝑟𝑑, 8𝑡ℎ and 16𝑡ℎ reading.

is higher, reflected in larger vertical shift. Furthermore, a strong increase of
viscosity at low frequencies is detected at 201𝑚𝑖𝑛, indicating the existence of
a yield stress. Obviously, cross-linking induced by oxygen, leads to a network,
which can be first detected at low frequencies. This tendency is also reflected
in the former snapshots, suggesting high molecular specimens at low frequencies.

TRMS in Nitrogen Atmosphere
The results in nitrogen atmosphere in Figure 3.8 illustrate the increase of mo-
lar mass. As seen in Figure 3.8 (a), an asymptotic increase of 𝐺′ is more
pronounced at low frequencies. A prevailing thermal degradation cannot be
observed at 265∘𝐶 during the experimental time. The data at 288∘𝐶 in Figure
3.8 (b) possess a large enhancement which depends on the angular frequency,
but also decreases due to thermal degradation with time.

The complex viscosity illustrates the build up of the molecular structure. The
extrapolated data at 0𝑚𝑖𝑛 show the lowest values at 265∘𝐶 in Figure 3.9 (a).
The uncorrected recordings show the enhancement during the measurement at
low frequencies. At 288∘𝐶 in Figure 3.9 (b), the increase of molar mass is notice-
able until 36𝑚𝑖𝑛. It can be seen that a more pronounced shear thinning effect
occurs. Concurrently, the Newtonian plateau is shifted to lower frequencies and
higher values with time due to the build-up of molar mass. At high frequencies,
the convergence of viscosities indicates again the constant chemical structure on
short length scales. This effect was also observed by a comparison of the three
different grades investigated in Figure (3.16). At 288∘𝐶 after the viscosity has
reached maximum values at 36𝑚𝑖𝑛, the viscosity are shifted downwards verti-
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Figure 3.9: TRMS of the complex viscosity for H-PET at (a) 265∘𝐶 and (b)
288∘𝐶 in nitrogen atmosphere at strain of 1%, based on calculations
after the 1𝑠𝑡, 3𝑟𝑑, 8𝑡ℎ and 16𝑡ℎ reading.

cally at 113 and 201𝑚𝑖𝑛, as observed for thermo-oxidative degradation. It can
be concluded that the plasticizer effect occurs at thermal and thermo-oxidative
degradation, and the 3.4 power law for the relation between zero-shear viscosity
and molar mass needs to be analyzed with care.

An modification of the measurement routine was applied to analyze the origin
of enhancement in viscosity. In Figure 3.10 (a), the usual loading procedure is
illustrated at 280∘𝐶, which includes an opening of the oven at melt temperature
and trimming at 280∘𝐶. The preparation, as seen in Figure 3.10 (b), were
conducted without any opening and trimming after the sample was loaded.
As a consequence, the viscosity is slightly higher due to additional friction
betwen rim and plate. The comparison of the enhancement of complex viscosity
reveals a larger value for the trimmed sample at 113𝑚𝑖𝑛. Beside the mentioned
possible cross-linking induced by oxygen, the diffusivity of the side products
from the polycondensation should be considered. Due to the enlarged rim,
these products, e.g. ethylene glycol, cannot evaporate from the interface. At
the perimeter, the highest contribution to the torque is created and a reversible
condensation would have large influence on the polymer viscosity. Therefore,
the rim size and its barrier function should also be considered, which can affect
the measurement.

The side products of the polycondensation and degradation possess a further
impact on the measurement. The strain for the TRMS trials needed to be
adjusted to 1% in nitrogen atmosphere, since a strain of 10% leads to apparent
slipping at long measurement times. In Figure 3.10 (c), a strain of 10% leads
to a decrease of viscosity at high frequencies. An amplitude sweep over the
same duration reveals only a small decrease of non-linearity as reported in
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Figure 3.10: Comparison of TRMS of complex viscosity for H-PET on trimmed
sample (a), non-trimmed sample (b), both with 𝛾0 = 1%, and at
𝛾0 = 10% (c) in nitrogen atmosphere at 280∘𝐶, based on calcula-
tions after the 1𝑠𝑡, 3𝑟𝑑, 8𝑡ℎ and 16𝑡ℎ reading.
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Figure 3.11: Illustrations of oligomeric layer, leading to apparent slipping of
the polymer melt at critical stress with a corresponding velocity
profile.

Section 3.2. High frequencies result in high stresses, and as soon the stress
exceeds the adhesion force, the polymer will start to slip on the confining plates.
This phenomena was observed for the three PET investigated at the highest
frequencies, but only after a certain time in nitrogen atmosphere, e.g. when
starting the measurement from the lowest frequency. The side products such as
ethylene glycol or diethylene glycol possess a high polarity. Due to diffusion, low
molar mass species deposit on the metal plates, which promotes an apparent
slipping of the polymer. As illustrated in Figure 3.11, apparent slip leads to an
accelerated velocity at the interphase. This was also confirmed by an easy peel
when removing the sample after the test, and a white powder which deposited
on the rheometer housing. The reduction of the strain amplitude to 1% leads to
a reduction of the shear stress and slipping is avoided. For the sake of clarity,
measurements with different gap size would be required.

These overall changes at low frequencies for polycondensed polymers in ni-
trogen where also observed by Filippone et al. (2015) for polyamide. They
reported on a similar trend at low frequencies over time by TRMS. Ibar et al.
(2015) analyzed a comparable frequency sweep evolution for polycarbonate.

The increase and decrease of viscosity during thermal and thermo-oxidative
conditions can be quantified by the slope 𝑚′′ of 𝐺′′ between the first two runs
used for the correction. Since [𝜆𝑚𝑢]

−1 ∝ 𝑚, an accelerated reactivity or mu-
tation is represented by higher or more negative values in Figure 3.12. The
TRMS analysis reveals a higher polycondensation rate with higher tempera-
tures and with larger impact on low frequencies, before a degradation similar
to the thermo-oxidative behavior occurs (288∘𝐶 is not plotted since it overlaps
with the lower temperatures). An enlarged rim suppresses the enhancement, as
reflected in reaction rate (non trimmed). The high frequencies are not affected,
since the chemical structure remains. The degradation effect in air is governed
by a plasticizer effect and also larger at high temperatures, as can been noted
from more negative 𝑚′′ values.
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Figure 3.12: Comparison of alteration in air and nitrogen, expressed by slope
𝑚′′ of loss modulus between the first and second reading at tem-
perature 265∘𝐶, 272∘𝐶, 280∘𝐶 and 288∘𝐶. The results of 288∘𝐶
in nitrogen atmosphere are omitted for the sake of clarity, due to
overlapping with the lower temperatures.

3.4 The Shear Viscosity of PET

The analyses presented in Section 3.3 give an insight of the alterations during
the measurements and to the behavior during processing. Both zero-loading
time and TRMS are sophisticated procedures, nonetheless, their awareness is
crucial for the validation of common measurement techniques. In the following,
linear dynamic and steady rotational and capillary shear flow measurements
are analyzed and compared.

3.4.1 Linear Viscoelastic Analysis

The extend and speed of the observed molecular changes emphasize the demand
on a detailed knowledge of the sample preparation and experimental mode used.
The impact on the viscoelastic response were investigated with variations of at-
mosphere (air or nitrogen), preparation of the sample (pellets or compression
molded plate in air and nitrogen) and the frequency mode (increasing from
0.05𝑠−1 to 500𝑠−1 or decreasing from 500𝑠−1 to 0.05𝑠−1. Figure 3.13 (a) illus-
trates a frequency sweep in nitrogen at 280∘𝐶 for H-PET pellets starting from
𝜔 = 500𝑠−1 (solid symbols) and a subsequent second run from 0.05𝑠−1 (empty
symbols). The increase of the complex viscosity is mostly pronounced at low
𝜔, where the measurement time increases, and accompanied in the second run
from 𝜔 = 0.05𝑠−1 by a stronger shear thinning behavior. The findings originate
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Figure 3.13: Storage and loss modulus and complex dynamic viscosity for run
1 (solid) and run 2 (empty) (a) and dynamic viscosity in air and
nitrogen atmosphere at 280∘𝐶 for H-PET pellets measured by a
decreasing and increasing run (b).

from both moduli, which possess higher values in the second run. In particu-
lar in the first run, 𝐺′ demonstrates the approximation to a plateau modulus
𝐺0

𝑁 at high frequencies and a terminal regime in the middle section. The for-
mation of high molecular specimens with time increases the storage moduli at
low frequencies and continues in the second run, subsequently. The increasing
run continues with a less steeper slope in the middle section compared to the
first run, which reflects a broader shear thinning behavior. The origin of non-
Newtonian behavior are entanglements, which are increased by higher molar
mass, a broadening of polydispersity and the formation of long chain branches
(Dealy and Larson, 2006) and should be considered.

Figure 3.13 (b) reveals the influence of the frequency sweep mode started from
𝜔 = 0.05𝑠−1 or 500𝑠−1 and atmosphere on the complex viscosity of H-PET at
280∘𝐶. Both variations can be noticed significantly at long measurement times
at low frequencies expressed as upturn or downturn. The substantial changes
before the measurements are also expressed, since the air and nitrogen frequency
sweep measurements do not overlap at the same modes. The comparison of both
atmospheres demonstrate again that in air degradation leads to a linear vertical
downward shift, by neglecting the opposed reduction at low 𝜔. The structure
seems to be the same, whereas in nitrogen the Newtonian plateau is shifted to
smaller frequencies. At this point, it should be mentioned that these effects are
intrinsic material properties, but they can be accelerated by the measurement
technique. Degradation reactions are known to occur with a threefold rate in
a closed system (Zimmermann, 1984) and the barrier function of surrounding
material was already discussed.
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Figure 3.14: Storage (triangle) and loss modulus (square) and loss angle (dia-
mond) in air atmosphere at 280∘𝐶 for l-PET pellets measured by
50 mm parallel plate geometry (a) and comparison of virgin pellets
with compression molded sheets in air atmosphere (b), for run 1
(solid) and run 2 (empty).

However, the analysis of the complex viscosity has to be done with care, since
it is based on the sum of storage and loss moduli. By observing 𝐺′ in air atmo-
sphere from Figure 3.14 (a) a higher value from the second run (empty symbols)
can be noticed, although a degradation to lower viscosities is dominant, as can
be seen from the 𝐺′′ data. This experiment was conducted with a 50𝑚𝑚 paral-
lel plate geometry which leads to tenfold higher torque on neat l-PET pellets.
The distinct detection of the loss angle at low frequencies represents an en-
hanced elastic behavior during the second run, e.g. due to cross-linking. This
is also obvious by comparing 𝐺′ and 𝛿 of neat pellets with samples which were
compression molded in air atmosphere, as can be seen in Figure 3.14 (b). In
general, the molded samples behave more viscous, as can be noted from a lower
storage modulus and higher loss angle at high frequencies, due to degradation
occurring during processing. At low frequencies the modulus increases from the
first to the second run and the phase shift reaches lower values. The induced
oxygen and further radicals lead to an ongoing enhancement of molar mass
during measurement.

The dominating drastic viscosity reduction due to compression molding in air
is illustrated in 3.15 (a). The measurement was conducted in inert atmosphere
starting from high frequencies. The duration of compression molding in air
atmosphere is 4𝑚𝑖𝑛. The comparison with molding in a nitrogen surrounding
reveals a negligible change of complex viscosity although the processing time is
10𝑚𝑖𝑛. In contrast to solid state polycondensation the molar mass seems to be
unaffected and an increase of viscosity did not occur in the N2 mold. Actually
the results of H-PET lead to a reduction of |𝜂*|, but still much less than the
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Figure 3.15: Comparison of preparation method of virgin pellets, compression
molded sheets in nitrogen and air atmosphere (a) and master curve
of G’ and G” with generalized Maxwell model for H-, L-, and l-PET
compression molded sheets in nitrogen atmosphere.

compression molded sample in air. The impact of the diffusivity of the side
products seem to influence the compression processing, as observed in Section
3.3.3. Since the squeezed melt remains for minutes inside the inert mold, a
balance between condensation and reversible reaction occurs, as a consequence
of the small volume to free surface ratio.
Despite small changes during the sample preparation, the compression mold-

ing in inert atmosphere reduces the loading time of samples. Since samples
for non-linear measurements need to be processed in stripes, another advan-
tage is the comparison of material with the same thermal history. The huge
impact of atmosphere, temperature, preparation method, loading time and ini-
tial molar mass on the thermal stability prevent a simple concept of analyzing
poly(ethylene terephthalate). For example, most of the results in air atmo-
sphere evolve less alternations and a well defined terminal region. On contrary,
for the sake of chain extension and achieving high molar masses, or employing
other additives, the use of a nitrogen environment is to prefer.

Master Curve
One aim of a frequency sweep is to achieve a wide range of the frequency spec-
trum. This is due to the fact that data at low 𝜔 allows the analysis of the
long relaxation time behavior and the zero-shear viscosity, while data of high 𝜔
can be related to processing conditions as injection molding. A master curve of
different temperatures merged to one reference temperature allows to observe
the properties at very short and long relaxation times.
As illustrated in Chapter 3.3.3, the storage and loss moduli of the PET investi-
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gated converges to a terminal regime, but are counteracted by the enhancement
effect in nitrogen atmosphere. The applied procedure to achieve a master curve
consists of first recording all frequencies, starting from the highest, and, subse-
quently, discard data for each temperature, which deflect from an approach to
a terminal behavior, and finally merge to superposition. The time-temperature
superposition of 𝐺′ and 𝐺′′ for H-PET, L-PET and l-PET is confirmed in Fig-
ure 3.15 (b). The data are shifted vertically for the sake of clarity. The plotted
generalized Maxwell model shows good agreement with the experimental data
and includes the lowest measured frequencies which had to be erased. The
discrete relaxation spectra and 𝜂0 based on the algorithm of Baumgaertel and
Winter (1989), assuming a Cox-Merz rule, and the flow activation energy 𝐸𝐴 in
Table 3.6 were calculated by the software IRIS. Additionally, the shift factors
𝑎𝑇 and 𝑏𝑇 for a reference temperature 265∘𝐶 are included. The vertical shift
factor is comparably low and should be seen as a result of experimental arti-
facts, and not as a consequence of non-linear density changes with temperature
(Dealy and Larson, 2006; Rubinstein and Colby, 2003). The linear PET can
be described as rheologically simple. A comparison of the three PET grades
in Figure 3.16 (a) emphasizes the differences in complex viscosity. The level of
the Newtonian plateau reflects the respective high molar mass of H-PET, which
also shows the most pronounced shear thinning behavior.
The superposition clearly demonstrates the reliability of the measurement

and a well developed Newtonian plateau. Without the introduced procedure,
the calculated zero-shear viscosity would be 8% for the high and 17% for the
low molar mass PET above the presented values. The activation energy of
flow derived from the Arrhenius-type relation in Figure 3.16 (b) of H-PET
(65𝑘𝐽.𝑚𝑜𝑙−1𝐾−1) is above that of L-PET (54𝑘𝐽.𝑚𝑜𝑙−1𝐾−1) expressed by the
steeper slope and corresponds to a possible higher entanglement density of H-
PET. The value of l-PET (68𝑘𝐽.𝑚𝑜𝑙−1𝐾−1) is comparable to the high molar
mass sample, although its molar mass is in the range of L-PET. The different
synthesis route could be an explanation, but in general an over-interpretation
has to avoided, since experimental deviations especially at the highest tem-
peratures have to be considered. Overall the observed activation energies are
in good agreement with Hatzikiriakos et al. who measured between 48 and
67𝑘𝐽.𝑚𝑜𝑙−1𝐾−1, and (Utracki et al., 1982) and Wang et al. who observed 38
to 46 and 84𝑘𝐽.𝑚𝑜𝑙−1𝐾−1 for linear PET, respectively.

3.4.2 Steady Shear Flow

The response of the material during dynamic or steady shear flow measure-
ments deviates crucially, since the deformation in the oscillatory mode is small
and disentanglement can be neglected, whereas in steady shear orientation and
disentanglement determine shear thinning. On the other hand, dynamic ex-
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Table 3.6: Discrete relaxation moduli and times, zero-shear viscosity at refer-
ence temperature 265∘𝐶, flow activation energy and shift factors for
272∘𝐶, 280∘𝐶, and 288∘𝐶 on compression molded PET sheets.

H-PET L-PET l-PET

𝜂0 = 1260𝑃𝑎𝑠 𝜂0 = 560𝑃𝑎𝑠 𝜂0 = 470𝑃𝑎𝑠

𝑔𝑖(𝑃𝑎) 𝜆𝑖(𝑠) 𝑔𝑖(𝑃𝑎) 𝜆𝑖(𝑠) 𝑔𝑖(𝑃𝑎) 𝜆𝑖(𝑠)

1.06× 109 3.92× 10−1 6.05× 109 2.06× 10−2 6.12× 108 4.00× 10−1

9.83× 107 5.82× 100 1.87× 108 8.89× 10−1 5.24× 107 2.84× 100

4.65× 106 4.91× 101 5.07× 107 3.67× 100 5.54× 106 1.20× 101

4.92× 104 7.72× 102 3.64× 106 2.02× 101 3.87× 104 2.33× 102

1.91× 104 5.58× 102

𝐸𝐴 = 65.4𝑘𝐽.𝑚𝑜𝑙−1𝐾−1 𝐸𝐴 = 54.9𝑘𝐽.𝑚𝑜𝑙−1𝐾−1 𝐸𝐴 = 68.3𝑘𝐽.𝑚𝑜𝑙−1𝐾−1

𝑙𝑜𝑔𝑎𝑇 (−) 𝑙𝑜𝑔𝑏𝑇 (−) 𝑙𝑜𝑔𝑎𝑇 (−) 𝑙𝑜𝑔𝑏𝑇 (−) 𝑙𝑜𝑔𝑎𝑇 (−) 𝑙𝑜𝑔𝑏𝑇 (−)

-0.082 -0.008 -0.057 0.008 -0.106 -0.047

-0.119 -0.001 -0.123 0.033 -0.202 -0.013

-0.284 0.005 -0.227 -0.011 -0.279 -0.032
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Figure 3.16: Comparison of master curve of complex viscosity (a) and flow acti-
vation energy (b) of virgin, H-, L-, and l-PET compression molded
in nitrogen atmosphere at reference temperature 265∘𝐶.
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periments depend also on the number of entanglements, since the rubber-like
liquid behavior can be seen as a network acting at high frequencies where dis-
sipation becomes a minor aspect (Ferry, 1980). The major advantage of steady
capillary shear flow is the comfortable handling and the direct applicability to
polymer processing, where high shear rates occur, e.g. injection molding (Ma-
cosko, 1994). This section relates steady with dynamic viscosity for a validation
of the Cox-Merz rule. Before, a correction of the recorded capillary data is con-
ducted to achieve true values.

Entrance Pressure Drop Correction
The flow behavior in a capillary can by described in cylindrical coordinates and
with the following assumptions:

∙ Fully developed, steady, isothermal, laminar flow.

∙ No velocity components in the 𝑟 and 𝜃 directions.

∙ No slip at the walls, i.e. 𝑣𝑧 = 0.

∙ Incombressibility and no pressure dependence of viscosity.

Based on these assumptions the stress 𝜏𝑟𝑧 along the radius 𝑟 in the 𝑧-direction
of a die and a pressure gradient ∂𝑝/∂𝑧 can be expressed with the equation of
motion (Macosko, 1994):

0 =
∂𝑝

∂𝑧
+

1

𝑟

∂(𝑟𝜏𝑟𝑧)

∂𝑟
(3.12)

With a constant pressure drop 𝑝𝑐 over the capillary length 𝐿 and integration,
the shear stress results in:

𝜏𝑟𝑧 =
𝑟

2

𝑝𝑐
𝐿

(3.13)

The stress at the capillary wall 𝑟 = 𝑅 is than given as:

(𝜏𝑟𝑧)𝑟=𝑅 = 𝜏𝑤 =
𝑅

2

𝑝𝑐
𝐿

(3.14)

Before a flow converging from a barrel into a capillary is fully developed, a
contribution of extensional deformation occurs (Cogswell, 1981). Unfortunately
the small diameter of a capillary inhibits the installation of a pressure trans-
ducer, which is commonly above the entrance of the die7. In 1957, Bagley
introduced a correction method which allows to obtain the real viscosity by the
use of different L/R ratios. The idea he had was to increase the shear stress
but keep the entrance pressure drop constant with a fixed radius. By an ex-
trapolation over constant shear rates the intersection with the x-axis leads to

7By employing a slit die the actual pressure can be measured.



3.4 The Shear Viscosity of PET 63

0 10 20 30
0

200

400

600

800

.
������� 	
���
γ
��
� �����

� ����
� ����
� ����
� ���
� ���
� ���
� ���

������
������

������

������

�������

������

�������

 Δ
P 

[b
ar

]

��	� ���

�
��

(a)

100 1000
0

5

10

15

20 ������� 	
����� ��
� �����
� ����
� �����

 p
en

tr [b
ar

]

γ
���
� �����.

(b)

Figure 3.17: Comparison of Bagley correction with three dies for H-PET (a)
and entrance pressure of an orifice die for H-, L-, and l-PET (b)
at different shear rates.

an effective die length. In Figure 3.17 (a) the results of seven different apparent
shear rates �̇�𝑎𝑝𝑝 over die lengths of 10, 15 and 30𝑚𝑚 diameter of 1𝑚𝑚 at 280∘𝐶
are shown. Since the shear stress is directly proportional to both, the ratio of
the pressure drop in the die 𝑝𝑐 = 𝑝0 − 𝑝𝐿 (𝑝0 at 𝑧 = 0) and the effective length,
a correction can be also conducted on the entrance pressure drop 𝑝𝑒𝑛𝑡𝑟. The
corresponding values from a linear regression at 𝑥 = 0 reveal a convergence to
a single pressure drop for the low shear rates. Only �̇�𝑎𝑝𝑝 1990 and 3150𝑠−1 lead
to higher values.
The aforementioned assumptions emphasize the need of incompressibility and

a fully developed flow. The latter is supported in particular by the capillary
length. On the other hand, the increased flow resistance could either induce
pressure effects on the free volume or a locally increased temperature due to
dissipation, which leads to higher and lower pressure values, respectively (Aho
and Syrjälä, 2008). Therefore, Laun and Schuch (1989) used a polynomial fit to
extrapolate the entrance pressure drop. Indeed Hatzikiriakos et al. (1997) suc-
ceeded in obtaining reliable data for poly(ethylene terephthalate) by a quadratic
extrapolation. Whereas, Aho and Syrjälä (2008) demonstrated that the pre-
ferred procedure can vary. A polynomial fit lead to higher 𝑝𝑒𝑛𝑡𝑟 (Kim and Dealy,
2001) which can be threefold higher than the present data. Since the values
of the 30𝑚𝑚 die overlap with the fitting, the linear prediction is reliable and
only the discrepancy of the highest shear rates can be explained by non-linear
pressure effects. This is confirmed by results with an orifice die.
In 1972, Cogswell reported on a zero-length die to directly measure the

amount of extensional contribution (cf. Section 2.4). The die geometry plays a
significant role as reported by Kim and Dealy (2001). They concluded that the
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actual L/D ratio should be below 0.5 and the entrance angle above 90∘. Also
the exit of the die is of interest, since an enhanced extrudate swelling at high �̇�
leads to sticking at a concave enlargement and an increased exit pressure (Aho
and Syrjälä, 2008). To avoid these possible error sources, an orifice die with an
entrance angle of 180∘, a L/D ratio of 0.25 and an exit angle < 20∘ were man-
ufactured. Figure 3.17 (b) illustrates the 𝑝𝑒𝑛𝑡𝑟 of H-PET, L-PET and l-PET of
four measurements including the standard deviation. The results were recorded
with a 1000𝑏𝑎𝑟 pressure transducer which was calibrated with a Dynasco PPS
1200 and the accuracy is reflected by the error bars. The high molar mass PET
possesses higher values compared to the grades with the lower molar mass, but
all three exhibit increasing values at shear rates larger than 500𝑠−1. In compar-
ison with the entrance pressure drop achieved from the Bagley correction the
orifice data are lower, which reveals that no wall sticking at the exit influence
the measurement of the orifice die. In generally, the data are in the same order
of magnitude, and the orifice die is to prefer, since it reduces the effort. How-
ever, the contribution to the total pressure drop is approximately 2% and can
be neglected for the linear PET (Utracki et al., 1982).

Weissenberg-Rabinowitsch Correction
Even if the impact of entrance pressure drop correction to the real viscosity is a
minor aspect, a correction of the non linearity of the shear rate should be con-
sidered, since a non uniform shear flow will occur, if the fluid is forced through
a gap (Han, 2007). These observations were first made by Hagen (1839) and
Poiseiulle (1840), who realized that the velocity of a fluid through a channel
is at its maximum at the center and the velocity gradient or shear rate is 0,
which reaches the highest value at the wall, d𝑣𝑧/d𝑟 = �̇�𝑤 (Macosko, 1994). The
volumetric flow rate can be expressed as (Münstedt and Schwarzl, 2014):

𝑄 = 2𝜋

∫︁ 𝑅

0

𝑣𝑧(𝑟)𝑟 d𝑟 (3.15)

Assuming non-slip condition, the velocity at the wall becomes 𝑣𝑧(𝑟 = 𝑅) = 0
and integration by parts leads to:

𝑄 = −𝜋

∫︁ 𝑅

0

𝑟2
d𝑣𝑧
d𝑟

d𝑟 (3.16)

Based on a Newtonian flow behavior:

𝜏𝑟𝑧 = 𝜂 �̇�𝑟𝑧 (3.17)

the shear rate with Equation 3.13 and 3.17 becomes

�̇�𝑟𝑧 =
∂𝑣𝑧
∂𝑟

=
𝑟

2𝜂

𝑝𝑐
𝐿

(3.18)
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and by substitution of the differential equation in 3.16 the integration can be
conducted and after rearranging the shear rate at the wall becomes:

�̇�𝑤 =
4𝑄

𝜋𝑅3
(3.19)

An integration of Equation 3.18 with respect to the velocity describes a parabolic
profile over the radius. And since the viscosity depends on the shear rate, a
profile of the latter would be unknown for a non-Newtonian liquid. A possi-
ble shear thinnig would increase the shear rate at the wall. The Weissenberg-
Rabinowitsch correction provides a method to include this effect (Rabinowitsch,
1929). With 𝜏𝑟𝑧/𝜏𝑤 = 𝑟/𝑅 Equation 3.16 can be formulated as:

𝑄 =
𝜋 𝑅3

𝜏 3𝑤

∫︁ 𝜏𝑤

0

𝜏 2𝑟𝑧 �̇�𝑟𝑧 (𝜏𝑟𝑧) d𝜏𝑟𝑧 (3.20)

After integration with respect to d𝜏𝑟𝑧 and rearranging, the shear rate at the
wall is:

�̇�𝑤 = − 𝑄

𝜋𝑟3

(︂
3 +

d𝑙𝑔 𝑄

d𝑙𝑔 𝜏𝑤

)︂
(3.21)

With the apparent shear rate �̇�𝑎𝑝𝑝 = �̇�𝑤 and Equation 3.19, the correction with
the true shear stress results in:

�̇�𝑤 = �̇�𝑎𝑝𝑝

(︂
3

4
+

1

4

d𝑙𝑔 �̇�𝑎𝑝𝑝
d𝑙𝑔 𝜏𝑤

)︂
(3.22)

A discrete analysis was conducted from �̇�𝑎𝑝𝑝 and 𝜏𝑤 at each measured point 𝑛,
with the initial condition �̇�𝑎𝑝𝑝 = 𝜏𝑤 = 0 and an extrapolation of an additional
high rate with

�̇�𝑛 = �̇�𝑛−1
𝑄𝑛

𝑄𝑛−1
(3.23)

In Figure 3.18 (a) the effect of both corrections is demonstrated. In particular
the impact of the shear rate correction with increasing shear thinning effect is
noticeable.

Cox-Merz Rule
The empirical Cox-Merz rule relates linear to nonlinear viscoelastic data (Cox
and Merz, 1958). The assumption that the shear rate and frequency affect the
viscosity in the same way (see Equation 2.76) is verified in Figure 3.18 (b). The
dynamic data originate from a frequency sweep in air atmosphere starting from
the highest frequency by discarding the 5 lowest frequencies which are affected
by substantial degradation. The capillary data were recorded from the lowest
shear rate to avoid unfinished relaxation processes. The plotted data begin at
approximately 80𝑠−1 depending on the extent of the correction. At first glance,
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Figure 3.18: Comparison apparent and true shear flow viscosity (a) and com-
plex and steady flow viscosity (b) for H-, L-, and l-PET in air
atmosphere.

the data show fair agreement in both shear thinning behavior and absolute
value of the viscosity.
Whereas by a more thorough examination, deviations from a linear plateau

are obvious, e.g. for H-PET and l-PET. It has to be mentioned that the loading
procedure of both techniques differs not only in time (a capillary measurement
can last up to 10𝑚𝑖𝑛 from the loading to the beginning of recording) but also by
atmospheric conditions, since a degradation rate can be up to threefold higher in
a closed system for PET. On contrast, Assadi et al. reported on a consumption
of oxygen and enhancement of molar mass, when the oxygen content is limited.
These conditions are comparable to the capillary loading procedure, where after
compression the melt is sealed. A further critical aspect is the diameter of the
capillary since the viscosity is direct proportional to the fourth power of the
radius:

𝜂𝑎𝑝𝑝 =
𝜋 𝑅4 𝑝𝑐
8𝑄𝐿

(3.24)

small deviations in the radius drastically changes the absolute value.
Since measurements at low shear rates in capillary flow are limited due to

limits of the sensitivity of pressure transducer, and higher frequencies exceed the
physical limits of an oscillatory device, the overlap of data is small. Additionally,
rotational experiments by a cone and plate geometry with an angle of 4∘ were
conducted. The experiments started from 0.05𝑠−1 to ensure steady relaxation
conditions, and possible edge fracture and centrifugal forces are avoided.
The results demonstrate the reduction of viscosity during the measurement

and a cross-over with the dynamic data, which started from high frequencies.
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However, the comparison of the three employed techniques should be done with
care. All three methods have different degradation histories, which cannot be
standardized due to intrinsic requirements of each method. In total, a strong
correlation of the shear rate and frequency dependence support a Cox-Merz
relationship, in particular, since deviations up to 25% were observed (Ferry,
1980; Dealy and Larson, 2006). The result is in agreement with Hatzikiriakos
et al. (1997) and (Utracki et al., 1982), who observed a Cox-Merz behavior.

3.5 Conclusions

Three PET grades produced by different synthesis routes, which can be distin-
guished by molar mass and concentration of functional end groups, were investi-
gated in regards of thermal and thermo-oxidative degradation and preparation.
The thermal stability investigations exhibit a degradation mechanism and

a reduction of the storage modulus in air atmosphere, and an enhancement
of the moduli in nitrogen atmosphere, due to polycondensation. With time,
the degradation reaction in air atmosphere is prevailed by an increase of the
moduli, due to a cross-linking induced by oxygen. The enhancement reaction
in nitrogen atmosphere is counteracted by a thermal degradation.
A time constant, which is based on an exponential function, revealed for

all PET grades in both atmospheres relations between stability and polymer
properties. High molar mass PET is more stable in nitrogen and less stable
in air environment than low molar mass PET, and vice versa. This findings
correlate to the OH end group concentration and a related reactivity.
The different degradation effects can be analyzed by means of time-resolved

mechanical spectroscopy (TRMS) and a correction of the storage and loss mod-
ulus of poly(ethylene terephthalate), allowing an observation at a fixed time.
Both thermal and thermo-oxidative degradation lead to small molecules which
act as plasticizer.
Besides a vertical shift of the complex viscosity/frequency curve, severe cross-

linking leading to a yield stress was observed by degradation in air. On the other
hand, in nitrogen, polycondensation increases the molar mass, the viscosity and
the shear thinning regime.
Diffusion of the side products was found to influence the enhancement of the

moduli and complex viscosity and to promote slipping. Additionally, a barrier
function of surrounding material during the rheological measurements leads to
the conclusion that the diffusion and the volume to free surface ratio plays a
crucial role for the enhancement.
This findings were confirmed by the compression molding preparation in air

and nitrogen atmosphere. A routine for a reliable master curve was established.
Differences between dynamic, rotational and capillary shear flow were found due
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to the differences in the experimental protocols used, but revealed to be small
enough to conclude the approximate validity of the Cox-Merz relation. The
contribution of stretching during a converging flow can be neglected for linear
PET.



4 Reactive Extrusion of PET

Reactive processing of polymers has been of increasing interest for science and
processing in the recent decades. In 1992, Xanthos published a book on poly-
merization, polymer modification, and blend compatibilization conducted in a
continuous extrusion process. More recently Cassagnau et al. (2007) reviewed
current work and highlighted also the higher efficiency of this technique, e.g.
due to an omission of solvent and a reduced residence time. Their report in-
cludes the impact of mixing and diffusion processes on the reaction, and empha-
sizes the advantage of a twin screw extruder. Typical applications are grafting
or functionalization of polymers and even bulk polymerization of lactams or
urethans.
The modification of PET mostly aims at a chain lengthening by an applica-

tion of a chain extender. Depending on the functionality of the coupling agent,
long linear and even LCB molecules can be expected. Concurrently, Cassagnau
et al. mentioned the negative aspects of the extrusion, due to possible ther-
mal degradation and other side reactions. Consequently this chapter reports,
at first, on the extruder settings and their correlation to a possible emerge
of degradation of solely poly(ethylene terephthalate). Subsequently, the three
chain extenders (PMDA, TGDDM, and TPP) will be introduced and character-
ized at different concentrations applied by means of a preliminary batch test.
With awareness of the extrusion findings and the batch results, the reactive
extrusion by means of different chain extenders is described.

4.1 Extruder Configuration

For the sake of thorough mixing, a Leistritz intermeshing twin co-rotating ex-
truder with a screw diameter of 34𝑚𝑚 and a L/D of 34 were used, fulfilling
industrial requirements. As displayed in Figure 4.1 the temperature profile
varies from 240 to 290∘𝐶. The two stage degassing twin screw consists of a
set of two conveying, transition and metering zones. After the first kneading
elements and barrier flights, a degassing vent is assembled, allowing the in-
stallation of a vacuum pump or a second hopper (zone 4). At that point, the
polymer is already in the melt state at 270∘𝐶, followed by a second more exten-
sive compression and metering zone, including further kneading elements. The
throughput of 1250𝑔/ℎ± 5% was realized with a weight controlled feeder. Two
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Figure 4.1: Co-rotating twin-screw extruder with set of two conveying, transi-
tion and metering zones, two feeding sections, and respective tem-
perature profile.

dies with three horizontal circular outlets of 1𝑚𝑚 and 1.4𝑚𝑚 were assembled.
The small diameter enables a quick quenching of the strand and a withdraw of
even highly viscous material. Additionally, this setting minimizes degradation
after extrusion, since the thin filaments were immediately conveyed through a
water bath, and pelletized subsequently.

Usually, investigations on the processing of polymers are conducted at labo-
ratory scale. Since poly(ethylene terephthalate) undergoes substantial changes
during its processing (Daver et al., 2008), researchers often use inert conditions,
especially when applying reactive processing (Cardi et al., 1993; Härth et al.,
2015). However, susceptible material is still processed under environmental at-
mosphere, due to low costs and stable processing conditions. The intention of
the present work is to investigate the effect of reactive extrusion at large scale
and to examine industrial processing. Therefore, to study the impact of extru-
sion under thermo-oxidative and inert environment, the atmospheric conditions
at zone 4 were assembled as closed, open (plotted) and degassed systems, which
was realized by a vacuum pump. Besides the vent settings, the shear condi-
tions were varied by different screw rotations rates (40, 100, 200 and 250𝑟𝑝𝑚).
During the extrusion, the online pressure was recorded by a 150𝑏𝑎𝑟 Dynisco
MDA transducer at the die entrance. The residence time of 8𝑚𝑖𝑛 from the vent
and 11𝑚𝑖𝑛 in total were adjusted to realize thoroughly mixing and sufficient
reaction time, as will be described in Section 4.3.2. The pellets were dried at
130∘𝐶 for 7𝑑 in a vacuum oven before application.
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4.2 Degradation of PET During Extrusion

The main consequences of degradation are a change of viscosity, embrittlement
and yellowing (Colin and Verdu, 2006). In particular the change of viscosity and
the reaction of even pure PET during extrusion should be analyzed by taken
into account the results from Chapter 3. As demonstrated, molecular changes
during thermal treatment can lead to decomposition, but also to further poly-
condensation or cross-linking in inert environment. Correlating these results to
the extruder process, the die and the hopper section are in direct contact to
oxygen (Zone 1, 9 and eventually 4), whereas inert condition can be assumed
in a filled barrel (Colin and Verdu, 2006; Assadi et al.).

4.2.1 Variations of Atmosphere

Figure 4.2 (a) shows the apparent steady shear viscosity of L-PET at different
ventilation conditions measured in air atmosphere. The unprocessed reference
exhibits the highest viscosity, and a continuous reduction from the degassed to
the closed and open setting can be noted. A similar tendency is prominent when
analyzing the complex viscosity Figure 4.2(b) measured in nitrogen atmosphere.
The viscosity differs due to the different atmospheres provided during the ex-
periments, which leads to either decrease or increase of viscosity. Additionally,
the relations between curves are shifted. The processed material still exhibits a
polymerization during the oscillatory test as reflected by an increase of |𝜂*| at
low frequencies (the frequency sweep starts from the highest angular frequency).
This enhancement is slightly more pronounced on the graphs representing the
closed and open setting compared to the degassed setting. Additionally, the
reactivity of the extruded grades has a second outcome, the emerge of gaseous
side products. The occurrence of bubbles during the measurement can reduce
the detected complex viscosity. The extent of this effect varies between the two
measurement techniques, which the relative shift of graphs may indicates. Due
to the low viscosity of the PET and the strong pressure drop by the vacuum
pump, a constant air stream from the hopper (zone 1) to the vent (zone 4)
appeared during the degassing. Therefore the degassing leads to an extraction
of side products but also to a supply of oxygen. The shift of the apparent
and complex viscosity curve is not purely vertical, furthermore a reduced shear
thinning regime can be noted. The diluting effect from oligomeric side products
is still prominent, but a reduction of the molar mass also influences the flow
behavior.
The zero viscosity allows a quantitative comparison of the material and rep-

resents the Newtonian plateau (Ferry, 1980). Unfortunately, the enhancement
during the measurement counteracts a terminal behavior in Figure 4.2 (b).
Therefore the complex viscosity at angular frequency of 3.15𝑠−1 was chosen as
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Figure 4.2: Degradation of L-PET extruded analyzed by the apparent steady
shear viscosity in air (a) and dynamic shear viscosity in N2 (b)
atmosphere at 280∘C.

representative in Figure 4.3 (a), since it is both in sufficient distance to the
shear thinning slope and the enhancement at low frequencies. The plotted data
reflect the degradation progressed. By degassing, the viscosity decreases to 66%
of the initial value (reference). The difference of the extend of degradation be-
tween a closed (44%) and an open vent (38%) is small. Although the polymer is
without direct contact to air in the filled barrel for several minutes, a molecular
reduction and the vertical dilution effect is prominent for all cases, expressed as
viscosity drop, and clearly dominates over concurrent polycondensation. Since
the oligomers act as plasticizer, the 3.4 power law should be analyzed with care
for such degraded PET. As mentioned, the degassing provides additional air
and a distinction between thermal and thermo-oxidative decomposition cannot
be drawn. The comparison between the degassed system and the closed and
open settings indicates a lower degradation for degassing, due to the removal
of the side products and residual water molecules. The same behavior can be
distinguished from the online measurement of melt pressure, denoted as 𝑝𝑒𝑥𝑡.

Based on the measured pressure, the apparent melt viscosity during extrusion
can be calculated by Equation 3.13, 3.19 and 3.24. The calculation is based
on a simplification, assuming a block flow in the transition zone between screw
and die, and hence unified flow conditions in the three horizontal capillaries
with length of 𝐿 = 20𝑚𝑚. The volumetric throughput can be calculated by
the mass throughput and the molar melt volume 𝑉𝑙 at 563𝐾 (290∘𝐶), which
can be achieved by means of the group contribution approach and the Simah
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Figure 4.3: Comparison of complex viscosity at 𝜔 = 3.15𝑠−1 in nitrogen atmo-
sphere and extrusion pressure at different ventilation on L-PET (a)
and different rotational speeds for H-PET (b) at 280∘C.

and Boyer model (Simha and Boyer, 1962; van Krevelen, 1976):

𝑉𝑙 (563) = 𝑉𝑔 (298) + 𝐸𝑔 (𝑇𝑔 − 298) + 𝐸𝑙 (563− 𝑇𝑔) (4.1)

= 143.2 + 4.2 · 10−2 · 55 + 9.4 · 10−2 · 210 (4.2)

= 165.3 𝑐𝑚3/𝑚𝑜𝑙 (4.3)

with a molar volume 𝑉𝑔 = 143𝑐𝑚3.𝑚𝑜𝑙−1 at 298𝐾 of an amorphous PET
and a molar thermal expansivity 𝐸𝑔 and 𝐸𝑙 in the glassy and liquid state
in 𝑐𝑚3.𝑚𝑜𝑙𝐾−1. With a mean 𝑇𝑔 = 353𝐾 and molar mass of the monomer
𝑀𝑚 = 192.2𝑔.𝑚𝑜𝑙−1, the melt density 𝜌𝑙 at 290

∘𝐶 is:

𝜌𝑙 (563) =
𝑀𝑚

𝑉𝑙(298)
= 1.163 𝑘𝑔/𝑐𝑚3 (4.4)

and the volumetric throughput is 𝑄 = 1.075𝑐𝑚3.𝑚𝑖𝑛−1, as a sum of the three
outlets. Taking into account that the actual flow is not a block profile, the flow
in the die possesses shear thinning behavior and the extrusion temperature is
10∘𝐶 higher than in Figure 4.2 (a), the results in Table 4.1 for L-PET are in
reasonable agreement with the viscosity at the corresponding shear rates from
the capillary rheometer.
Badia et al. (2009) repeatedly extruded virgin PET by a twin screw extruder

and found an increase of fluidity with each extrusion. After the fifth extrusion
the material was too brittle to allow probing in solid state. Likely Assadi
et al. found a limit of four extrusion cycles, but besides scission, they found a
vast gelling of the polymer, inhibiting a further processing. Different to Badia
et al., they used post consumer PET which is known to have impurities as PVC
residuals (Scheirs, 1998). Compared to the present long residence time and
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Table 4.1: Online apparent shear rate, shear stress and viscosities during ex-
trusion at 290∘𝐶 for L-PET and H-PET using two different dies
calculated from online pressure measurements.

�̇�𝑒𝑥𝑡 𝑝𝑒𝑥𝑡 𝜏𝑒𝑥𝑡 𝜂𝑒𝑥𝑡

[𝑠−1] [𝑏𝑎𝑟] [𝑃𝑎] [𝑃𝑎𝑠]

L-PET (1mm die)

degassed 1013 95±2 39600 39.0

closed 1013 83±2 34600 34.1

open 1013 70±2 29100 28.7

H-PET (1.4mm die)

40rpm* 768 > 150 87500 113.9

100rpm 369 53±2 30900 83.7

200rpm 369 37±2 21600 58.4

250rpm 369 32±2 18700 50.5

omitting of inert conditions, the degradation is in common scope. An effect of
gelation on the extrusion could not be observed.
The apparent extrusion shear rate of 1013𝑠−1, based on a die diameter of

1𝑚𝑚, is in an order of magnitude which can induce shear degradation. The
following chain extended PETs were produced with a 1.4𝑚𝑚 die to be suitable
for higher viscosities. This decreases the absolute pressure value and the shear
rate to 369𝑠−1, as can be seen by the right columns in Table 4.1. However,
during extrusion the shear degradation in the die is less severe than caused
mechanical degradation by the screw flights.

4.2.2 Shear Degradation

Janssen (1998) described the interaction of processing parameters presented in
Figure 4.4. Although the scheme is to demonstrate the correlations in reactive
processing, it can be used to elucidate degradation effects.
The contribution from the screw revolution rate to shear degradation origi-

nates from higher mechanical energy introduction by shearing the molecules at
the wall and by the intermeshing of the screw flights. A second direct conse-
quence results from locally increased temperature. An enhanced friction con-
tribution at the flights and the barrel leads to a thermal decomposition, in
particular, at large scale extrusion (Janssen, 1998). The effect inside the die is
neglected for the present analysis, since the throughput is constant for 100, 200
and 250𝑟𝑝𝑚 and a constant shear rate is given for the same diameter.
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Figure 4.4: Sketch of extru-
sion interaction
from Janssen
(1998).

As denoted in Figure 4.3 (b), the complex viscosity and online pressure
decreases with higher rotational speed. The reliability of angular frequency
3.15𝑠−1 as representative for a zero-shear viscosity was analyzed by a compari-
son. A master curve, based on the method presented in Section 3.4.1 for pure
H-PET pellets (non compression molded in 𝑁2 atmosphere, not presented),
leads to a zero-shear viscosity of 1280𝑃𝑎𝑠 at 280∘𝐶 and agrees with the ref-
erence presented in the diagram (1310𝑃𝑎𝑠). The results at 40𝑟𝑝𝑚 need to be
analyzed with care, since they were conducted with a throughput of 2.6𝑘𝑔.ℎ−1

and a vacuum pump. With this setting, the combination of the high viscosity
of H-PET and an increased filling allows a pure degassing at the vent, without
an additional air stream. The negative effect of the setting is an overfeeding of
the barrel, which leads to unstable processing conditions. Further, the pressure
transducer reached its maximum and froze at 150𝑏𝑎𝑟. The plotted extrusion
value can only be taken as qualitatively. Although this setting ensures excellent
condition to avoid degradation (low rpm and vacuum), a significant decrease in
the complex viscosity is depicted in Figure 4.3 (b). An expected compensation
by a transesterification does not occur. This confirms the observed lower molar
mass enhancement by a restricted diffusion, as in the case of enlarged sample
rim in Chapter 3.3.3. Despite the applied vacuum, the side products cannot
evaporate in the sealed filled barrel and a balance between polycondensation and
reversible reaction emerges. The extend of this nearly non thermal-oxidative
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degradation is comparable to the L-PET reduction at thermo-oxidative con-
ditions with the degassing setting (64% vs. 66%). Further, by comparing the
degradation of 100𝑟𝑝𝑚 with the same L-PET setting (open) from the tests with
various atmospheres, a similar reduction of H-PET and L-PET can be observed
(35% vs. 38%). Poly(ethylene terephthalate) with high viscosity degrades to
the same extend as low viscous PET during processing. Since the degradation
effect in the rheometer experiment was more pronounced on H-PET, it can be
concluded that the degradation induced by mechanical energy and local tem-
perature plays a crucial role. Besides the plasticizer effect, the impact of molar
mass reduction or a narrowing of polydispersity is gained, as can be inferred
from the changed shear thinning behavior. Unfortunately, no published melt
viscosity reduction could be found on the impact on PET extrusion. Cardi
et al. (1993) reported a reduction of the intrinsic viscosity of 9% on virgin and
recycled PET in a single screw extruder during 3𝑚𝑖𝑛 under nitrogen. Applying
such a reduction on the IV of the present H-PET, would lead to a decrease of the
𝑀𝑣 by 14% from 63.6𝑘𝑔.𝑚𝑜𝑙−1to 54.7𝑘𝑔.𝑚𝑜𝑙−1. By applying the 3.4 power law,
an assumed zero viscosity of 1310𝑃𝑎𝑠 would be reduced to 60% (790𝑃𝑎𝑠). As
mentioned before, the power law has to be analyzed with care of degraded PET,
since an extra contribution to the reduction is expected by oligomers. However,
the reduction is even larger than the observed reduction with degassing system
in this study, although the residence time is longer.

The die radius of 1.4𝑚𝑚 for H-PET was adjusted to handle an increased vis-
cosity of chain extended material. This compensates the higher flow resistance
of H-PET and consequently the shear stress is in the same order of magnitude
for both grades, as can be seen in Table 4.1. The observed comparable degrada-
tion of the L-PET (open) and H-PET at 100𝑟𝑝𝑚 is independent of the a shear
degradation inside the die, it occurs already inside the barrel.

A further contribution, to the enhanced degradation with respect to rota-
tional speed, can emerge from stronger mixing of melt and oxygen. The screw
in the conveying zone is less filled due to the higher rate, and the stirring effect is
enhanced. Additionally, a shear induced reaction can participate in an oxidative
degradation (Colin and Verdu, 2006). However, the degradation process is not
solely initiated be external excitation, e.g. oxygen and temperature, but also
from intrinsic properties, as the occurring of side products. Different stabilizers
are known to suppress the thermal degradation and the emerge of acetaldehyde
(Awaja and Pavel, 2005). Antioxidants inhibiting an auto-accelerated decom-
position by hydroperoxide (Colin and Verdu, 2006). The amount of contained
stabilizers for the present grades is not known. The hydrolysis effect was min-
imized by the drying but still influences the processing. Since the feeding of
dried pellets last up to 30𝑚𝑖𝑛, surface moisture can depose in the hopper. Also
the environmental air supplies water which makes the hydrolysis a determining
aspect.
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Based on the results, a rotational speed of 100𝑟𝑝𝑚 were chosen for the reactive
processing, since it enables a thoroughly mixing, high throughput by large filled
length and minimum of degradation. Since the effect of the vacuum pump
was comparable low, not at least due to the very long drying period, and not
applicable on low viscous grades, no degassing system was applied. A second
reason for the open setting is the processing of a chain extender, which needed
to be added in the melt state, due to its different properties, which will be
introduced in the next section.

4.3 Reactive Processing of PET

Reactive extrusion of PET is employed to either compound impact modifiers
or, as in this study, to induce long and branched molecules. To achieve a LCB
structure, multifunctional chain extenders were chosen which possess different
reactivity with regards to the end groups of the PET backbone. A stable
reaction is a fundamental task for a successful chain extending and depends
on the chain extender reaction, the conversion and the filled length of the co-
rotating extruder (Janssen, 1998) (cf. Figure 4.4).

4.3.1 Chain Extenders

The main requirement of an additive, acting as coupling agent, is the reactivity.
Actually, any molecule with at least two functional end groups can be used as
chain extender. However, the generation of undesirable side products limits the
choice.
A second restriction is the reactivity of the polymer chain. The end groups of

PET consist of either a carboxyl or hydroxyl group, which reduces the amount
of possible chain extender. Common chain extenders for polyesters are cyclic
anhydride (Incarnato et al., 2000; Daver et al., 2008), epoxide (Bikiaris and
Karayannidis, 1995, 1996), oxazoline (Karayannidis and Psalida, 2000; Inata
and Matsumura, 1985, 1986, 1987), and isocyanate (Raffa et al., 2012; Zhang
et al., 2009) based molecules.

Pyromellitic Dianhydride (PMDA)
The tetra-functional pyromellitic dianhydride was chosen to form LCBmolecules.
The PMDA used was supplied by abcr (Germany) as white powder. The melt-
ing point is at ≈286∘𝐶 and the molar mass is 218𝑔.𝑚𝑜𝑙−1. As seen in Figure
4.5, the alcohol end group of the PET reacts with the chain extender (Awaja
et al., 2004) and leads to possible water molecules. A transesterfication should
be also considered, which is independent of the PET end groups (Incarnato
et al., 2000). The applied concentration published varies between 0.08𝑤𝑡.% and
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Figure 4.5: Tetra-functional chain extender PMDA reacting with four hydroxyl
end groups of PET would lead to two water molecules.

Table 4.2: Stoichiometric chain extender concentrations in weight percentage
for one chain extender reacting with four or three PET molecules,
respectively.

PMDA TGDDM TPP

Functionality 4 4 3

Preferred reactant OH COOH both

Concentration [wt.%]

H-PET 0.21 0.26 0.65

L-PET 0.33 0.29 0.91

l-PET 0.36 0.26 0.95

1.00𝑤𝑡.% (Daver et al., 2008; Coccorullo et al., 2009; Incarnato et al., 2000). In
particular, the optimum of PMDA concentration added were different, with re-
spect to a maximum in viscosity or molar mass without gelation. Depending on
the grade or the processing conditions, the maximum concentration was found
at 0.3𝑤𝑡% (Härth et al., 2015) in a lab-extruder under nitrogen. The same con-
centration resulted in gelation conducted by industrial scale experiments under
air (Daver et al., 2008). However, Incarnato et al. (2000), for example, were
able to add 0.5𝑤𝑡.% without gelling.
The stoichiometric concentration can be calculated by the number-average

molar mass, functionality of chain extender and the preferred end group. In
Table 4.2 the theoretical concentration is depicted by assuming a reaction of one
chain extender with four PET chains. If the tetra-functional coupling agents
react only with two chains, the twofold concentration would be necessary.
The calculation assumes that the molar mass is not affected by degradation

during processing. Since a reduction of molar mass and a change of end groups
occurs dynamically, the molar mass of both the neat and extruded PET cannot
describe the reaction kinetics sufficiently. Therefore a broad variation of chain
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Figure 4.6: Tetra-functional chain extender TGDDM reacting with caboxyl and
hydroxyl end groups of PET, e.g. to a linear macromolecule.

extender concentrations were chosen (0.15, 0.3, 0.4, 0.5, 0.65, 0.8, and 1.2𝑤𝑡.%).

Tetraglycidyl Diamino Diphenyl Methane (TGDDM)
The reaction of the epoxy-based tetraglycidyl diamino diphenyl methane
(TGDDM) is a polyaddition (Xanthos et al., 2004). The reported stoichio-
metric values are based on a COOH coupling, since the tetra-functional chain
extender possesses higher reactivity with the carboxyl group. Additionally, a
coupling with OH is also assumed to occur at long reaction times (Japon et al.,
2000a), as it can be seen in Figure 4.6, and even random branching reaction
at the backbone should be considered. TGDDM was supplied by Huntsman as
highly viscous liquid and possesses a molar mass of 422𝑔.𝑚𝑜𝑙−1. The addition
was realized by a heated syringe pump to lower the viscosity and apply a con-
tinuous feeding during extrusion. The concentrations were 0.06, 0.12, 0.31, and
0.61𝑤𝑡.%.

Triphenyl Phosphite (TPP)
The tri-functional triphenyl phosphite (TPP) is a condensing agent, which can
lead to the separation of phenyl. Figure 4.7 only represents the coupling of the
chain ends, but the actual chain extension is rather complex. The reaction is
assumed to start with a consumption of OH groups, before a chain extension
occurs from the COOH ends. Both are essential for the chain lengthening (Aha-
roni et al., 1986). The molar mass of the viscous liquid (abcr) is 422𝑔.𝑚𝑜𝑙−1.
Based on Table 4.2 and reported concentration up to 2.5𝑤𝑡.%, the applied con-
centrations were 0.5, 1, 2, and 3𝑤𝑡.%.

To study the concentrations of interest and the adjustment of the extruder
setting on more detail, preliminary tests were conducted. The batch experi-
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Figure 4.7: Tri-functional chain extender TPP reacting with caboxyl and hy-
droxyl end groups of PET.

ments give an insight into the reaction kinetics, thus giving guidelines for the
continuous reactive extrusion.

4.3.2 Preliminary Results

The experiments were conducted on a Brabender PL2000 internal batch mixer
with a heating chamber of 60𝑐𝑚2, two rotors and a torque transducer. Besides
the torque, the melt temperature was recorded. The applied temperature was
270∘𝐶 and the rotational speed 60𝑟𝑝𝑚. This setting was verified by variations
betwen 255∘𝐶 and 285∘𝐶, and 40𝑟𝑝𝑚 and 80𝑟𝑝𝑚. The load was 30𝑔 for PMDA
and 36𝑔 for TGDDM and TPP, which increases the torque response. At least
three trials were conducted for PMDA and TPP and two for TGDDM. The
torque measured by the kneader can be seen as simplified measure of viscosity,
as long as different effects during the measurement are considered, e.g. temper-
ature and shear rate changes.
As seen in Figure 4.8 (a), after adding the neat PET the solid granules

start to melt and stick to the rotor, reflected by a sharp increase (not fully
displayed) and subsequent decrease. The level of torque can be correlated with
the molar mass from H-PET to l-PET. A continuous reduction can be noted
and attributed to the thermo-oxidative degradation.
The kneader promotes the degradation effect, since it stirs air into the melt.

To recall, the low viscosity is not only an effect of lower molar mass gener-
ated by scission, but also of dilution by small molecules. A slipping between
melt and blade is excluded, since the viscosity and the shear stress is too low
and the thermal-oxidative reactions enhance polymer adhesion. The transverse
stripped area marks the melting of the polymer. Since a constant degradation
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Figure 4.8: Comparison of torque over time for neat l-, L- and H-PET (a) and
for L-PET with different PMDA concentrations (b) at 270∘𝐶.

of polymer occurs during kneading, the melt phase (2-4𝑚𝑖𝑛) was assumed from
the change of slopes, denoted as 0𝑚𝑖𝑛.

Pyromellitic Dianhydride (PMDA)
The addition of PMDA to the PET grades investigated lead to an increase of
torque depending on the chain extender concentration. Figure 4.8 (b) shows
at first a reduction of L-PET due to melting and degradation, which is coun-
teracted subsequently by the chain extender from 2𝑚𝑖𝑛. 0.15𝑤𝑡.% PMDA lead
to a compensation of the degradation effect before the degradation prevails, as
can be distinguished by the reference. Concentrations of 0.3, 0.4, and 0.5𝑤𝑡.%
PMDA lead to a drastic increase of torque, followed by a maximum at around
7.5 to 12𝑚𝑖𝑛 and a continuous reduction. The linear difference between the
peak level reflects a remaining reactive potential for higher concentrations. The
slope of the graphs indicate no difference in reaction rate. The shift to longer
reaction times with higher concentration, as was also observed by Incarnato
et al. (2000), is assumed to originate from the feeding of the powder. Since the
hopper of the chamber is small, the PMDA added remains at first at the surface
and tends to phase separation. This poor and delayed dispersion inhibits also
the application of 1𝑤𝑡%. Therefore, the feeding during extrusion was conducted
permanently and the metering zone was set to 290∘𝐶, ensuring PMDA to be
above melting temperature.

Tetraglycidyl Diamino Diphenyl Methane (TGDDM)
The results of TGDDM in Figure 4.9 illustrate a chain extension by an increase
of melt resistance, which depends on the concentration of the additive. l-, L-
and H-PET in (a), (b) and (c) possesses a higher reaction rate as a result of
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Figure 4.9: Comparison of l-, L- and H-PET in torque rheometer (a) and L-PET
with different TGDDM concentrations (b) at 270∘𝐶.
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higher chain extender concentration, as reflected by the variations of the slope.
The slope indicates also a faster reaction for H- and L-PET which have a higher
carboxyl concentration. From the graph of 1𝑤𝑡.% in all plots, a second reaction
starting at 5𝑚𝑖𝑛, can be noticed. Possible sources are a delayed homopolymer-
ization of the chain extender (Japon et al., 2000b), and a reaction of OH groups
or newly emerged COOH groups, from the degradation process with remaining
chain extenders at longer mixing times. The maximum are between 4 and 6𝑚𝑖𝑛
neglecting the highest concentration. The absolute increase in melt resistance
corresponds to the initial molar mass and the carboxyl group concentration.
Comparing each concentration in Figure 4.9 (a), (b), and (c), H-PET has the
highest and l-PET the lowest response. However, the reduced enhancement,
with respect to the initial value, is for H-PET the lowest (factor 3.5) and for L-
PET (factor 11) the highest at 0.5𝑤𝑡%. l-PET increases by factor 8.5, although
it has a low potential due to the lower COOH concentration compared to the
other grades.

Triphenyl Phosphite (TPP)
Figure 4.10 (a), (b) and (c) illustrate the torque rheometer diagrams of l-, L-
and H-PET. The compounding of PET with TPP leads to an increased torque
with higher concentration of TPP by a concurrent increase of reaction rate.
Again, the reaction rate is the highest for H-PET. The prediction of the re-
action kinetic assumes at first OH consumption, which would be terminated
at first for H-PET, followed by the chain lengthening by thermal excitation
(Aharoni et al., 1986). By examining the temperature dependence during the
reaction, as depicted in Figure 4.10 (d), an almost similar curve compared to
the torque can be noted. From the reference measurement it can be seen that
the melt temperature is higher than the temperature measured at the chamber
housing (270∘𝐶). The control of temperature leads to a sinusoidal graph which
is also reflected as viscosity/temperature dependence in the torque signal. Since
the temperature curve of the reference is horizontal, the increase of the chain
extended samples originates either from an exothermic reaction, or a higher dis-
sipation contribution due to extended molecules. The chain coupling via TPP is
a condensation reaction, and side products are generated during reaction. This
implies that these products need to be removed to prevent a reversible reaction.
Indeed, the side products evaporate during processing, leading to highly toxic
steam consisting of different phosphite derivatives. As can be seen in Figure
4.10, a higher TPP concentration leads not only to higher enhancement, but
also a more intense degradation during processing. Tests on samples produced
show a strong reduction of viscosity within a few days, which is even faster
during drying at 130∘𝐶. Due to the toxicity and unstable behavior, no further
reactive extrusion experiments with TPP were conducted.
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Figure 4.10: Comparison of l-, L- and H-PET in torque rheometer (a), (b), and
(c) and the temperature evolution of H-PET with different TPP
concentrations (d) at 270∘𝐶.

The impact of rotational speed was probed on all chain extenders. The speed
of 40𝑟𝑝𝑚 leads to a slower reaction than 60 and 80𝑟𝑝𝑚, which possessed neg-
ligible differences in conversion rate. This shows that the efficiency of reaction
depends on the mixing to a certain maximum. Besides an expected coupling
between the agent and main chain, a homopolymerization of the chain extender
needs to be taken into account (Japon et al., 2000a). A higher functionality
and cross-linking tendency would emerge, which makes the dispersion of the
additive a crucial necessity.

4.3.3 Chain Extension with Twin Screw Extruder

PMDA and TGDDM were added continuously at extruder zone 4, ensuring melt
state for all materials. As shown by the batch experiments, a thorough, but
also moderate mixing facilitates the reaction and therefore a rotational speed
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Figure 4.11: Extruder pressure vs. time for H-PET and addition of 0.12𝑤𝑡%
of TGDDM at approximately 40𝑚𝑖𝑛 (a) and extruder pressure of
different PMDA (b) and TGDDM (c) concentrations.
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of 100𝑟𝑝𝑚 was chosen. This ensures a sufficient mixing and conversion, due to
a residence time of 8:30𝑚𝑖𝑛 (Xanthos et al., 2004) (cf. Figure 4.4). The applied
reaction time is inferred from the results obtained from the torque rheometer.
It was chosen to conduct equal processing conditions for both coupling agents.
Since the processing conditions of the extruder and batch mixer differ, a direct
comparison of the operation parameter is not possible.

In Figure 4.11 (a) a reactive extrusion of H-PET with 0.12𝑤𝑡.% TGDDM
is illustrated. The first increase reflects the filling of the extruder, and the
first plateau the approach of steady processing conditions of neat material.
Subsequently the chain extender is added, resulting in a further increase of
the online pressure. The second steady plateau shows the successful reactive
extrusion, which originates from the increased viscosity of the reacted material,
which is used for further investigations (transverse striped). The average of
the processing pressure as a function of chain extender content can be seen by
Figure 4.11 (b) for PMDA and Figure 4.11 (c) for TGDDM. The error bars
reflect the plateau scattering seen in Figure 4.11 (a). All grades possess a linear
increase of extrusion pressure depending on the chain extender concentration.
For PMDA, a plateau or even a reduction starts from 0.5𝑤𝑡.%, and at 0.8𝑤𝑡.%
all grades overlap in a single point. Such a plateau or an approach to a single
melt pressure, regardless of the PET grade, cannot be observed for TGDDM.
The addition of 0.62𝑤𝑡.% TGDDM led to a highly elastic material, which could
not be removed, and led to a blockage of the extruder conveying. This grade
is not considered further. The occurrence of stable processing conditions is
a slow process, as can be seen in Figure 4.11 (a). In particular, industrial
scale processing needs to avoid disturbances which could result in thermal,
hydrodynamic or chemical instabilities. Therefore, temperature, pressure and
flow rate are the variables that need to be controlled. Unfortunately, as found in
Section 4.3.2, the exothermic reaction and higher dissipation energy lead to an
increase of melt temperature. This was also seen by the extruder experiments,
by an increase of the barrel temperature to 320∘𝐶, depending on chain extender
concentration. Since a strong degradation was obtained, an additional cooling
device improved the processing. The graphs display only produced materials
which were investigated by rheological tests.

DSC measurements on chain extended samples reveal a constant glass tran-
sition temperature and almost constant melt temperature, which was slightly
affected by degradation products.

Based on the online pressure and a constant shear rate, the apparent viscosity
for all PET with 0.8𝑤𝑡% PMDA, as calculated in Chapter 3.3.1, is around
130𝑃𝑎𝑠 from an initial viscosity of 81, 38, and 31𝑃𝑎𝑠 for the H-, L-, and l-
PET, respectively. This seems to be a fair increase for the two low molar
mass materials, but the high molar mass H-PET is less than two times higher.
Especially by realizing the vast reduction during processing, the enhancement
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seems to be small. However, since the extrusion shear rate is in the shear
thinning regime, the viscosity needs to be analyzed over a wide shear rate and
angular frequency spectrum, respectively.

4.4 Conclusion

The results of extruded H-PET and L-PET with variations of the vent setting
and mechanical induced shearing exhibit a dominating degradation regardless
of the extruder setting. Even with a degassing and thorough drying, an occur-
ring polycondensation inside the filled barrel is in balance with the reversible
reaction, and no increase of viscosity can be expected. However, if oligomeric
side products would be removed, e.g. by fractionation, higher viscosity and
melt strength can be expected.
Degradation without degassing leads to around 40% of the initial viscosity.

Besides an dilution of oligomeric side products (plasticizer effect), a strong in-
fluence of mechanical induced degradation accompanied by a locally increased
temperature was observed. This was reflected by changes of the shear thinning
behavior, which originates in either a molar mass reduction or in narrowing
of polydispersity. The main degradation mechanism was identified as a conse-
quence of shearing. The impact of thermo-oxidative degradation is comparable
small to shear and pure thermal contributions. This emphasizes the need of a
twin screw extruder with moderate shear conditions, which is known to induce
less energy into the material compared to a single screw extruder.
The reactive processing was preliminary conducted in a torque rheometer.

The batch experiment revealed a dependence of the chain extender employed
and the corresponding PET end group reactivity, which leads to the conclusion
that a tailored dose is necessary for PET and chain extender combinations.
However, the three PET grades show a successful increase of viscosity with

pyromellitic dianhydride (PMDA) and tetraglycidyl diamino diphenyl methane
(TGDDM). This was confirmed by reactive extrusion with the twin-screw ex-
truder, and an online measurement of an increasing and stable pressure. From
the batch experiments it was found that triphenyl phosphite (TPP) is not a
useful chain extender due to rapid degradation and toxicity.



5 Rheological Characterization of

Branched PET

The linear viscoelastic behavior of a polymer is controlled by the structure of
the chain and is used in this study to analyze the molecular characteristics.
The first part of this chapter covers the analysis by means of dynamic shear
rheology. Due to different applied temperatures, a wide range of the storage
and loss modulus, complex viscosity and phase angle allows a precise study of
molar mass, molar mass distribution and branching. Further, the non-linear
behavior gives a deeper and secured insight of the molecular architecture, e.g.
the long-chain branching (Wagner et al., 2005; Lohse et al., 2002). Finally,
the experimentally determined linear behavior and the non-linear behavior are
modeled by a constitutive equation. The molecular stretch function model
considers the orientation and the stretch of the molecule, which is expressed
by the parameter 𝑓 2

𝑚𝑎𝑥. The branching of the molecule is represented by 𝛽
(Wagner et al., 2004), and correlations between intrinsic molecular features
and the macroscopic material response can be shown.

5.1 Linear Viscoelasticity

The linear viscoelastic characterization is widely used in polymer science and
can lead to information about the molecular topology (Wood-Adams et al.,
2000). It was shown that based on 𝐺′ and 𝐺′′, prediction of the molar mass
distribution can be achieved (Van Ruymbeke et al., 2002; Kheirandish, 2005).
The analysis of the loss angle leads to an insight of the branched (Trinkle
and Friedrich, 2001; Rolón-Garrido, 2014) and gel-like content (Winter and
Chambon, 1986; Chambon and Winter, 1987; Rolón-Garrido, 2014).

5.1.1 Dynamic Moduli and Viscosity

The master curves of the storage and loss modulus shifted to a reference tem-
perature 265∘𝐶 can be seen in Figure 5.1 for all PET grades and four different
concentrations of PMDA. The well overlapped data measured at four different
temperatures demonstrate the superposition, and the solid line represents the
calculated generalized Maxwell model. Due to either condensation reaction or
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Figure 5.1: Comparison of time-temperature superposition of storage and loss
modulus and calculations from general Maxwell model for H-PET
(a), L-PET (b) and l-PET (c) with different concentrations of
PMDA.
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thermal degradation, differing data were discarded following the procedure de-
scribed in Section 3.4. This is reflected by the predictions which expand to lower
frequencies compared to the measured values. For the sake of clarity, the data
of each concentration is shifted by a factor. All graphs include a processed ref-
erence data set (0%) and 0.3, 0.5, and 0.8𝑤𝑡.%. Additionally, 0.15𝑤𝑡.% PMDA
was added to H-PET Figure 5.1 (a), and 0.4𝑤𝑡.% to L-PET Figure 5.1 (b) and
l-PET Figure 5.1 (c), respectively. All grades exhibit a flattening of 𝐺′ and
𝐺′′ with increasing chain extender content. The onset to the terminal regime
is shifted to lower frequencies and the approach is outside of the experimental
window. Consequently, the cross-point of the moduli vanishes into a tapered
narrowing over a long frequency range. Especially the two highest concentra-
tions in each graph exhibit a gel-like behavior at short relaxation times, which is
indicated by parallel moduli (Chambon and Winter, 1987). This behavior can
be attributed mostly to the increasing storage moduli, due to higher entropic
elasticity from a chain lengthening. Although branching should be included into
the consideration, a clear distinction cannot be drawn, since possible broaden-
ing of the MMD and increase of molar mass influence the moduli and inhibits
a straight forward analysis of 𝐺′ and 𝐺′′.

The effect of 0.06, 0.12, and 0.31𝑤𝑡.% TGDDM added to H-PET in Figure
5.2 (a) and l-PET in Figure 5.2 (b) is qualitatively similar to the chain extend-
ing with PMDA. Nevertheless, the parallel evolution for 0.31𝑤𝑡.% is observed
for both grades and more prominent compared to the samples with PMDA.
Consequently, the predicted transition to a terminal regime at low frequencies
is speculative for 0.31𝑤𝑡.% TGDDM. Additionally, the difference between the
extent of prediction and the non-discarded data are larger for TGDDM than
for PMDA. This is due to a stronger ongoing reaction during the dynamic mea-
surement, as was already observed from high reactivity during the batch test
reported in Section 4.3.2. Both moduli increase with chain extender concentra-
tion, but the increased molar mass leads to a more pronounced elastic response
(cf. Section 5.1.3) and a higher complex relaxation modulus (cf. Equation
2.68).

The calculated discrete relaxation modes, shift factors, zero-shear viscosity,
and activation energy of flow are reported in the Table 5.1, 5.2, and 5.3.

A more lucid comparison of the chain extended PET data is given by plotting
the master curve of the complex viscosity. The efficient application of chain
extender can be noted in Figure 5.3 (a) for H-PET. With increasing PMDA
concentration both the shear thinning behavior and the Newtonian plateau in-
crease in a similar way, as was observed for neat PET due to an enhancement
of molar mass during the measurement in Section 3.3.3. All graphs converge
at high frequencies, reflecting the same chemical consistency. The largest con-
tribution to an increased zero-shear viscosity originates from the molar mass
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Table 5.1: Discrete relaxation moduli and times, zero viscosity at reference tem-
perature 265∘𝐶, flow activation energy and shift factors for 272, 280,
and 288∘𝐶 of chain extended H-PET.

H-PET with 0% 0.06% TGDDM 0.12% TGDDM 0.12% TGDDM

𝜂0 = 616𝑃𝑎𝑠 𝜂0 = 1207𝑃𝑎𝑠 𝜂0 = 3354𝑃𝑎𝑠 𝜂0 = 21866𝑃𝑎𝑠

𝑔𝑖(𝑃𝑎) 𝜆𝑖(𝑠) 𝑔𝑖(𝑃𝑎) 𝜆𝑖(𝑠) 𝑔𝑖(𝑃𝑎) 𝜆𝑖(𝑠) 𝑔𝑖(𝑃𝑎) 𝜆𝑖(𝑠)

5.29× 105 5.57× 10−4 6.05× 105 4.80× 10−4 5.04× 105 6.97× 10−4 4.10× 106 3.51× 10−5

4.80× 104 4.32× 10−3 7.23× 104 3.87× 10−3 6.52× 104 6.17× 10−3 1.07× 105 2.28× 10−3

3.87× 106 2.46× 10−2 1.41× 104 1.67× 10−2 1.57× 104 3.22× 10−2 3.09× 104 1.05× 10−2

4.42× 104 3.1× 10−1 3.06× 103 6.78× 10−2 4.00× 103 1.54× 10−1 1.39× 104 4.21× 10−2

4.57× 102 3.03× 10−1 9.02× 102 7.59× 10−1 5.25× 103 1.73× 10−1

2.40× 101 2.35× 100 1.44× 102 5.59× 100 2.23× 103 6.33× 10−1

1.09× 103 2.27× 100

4.28× 102 7.34× 100

2.01× 102 4.79× 101

𝐸𝐴 = 44.3𝑘𝐽.𝑚𝑜𝑙−1𝐾−1 𝐸𝐴 = 63.1𝑘𝐽.𝑚𝑜𝑙−1𝐾−1 𝐸𝐴 = 111.5𝑘𝐽.𝑚𝑜𝑙−1𝐾−1 𝐸𝐴 = 254.1𝑘𝐽.𝑚𝑜𝑙−1𝐾−1

𝑙𝑜𝑔𝑎𝑇 (−) 𝑙𝑜𝑔𝑏𝑇 (−) 𝑙𝑜𝑔𝑎𝑇 (−) 𝑙𝑜𝑔𝑏𝑇 (−) 𝑙𝑜𝑔𝑎𝑇 (−) 𝑙𝑜𝑔𝑏𝑇 (−) 𝑙𝑜𝑔𝑎𝑇 (−) 𝑙𝑜𝑔𝑏𝑇 (−)

-0.093 -0.058 -0.250 -0.094 -0.273 -0.112 -0.149 -0.031

-0.173 -0.064 -0.250 -0.030 -0.434 -0.150 -0.430 -0.138

-0.174 -0.057 -0.263 -0.034 -0.360 -0.075 -0.952 -0.372

0.15% PMDA 0.3% PMDA 0.5% PMDA 0.8% PMDA

𝜂0 = 1274𝑃𝑎𝑠 𝜂0 = 4100𝑃𝑎𝑠 𝜂0 = 8589𝑃𝑎𝑠 𝜂0 = 10592𝑃𝑎𝑠

𝑔𝑖(𝑃𝑎) 𝜆𝑖(𝑠) 𝑔𝑖(𝑃𝑎) 𝜆𝑖(𝑠) 𝑔𝑖(𝑃𝑎) 𝜆𝑖(𝑠) 𝑔𝑖(𝑃𝑎) 𝜆𝑖(𝑠)

5.20× 105 5.30× 10−4 3.95× 105 7.34× 10−4 3.42× 105 6.39× 10−4 4.48× 105 4.61× 10−4

6.35× 104 3.93× 10−3 5.98× 104 6.09× 10−3 5.90× 104 5.10× 10−3 6.93× 104 4.40× 10−3

1.57× 104 1.65× 10−2 2.06× 104 2.85× 10−2 2.56× 104 2.48× 10−2 2.96× 104 2.10× 10−2

3.94× 103 6.26× 10−2 6.91× 103 1.30× 10−1 9.77× 103 1.14× 10−1 1.21× 104 9.35× 10−2

6.49× 102 2.58× 10−1 1.81× 103 5.87× 10−1 3.64× 103 4.94× 10−1 5.07× 103 4.08× 10−1

2.15× 101 1.87× 100 2.87× 102 2.46× 100 1.18× 103 2.03× 100 1.78× 103 1.75× 100

6.04× 100 2.30× 101 2.27× 102 7.22× 100 4.37× 102 6.41× 100

5.61× 100 5.15× 101 6.61× 100 5.93× 101

𝐸𝐴 = 88.7𝑘𝐽.𝑚𝑜𝑙−1𝐾−1 𝐸𝐴 = 179.7𝑘𝐽.𝑚𝑜𝑙−1𝐾−1 𝐸𝐴 = 227.7𝑘𝐽.𝑚𝑜𝑙−1𝐾−1 𝐸𝐴 = 238.5𝑘𝐽.𝑚𝑜𝑙−1𝐾−1

𝑙𝑜𝑔𝑎𝑇 (−) 𝑙𝑜𝑔𝑏𝑇 (−) 𝑙𝑜𝑔𝑎𝑇 (−) 𝑙𝑜𝑔𝑏𝑇 (−) 𝑙𝑜𝑔𝑎𝑇 (−) 𝑙𝑜𝑔𝑏𝑇 (−) 𝑙𝑜𝑔𝑎𝑇 (−) 𝑙𝑜𝑔𝑏𝑇 (−)

0.013 0.019 -0.161 -0.059 -0.419 -0.163 -0.311 -0.137

-0.127 -0.024 -0.487 -0.143 -0.669 -0.279 -0.619 -0.177

-0.343 -0.068 -0.738 -0.250 -1.005 -0.340 -0.940 -0.281
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Figure 5.2: Comparison of time-temperature superposition of storage and loss
modulus and calculations from general Maxwell model (solid line)
for H-PET (a) and l-PET (b) with different concentrations of
TGDDM.

Table 5.2: Discrete relaxation moduli and times, zero viscosity at reference tem-
perature 265∘𝐶, flow activation energy and shift factors for 272, 280,
and 288∘𝐶 of chain extended L-PET.

L-PET with 0% 0.06% TGDDM 0.12% TGDDM 0.31% TGDDM

𝜂0 = 558𝑃𝑎𝑠 - - -

𝑔𝑖(𝑃𝑎) 𝜆𝑖(𝑠)

6.62× 105 4.00× 10−4

6.19× 104 3.20× 10−3

5.10× 103 1.67× 10−2

3.70× 101 3.59× 10−1

𝐸𝐴 = 55.3𝑘𝐽.𝑚𝑜𝑙−1𝐾−1

𝑙𝑜𝑔𝑎𝑇 (−) 𝑙𝑜𝑔𝑏𝑇 (−)

-0.063 -

-0.149 -

-0.217 -

0.3% PMDA 0.4% PMDA 0.5% PMDA 0.8% PMDA

𝜂0 = 3697𝑃𝑎𝑠 𝜂0 = 9507𝑃𝑎𝑠 𝜂0 = 15118𝑃𝑎𝑠 𝜂0 = 23012𝑃𝑎𝑠

𝑔𝑖(𝑃𝑎) 𝜆𝑖(𝑠) 𝑔𝑖(𝑃𝑎) 𝜆𝑖(𝑠) 𝑔𝑖(𝑃𝑎) 𝜆𝑖(𝑠) 𝑔𝑖(𝑃𝑎) 𝜆𝑖(𝑠)

4.56× 105 4.97× 10−4 1.78× 106 9.04× 10−5 4.20× 105 5.22× 10−4 4.87× 105 3.54× 10−4

6.22× 104 4.78× 10−3 8.62× 104 3.39× 10−3 6.66× 104 5.57× 10−3 6.74× 104 5.14× 10−3

2.05× 104 2.25× 10−2 2.98× 104 1.66× 10−2 2.72× 104 2.92× 10−2 2.85× 104 2.95× 10−2

7.43× 103 9.66× 10−2 1.29× 104 6.70× 10−2 1.10× 104 1.50× 10−1 1.16× 104 1.58× 10−1

2.24× 103 4.06× 10−1 5.54× 103 2.74× 10−1 4.27× 103 7.27× 10−1 4.91× 103 8.03× 10−1

4.64× 102 1.60× 100 2.07× 103 1.11× 100 1.48× 103 3.37× 100 1.96× 103 3.86× 100

3.28× 101 1.04× 101 6.04× 102 4.14× 100 2.00× 102 1.36× 101 4.49× 102 1.39× 101

5.99× 101 2.33× 101 1.20× 101 1.08× 102 1.47× 101 1.41× 102

𝐸𝐴 = 128.1𝑘𝐽.𝑚𝑜𝑙−1𝐾−1 𝐸𝐴 = 211.7.3𝑘𝐽.𝑚𝑜𝑙−1𝐾−1 𝐸𝐴 = 229.0𝑘𝐽.𝑚𝑜𝑙−1𝐾−1 𝐸𝐴 = 275.6𝑘𝐽.𝑚𝑜𝑙−1𝐾−1

𝑙𝑜𝑔𝑎𝑇 (−) 𝑙𝑜𝑔𝑏𝑇 (−) 𝑙𝑜𝑔𝑎𝑇 (−) 𝑙𝑜𝑔𝑏𝑇 (−) 𝑙𝑜𝑔𝑎𝑇 (−) 𝑙𝑜𝑔𝑏𝑇 (−) 𝑙𝑜𝑔𝑎𝑇 (−) 𝑙𝑜𝑔𝑏𝑇 (−)

-0.118 -0.006 -0.387 -0.133 -0.337 -0.075 -0.367 -0.089

-0.292 -0.061 -0.692 -0.225 -0.596 -0.155 -0.713 -0.194

-0.510 -0.134 -0.841 -0.277 -0.932 -0.255 -1.109 -0.296
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Table 5.3: Discrete relaxation moduli and times, zero viscosity at reference tem-
perature 265∘𝐶, flow activation energy and shift factors for 272, 280,
and 288∘𝐶 of chain extended l-PET.

l-PET with 0% 0.06% TGDDM 0.12% TGDDM 0.12% TGDDM

𝜂0 = 485𝑃𝑎𝑠 𝜂0 = 367𝑃𝑎𝑠 𝜂0 = 881𝑃𝑎𝑠 𝜂0 = 15922𝑃𝑎𝑠

𝑔𝑖(𝑃𝑎) 𝜆𝑖(𝑠) 𝑔𝑖(𝑃𝑎) 𝜆𝑖(𝑠) 𝑔𝑖(𝑃𝑎) 𝜆𝑖(𝑠) 𝑔𝑖(𝑃𝑎) 𝜆𝑖(𝑠)

3.75× 105 5.72× 10−4 5.43× 106 1.98× 10−5 3.93× 105 6.17× 10−4 4.26× 106 3.41× 10−5

7.37× 104 3.19× 10−3 8.00× 104 1.74× 10−3 2.75× 104 6.52× 10−3 9.57× 104 2.40× 10−3

2.63× 102 1.03× 10−1 6.81× 103 1.03× 10−2 4.24× 103 4.04× 10−2 2.37× 104 1.03× 10−2

6.08× 102 5.72× 10−2 5.19× 102 5.12× 10−1 8.99× 103 2.78× 10−2

1.84× 101 8.32× 10−1 5.48× 101 2.93× 100 6.86× 103 6.96× 10−2

4.06× 103 2.46× 10−1

2.30× 103 1.06× 100

1.71× 103 6.52× 100

𝐸𝐴 = 37, 1𝑘𝐽.𝑚𝑜𝑙−1𝐾−1 𝐸𝐴 = 69.2𝑘𝐽.𝑚𝑜𝑙−1𝐾−1 𝐸𝐴 = 89.0𝑘𝐽.𝑚𝑜𝑙−1𝐾−1 𝐸𝐴 = 36.7𝑘𝐽.𝑚𝑜𝑙−1𝐾−1

𝑙𝑜𝑔𝑎𝑇 (−) 𝑙𝑜𝑔𝑏𝑇 (−) 𝑙𝑜𝑔𝑎𝑇 (−) 𝑙𝑜𝑔𝑏𝑇 (−) 𝑙𝑜𝑔𝑎𝑇 (−) 𝑙𝑜𝑔𝑏𝑇 (−) 𝑙𝑜𝑔𝑎𝑇 (−) 𝑙𝑜𝑔𝑏𝑇 (−)

-0.041 0.024 -0.115 -0.024 -0.144 -0.006 -0.095 0.050

-0.076 0.085 -0.171 -0.024 -0.278 -0.054 -0.147 0.053

-0.153 0.128 -0.289 -0.030 -0.351 -0.048 -0.147 0.189

0.3% PMDA 0.4% PMDA 0.5% PMDA 0.8% PMDA

𝜂0 = 2875𝑃𝑎𝑠 𝜂0 = 4975𝑃𝑎𝑠 𝜂0 = 13806𝑃𝑎𝑠 𝜂0 = 34620𝑃𝑎𝑠

𝑔𝑖(𝑃𝑎) 𝜆𝑖(𝑠) 𝑔𝑖(𝑃𝑎) 𝜆𝑖(𝑠) 𝑔𝑖(𝑃𝑎) 𝜆𝑖(𝑠) 𝑔𝑖(𝑃𝑎) 𝜆𝑖(𝑠)

6.07× 105 2.50× 10−4 3.86× 105 5.01× 10−4 3.39× 105 6.06× 10−4 2.82× 106 4.85× 10−5

7.21× 104 2.79× 10−2 5.43× 104 4.83× 10−3 5.57× 104 5.71× 10−3 7.62× 104 3.82× 10−3

2.54× 104 1.27× 10−3 2.00× 104 2.35× 10−2 2.31× 104 3.03× 10−2 3.32× 104 2.14× 10−2

8.97× 103 6.06× 10−3 7.40× 103 1.14× 10−1 8.92× 103 1.61× 10−1 1.39× 104 1.00× 10−1

2.50× 103 2.79× 10−1 2.28× 103 5.39× 10−1 3.27× 103 8.15× 10−1 6.87× 103 4.39× 10−1

4.91× 102 4.91× 100 4.84× 102 2.33× 100 1.03× 103 3.83× 100 3.28× 103 1.94× 100

3.97× 101 9.29× 100 4.43× 101 1.93× 101 1.09× 102 1.99× 101 1.56× 103 8.02× 100

1.42× 101 1.67× 102 1.79× 102 3.41× 101

1.90× 101 2.18× 102

𝐸𝐴 = 144.1𝑘𝐽.𝑚𝑜𝑙−1𝐾−1 𝐸𝐴 = 152.8𝑘𝐽.𝑚𝑜𝑙−1𝐾−1 𝐸𝐴 = 245.0𝑘𝐽.𝑚𝑜𝑙−1𝐾−1 𝐸𝐴 = 285.8𝑘𝐽.𝑚𝑜𝑙−1𝐾−1

𝑙𝑜𝑔𝑎𝑇 (−) 𝑙𝑜𝑔𝑏𝑇 (−) 𝑙𝑜𝑔𝑎𝑇 (−) 𝑙𝑜𝑔𝑏𝑇 (−) 𝑙𝑜𝑔𝑎𝑇 (−) 𝑙𝑜𝑔𝑏𝑇 (−) 𝑙𝑜𝑔𝑎𝑇 (−) 𝑙𝑜𝑔𝑏𝑇 (−)

-0.233 -0.076 -0.231 -0.073 -0.369 -0.152 -0.416 -0.105

-0.332 -0.107 -0.398 -0.129 -0.571 -0.212 -0.792 -0.193

-0.608 -0.193 -0.624 -0.187 -1.022 -0.329 -1.145 -0.300
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Figure 5.3: Comparison of master curves of complex viscosity and calculations
from general Maxwell model (solid line) for H-PET (a), L-PET (b)
and l-PET (c) with different concentrations of PMDA.



5.1 Linear Viscoelasticity 95

Table 5.4: End group probabilities and density at 23∘𝐶 for H-, L-, and l-PET.

H-PET L-PET l-PET

Probability of end group [-]

OH 0.605 0.695 0.730

COOH 0.395 0.305 0.270

Probability of end group combination [-]

OH-OH 0.366 0.483 0.533

COOH-COOH 0.156 0.093 0.073

OH-COOH 0.478 0.424 0.394

Density
[︀
𝑔.𝑐𝑚−3

]︀
1.355 ±0.040 1.395 ±0.012 1.401 ±0.018

(Ferry, 1980). However, an extended shear thinning behavior is directly related
to an increased entanglement density, which increases with molar mass, MMD
and, in particular, LCB (Vega et al., 2002). The difference between 0.5𝑤𝑡.%
and 0.8𝑤𝑡.% is small, indicating apparently the approach of a terminated chain
extension reaction between PMDA and H-PET. A comparison of 0.3, 0.5 and
0.8𝑤𝑡.% with L-PET Figure 5.3 (b) and l-PET Figure 5.3 (c) illustrates a
higher efficiency for higher concentration compared to H-PET. In particular,
l-PET shows a substantial increased complex viscosity between 0.5𝑤𝑡.% and
0.8𝑤𝑡.% for PMDA.

These findings correlate with the preferred OH end group reactivity of PMDA
and the highest concentration of alcohol groups for l-PET, and lowest for H-PET
(Table 5.4), respectively. By comparing the low frequency region of the grades,
L-PET and l-PET reveal the highest absolute values of complex viscosity and
the Newtonian plateau is not captured fully in the experimental window.

The impact of TGDDM on H-PET (a) and l-PET (b) can be seen in Fig-
ure 5.4. The successful reaction can be noticed from the reference and an
increased viscosity for 0.06𝑤𝑡.% and 0.12𝑤𝑡.% TGDDM in both graphs, which
again merge at high frequencies despite 0.06𝑤𝑡.% added to l-PET. However, the
addition of 0.31𝑤𝑡.% TGDDM leads to a vast shear thinning behavior, which
can also include a yield stress at low frequencies, in contrast to the prediction
illustrated. This effect is largely prominent for l-PET indicating an up-turn, al-
though it possesses the lowest concentration of COOH end group, which should
be preferred by TGDDM. This leads to the conclusion that an excess supply
of TGDDM leads to cross-linking, which can be supported by a homopolymer-
ization and a subsequently increased functionality. Since the initial end group
concentration plays a minor role, the COOH groups, which emerge during pro-
cessing from degradation, facilitate a reaction with the epoxy based chain ex-
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Figure 5.4: Comparison of master curves of complex viscosity and fitting by
general Maxwell model (solid line) for H-PET (a) and l-PET (b)
with different concentrations of TGDDM.

tender. Further, it should be considered that the high reactive epoxy group
leads to bondings at the backbone, due to thermo-oxidative induced radicals.
However, the lack of a Newtonian plateau can also originate from the ongoing
reaction during the measurement, since the distinction between enhancement,
thermal stability and thermal degradation is more sophisticated compared to
PMDA. Nevertheless, the linear viscoelastic behavior of the samples with high
TGDDM concentrations shows large similarities with hyperbranched PET (Kil
et al., 2003).

Both, the increase and flattening of the storage and loss modulus, can be
found in the literature for PMDA (Daver et al., 2008; Incarnato et al., 2000;
Yilmazer et al., 2000; Forsythe et al., 2006) and TGDDM (Japon et al., 2001).
Additionally, the broader shear thinning behavior and convergence at high fre-
quencies of the complex viscosity were found for different molar masses of PET
(Rosu et al., 2000; Coccorullo et al., 2009; Härth et al., 2014) and also for
polyolefins (Wood-Adams et al., 2000; Lohse et al., 2002).

5.1.2 Zero-Shear Viscosity and Flow Activation Energy

The quantitative comparison of non-Newtonian liquids with different molecular
architecture is complicated due to the dependence on flow rate. Therefore, the
viscosity at zero-shear rate can be used for a comparison, since it is propor-
tional to a power-law to the molar mass of the molecule (cf. Section 2.3.2).
Degradation and the impact on the viscosity is comparable for all PET grades
and chain extender combinations examined, since the reactive extrusion process
was similar for all samples.
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Figure 5.5: Comparison of different concentrations of PMDA and TGDDM by
zero-shear viscosity at 265∘𝐶 (a) and flow activation energy (b) for
H-PET in nitrogen atmosphere.

The actual measurement of low shear rate behavior is complicated due to
physical and thermal stability limitations, but, with the extrapolated predic-
tions (Baumgaertel and Winter, 1989) and a valid Cox-Merz rule (cf. Section
5.2.1), 𝜂0 can be inferred from the dynamic measurements. In Figure 5.5 (a),
the reference sample reflects the degradation by extrusion by comparison with
the neat unprocessed specimen of H-PET and 0𝑤𝑡.% PMDA. The addition
of PMDA leads at first to a compensation of the initial zero-shear viscosity
(0.15𝑤𝑡.%), and increases linearly with higher concentrations to an alluded
asymptote. The efficiency of TGDDM is also demonstrated. The highest con-
centration is denoted by parenthesis, since a Newtonian plateau was not ob-
served and the value represents only a tendency (note the interrupted y-axis in
Figure 5.5 (a)). An absolute comparison of both chain extender concentrations
cannot be conducted by the representation, since the addition depends on the
corresponding molar masses1. The flow activation energy in 5.5 (b) exhibits a
similar trend as 𝜂0, which consists of a sigmoidal shape for PMDA and a grad-
ual increase for TGDDM. The main influence on the activation energy is the
friction of the molecule. Since the chemical consistence is almost unaffected,
the drastic increase to a fivefold higher 𝐸𝐴 is caused by LCB. Large branches
are known to affect the flow energy to a larger extent than solely molar mass
and MMD (Lohse et al., 2002; van Gurp and Palmen, 1998).

The efficiency of the chain extension is compared in Figure 5.6 for all PET
grades and both chain extenders. Figure 5.6 (a) shows an increasing zero-shear
viscosity with PMDA concentration. The initial highest viscosity of H-PET

1In Section 4.3.1 it was demonstrated that both stoichiometric maximum are around 0.3𝑤𝑡.%, with respect to
the grade.
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Figure 5.6: Comparison of zero shear viscosity of PMDA (a), TGDDM (b) at
265∘𝐶, and activation energy of flow of PMDA (c) and TGDDM
(d) with H-PET, L-PET, and l-PET in nitrogen atmosphere.
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is compensated with increasing chain extender addition, and the former lowest
molar mass grade, l-PET, exhibits the highest value at 0.8%. As seen, this result
agrees directly with the initial OH end group concentration of the three grades
investigated. TGDDM in Figure 5.6 (b) reacts preferable with the carboxyl
group of the PET molecule, leading to a higher increase for H-PET compared
to l-PET. The values at 0.31% are not reliable quantitatively, as discussed. The
analysis of the activation energy of PMDA in Figure 5.6 (c) and TGDDM in
Figure 5.6 (d) reveals a linear progression with chain extender concentration,
despite an observed saturation tendency for H-PET and PMDA. The nearly
direct proportional higher flow resistance indicates a branching occurring from
the lowest addition of chain extender. Since linear polymers show a constant
activation energy regardless of molar mass (Lohse et al., 2002), the increase
proofs an ongoing branching. The highest concentration of TGDDM with l-
PET should not be included into the discussion. As can be noticed from Figure
5.2, 𝐺′ and 𝐺′′ are almost horizontal and overlap. The gel-like behavior leads
to a time and temperature invariant response, and the shift factor and the
activation energy cannot be determined accurately.

5.1.3 The Loss Angle

The loss angle describes the phase shift between the strain and the stress dur-
ing an oscillating excitation. The material can be categorized into solid-like or
liquid-like. An alternative method was introduced by van Gurp and Palmen,
who analyzed the phase shift with respect to the complex modulus (van Gurp
and Palmen, 1998). This allows a frequency independent analysis, and a lin-
ear monodisperse polymer is represented by a terminal viscous behavior at low
modulus and a steep decay of the loss angle at large values of the complex relax-
ation modulus. In Figure 5.7 such a behavior is depicted by all reference data,
which possess a similar polydispersity and therefore the same shape of curve.
The decrease at high modulus would continue to a minimum, which reflects the
plateau modulus 𝐺0

𝑁 , if more data would be available (Trinkle and Friedrich,
2001). A broadening of the molar mass distribution leads to a flattening of
the curve as for 0.15𝑤𝑡.% PMDA in Figure 5.7 (a) or for 0.06𝑤𝑡.% TGDDM in
Figure 5.7 (d) and Figure 5.7 (e). Since the topology influences both properties,
𝛿 and |𝐺*|, a branched structure leads to an even more pronounced flattening,
and will lead to an extra bump, if the LCB character dominates the behavior
(Trinkle et al., 2002). Schulze et al. (2005) analytically derived classifications of
topology from the curve and Lohse et al. (2002) could distinguish between a star
and a comb polymer. In simple terms the characterization follows a deflection
at high |𝐺*| near the linear behavior for a star, and a more distant bump at
low |𝐺*| for long comb-like side arms. The present results do not allow a clear
distinction, but the observed emerging bump is clearly a second dominating re-
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Figure 5.7: Comparison of reduced phase angle and complex relaxation mod-
ulus of H-PET, L-PET, and l-PET with different concentrations
of PMDA (a), (b), and (c), and H-PET and l-PET with different
concentrations of TGDDM (d) and (e).
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Figure 5.8: Thermal stability demonstrated on H-PET with 0.8𝑤𝑡.% PMDA
during frequency sweep measurements (a) and compensation of
degradation and viscosity loss at low frequencies by PMDA addition
(b).

laxation process, which increases with higher concentrations of chain extender.
This tendency can be observed for PMDA, where larger side arms of H-PET in
5.7(a) are noticeable at lower modulus. The size of the bump and the adjacent
location to the potential maximum of the complex modulus for L-PET (Fig-
ure 5.7 (b)) and l-PET (Figure 5.7 (c)), indicates more branches per molecule,
which seem to be shorter and more packed. The indication of possible star-like
formation cannot be inferred. The graphs representing the highest TGDDM
concentration reveal a largely pronounced branching behavior. In particular,
the l-PET sample with 0.31𝑤𝑡.% in Figure 5.7 (e) shows a large bump which
is in reasonable distance to the plateau value, indicating a dominating second
relaxation time from large branched side arms (Lohse et al., 2002; Trinkle et al.,
2002).
A further feature of the van Gurp-Palmen plot is the analysis of the time-

temperature superposition. Since 𝑡𝑎𝑛𝛿 is the ratio of loss and storage modulus
(cf. Equation 3.8), the temperature shift factors vanish and the graph is tem-
perature invariant. Since the shift factor 𝑏𝑇 is related to the free volume of the
molecules, a non-linear temperature dependence temperature leads to deflec-
tions, as can be seen at high concentrations. L-PET and l-PET show a high
complexity and thus a strong branching. This thermo-rheological complex be-
havior is typical for LCB material blended with linear chains (van Gurp and
Palmen, 1998).
In comparison to the analysis of the online extrusion pressure in Section 4.3.2,

the increase of the complex viscosity and zero-shear viscosity from the reference
to chain extended samples is much higher. The strong shear thinning behavior
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induced by both chain extenders reduces the extrusion pressure significantly.
As demonstrated, a polycondensation reaction can occur in neat PET. Since

a transesterification consumes a hydroxyl group, a saturation of the functional
group leads to stable polymer. Thus, less data need to be discarded from the
measurement and the polymer is thermal stable, as can be seen in Figure 5.8 (a).
The neat PET measured from the highest to the lowest frequency exhibit the
enhancement of molar mass and viscosity at low frequencies, which continues
in the second run from low to high frequencies. The PMDA treated H-PET is
thermal stable since both runs overlap.
A further application of low concentrations of chain extender is demonstrated

in Figure 5.8 (b). To overcome the degradation due to processing which de-
creases the low shear rate behavior, chain extender can be added and facilitates
the processability at high rates (Rosu et al., 2000).
The samples with PMDA revealed not only a thermal stability during the

measurement, additionally, the drying at 130∘𝐶 could endure more than a week
before a degradation occurred. The long time stability was proved after 6 month
under environmental conditions. The stability of TGDDM was significantly
lower.

5.2 Non-Linear Viscoelasticity

The linear viscoelastic measurements reveal a strong increase of the molar mass
and clear indications of a branched structure of the chain extended PET. Nev-
ertheless, non-linear analysis should be employed for a distinct and quantitative
detection of branches (Dealy and Larson, 2006). The main non-linear influences
were found to be disentanglement (Wagner, 1976) and the stretch of molecules,
which is promoted by branching in elongational flow (Wagner et al., 2000).
Consequently, this section considers non-linear shear flow at steady state and
simple elongational flow. The application of the MSF model enables to quantify
the experimental data.

5.2.1 Steady Shear Flow Viscosity

Disentanglement usually causes the non-linearity in shear flow, which occurs
at large strains or high rates. However, if the shear flow is not purely simple,
a second contribution emerges from elongation, e.g. during a converging flow
as in the case of extrusion or injection molding. Therefore, LCB should also
influence the non-linear shear behavior in a converging flow (Cogswell, 1978).
The capillary measurements were conducted at 280∘𝐶 with an additional orifice
die as described in Section 3.2. Indeed, the negligible entrance pressure drop
measured for the linear grade, increased to 20% of the total pressure at the



5.2 Non-Linear Viscoelasticity 103

10-1 100 101 102 103

102

103

������� �	��� �
�
��
�� �

��

�������������
� � � � � � � � � � � � �
� � � � ����
� � � � ���
� � � � ���
� � � � ��


b Ta-1 T
 |η

∗ |, 
a v η

 [P
as

]

�
�
ω, γ ���� 

.

!�"#�� $
"%&'� �(��) 

(a)

100 101 102 103

102

103

.

������ �
�	

�� �����
��������������

� � � � � � � � � � � � � �
� � � � ����
� � � � ��� 
� � � � ��!�

b Ta-1 T
 |η

∗ |, 
a v η

 [P
as

]

�
�
ω, γ �����

�" �#��  $ ��  %�
&�'
��  %%()

(b)

Figure 5.9: Comparison of master curves of complex viscosity and shifted
steady state capillary flow viscosity of H-PET with PMDA (a) and
TGDDM (b).

highest shear rates, and the Bagley and Rabinowitsch correction are an un-
avoidable necessity. The elongational contribution was extracted and analyzed
from the shear flow as was introduced in Section 2 (Cogswell, 1981). Reliable
correlations to simple elongation were found by this method (Aho et al., 2010),
but the absolute correctness of the Cogswell analysis can be doubted (Mitsoulis
et al., 1998). For the present study, it should be sufficient to mention that the
entrance pressure drop and the Bagley correction increases with chain extender
concentration, but the amount of derived elongational flow data is too small
for a discussion. The corrected shear flow curve is illustrated in Figure 5.9 for
H-PET with PMDA (a) and TGDDM (b). It was found that degradation in
the capillary rheometer is different from degradation in the oscillatory rheome-
ter, due to different atmospheres (air vs. nitrogen) and diffusion conditions.
Since the thermo-oxidative degradation causes as a vertical downward shift (cf.
Section 3.3.3), the steady shear data were multiplied by a shift factor 𝑎𝑣 = 1.2.
As seen, the Cox-Merz relation is found to be valid to a certain extent, and the
shifting leads to an overlap of the steady flow with the dynamic data (Rosu
et al., 2000). A single shift factor leads to good agreement for all modified PET
samples. Nevertheless, the Cox-Merz validity should be considered with care
for the branched structure.
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5.2.2 Experimental Conditions for Sentmanat Extensional
Rheometer

The uniaxial elongation experiments were conducted with a Sentmanat Exten-
sional Rheometer (SER) which can be attached to the rheometer described in
Section 3.2. The surrounding atmosphere was nitrogen at 265∘𝐶. The SER
tool consists of two counter-rotating drums with gauge 𝐿0 and radius 𝑅, and
the Hencky rate is given by means of the rotation rate Ω as:

�̇�𝐻 =
2Ω𝑅

𝐿0
(5.1)

The applied elongation rates were 8, 5, 3, 2, 1, 0.5, 0.3, 0.2, 0.1, 0.05𝑠−1,
whereas the reliability of the lowest rates depends on a sufficient high viscosity
of the proceeded samples. The time dependent extensional viscosity for uniaxial
elongation 𝜂+𝐸 is the ratio of the tensile stress 𝜎𝑥𝑥(𝑡) and the elongation rate:

𝜂+𝐸(𝑡) =
𝜎𝑥𝑥(𝑡)

�̇�𝐻
=

𝐹 (𝑡)

�̇�𝐻𝐴(𝑡)
(5.2)

The stress can be expressed by the force 𝐹 (𝑡), which can be detected as torque
acting on the drums, and the cross-section area 𝐴(𝑡). The cross-section 𝐴0

decays with the Hencky strain as:

𝐴(𝑡) = 𝐴0 exp[−�̇�𝐻𝑡] (5.3)

Since the sample geometry is measured at room temperature 𝐴𝑅𝑇 , a density
correction is necessary (Sentmanat, 2004):

𝐴0 = 𝐴𝑅𝑇

(︂
𝜌𝑠
𝜌𝑙

)︂ 2
3

(5.4)

with the densities 𝜌𝑠 at solid and 𝜌𝑙 at melt state. The density at room tempera-
ture was measured by a Mohr-Westphal balance based on Archimedes principle.
The measured densities in Table 5.4 reflect an average of at least 10 measure-
ments. The samples were obtained of different concentrations and sheet loca-
tions of each PET grade and revealed no variation of density. The branching
does not influence the density, but the higher molar mass between the branching
points of H-PET shows an impact on the folding of lamellae. The crystalliza-
tion behavior is slower for large molecules, and the lower density of the H-PET
samples is caused by the longer relaxation times.
The melt density at 265∘𝐶 can be calculated according to Equation 4.1 and

4.4 leading to 𝜌𝑙(538) = 1.178𝑔.𝑐𝑚−3. The correction is based on the recorded
temperature at the corresponding stresses, which was in a range of 0.3∘𝐶 after



5.2 Non-Linear Viscoelasticity 105

2𝑚𝑖𝑛 of melting. The SER tool is limited to zero shear viscosities above 104𝑃𝑎𝑠
(Sentmanat, 2004) due to the horizontal arrangement of the sample. Since the
lowest concentrations of chain extender possess lower viscosities, a modification
of the measurement protocol by a pretension was applied (Aho and Syrjälä,
2008). However, even a very low pretension leads to a large stretching of the
sample and a reduced measured Hencky strain. The impact of prestretching
was found to be below 5% at the highest strains and was neglected for the
present results. The sagging of the low viscous specimens was compensated
during the first phase of testing, as could be distinguished by different slopes
of the elongational viscosity start-up. Due to the polarity and adhesion forces
of the grades, the specimens were attached without clamps.

5.2.3 Uniaxial Elongation Viscosity

The results of simple extension of H-PET with different concentrations of
PMDA are presented in Figure 5.10. An unprocessed H-PET is shown in Figure
5.10 (a) as reference, since the low viscosity of the extruded reference inhibit a
testing. The non-linear measurement of neat linear PET without the support
of a bearing surrounding, e.g. as provided by Meißener or Münstedt Rheome-
ter (Macosko, 1994), is challenging, and the graph should be analyzed only
qualitatively. From the two applied elongation rates, a horizontal evolution of
the transient viscosity can be seen, which represents a fast achievement of the
steady terminal regime. Although linear polymers with very high molar mass
can reveal a strain hardening effect (Wagner et al., 2000), the present linear
PET investigated shows no thickening behavior. A distinct, different behavior
can be observed for the processed chain extended H-PET. From 0.3𝑤𝑡.% Fig-
ure 5.10 (b) to 0.5𝑤𝑡.% Figure 5.10 (c) an enlarged transient viscosity can be
observed by a steeper start-up curve and a higher approach to a zero viscos-
ity. A strain hardening effect is characterized by a remarkable increase of the
elongation stress and from the linear viscoelastic start-up at high strains, which
occurs in all samples produced. By a comparison of the slope and the gap be-
tween the highest achieved viscosity and the start-up curve, the strong impact
of high PMDA concentration on the strain hardening effect is obvious. The
difference between 0.5𝑤𝑡.% and 0.8𝑤𝑡.% Figure 5.10 (d) is low. The strain was
limited to 4.5 due to geometrical limitations from full rotation of the SER tool.
The grade with the lowest concentration in Figure 5.10 (b) leads to a ductile
fracture, as indicated by a transition to a steady-state viscosity. In contrast,
the high concentrations exhibit a cohesive fracture at high �̇�, which emerged
after wrapping of the sample and consequently cannot be analyzed here.
L-PET and l-PET with the addition of PMDA, as illustrated in Figure 5.11

and 5.12, demonstrate a gradual increased transient elongational viscosity and
strain hardening as a function of chain extender concentration. Additionally
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Figure 5.10: Transient uniaxial elongation viscosity for different elongation
rates of unprocessed (a) and chain extended H-PET with 0.3𝑤𝑡.%
(b), 0.5𝑤𝑡.% (c), and 0.8𝑤𝑡.% (d) PMDA. The solid line repre-
sents the prediction by the MSF model with the corresponding
non-linear parameter 𝛽 and 𝑓 2

𝑚𝑎𝑥.
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(d)

Figure 5.11: Transient uniaxial elongation viscosity for different elongation
rates of chain extended L-PET with 0.3𝑤𝑡.% (a), 0.4𝑤𝑡.% (b),
0.5𝑤𝑡.% (c), and 0.8𝑤𝑡.% (d) PMDA. The solid line represents the
prediction by the MSF model with the corresponding non-linear
parameter 𝛽 and 𝑓 2

𝑚𝑎𝑥.
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(d)

Figure 5.12: Transient uniaxial elongation viscosity for different elongation
rates of chain extended l-PET with 0.3𝑤𝑡.% (a), 0.4𝑤𝑡% (b),
0.5𝑤𝑡.% (c), and 0.8𝑤𝑡.% (d) PMDA. The solid line represents the
prediction by the MSF model with the corresponding non-linear
parameter 𝛽 and 𝑓 2

𝑚𝑎𝑥.

to H-PET, 0.4𝑤𝑡.% was applied on L-PET in Figure 5.11 (b) and l-PET in
Figure 5.12 (b) and the linear grade was omitted in the presentation. Both low
molar mass grades exhibit a clear distinction between 0.5𝑤𝑡.% and 0.8𝑤𝑡.% and
indicate a higher efficiency of the high PMDA concentration. Consequently, �̇� =
0.05𝑠−1 was operated successfully. A simple correlation between the transient
elongation, transient shear 𝜂+𝑆 and linear shear viscosity 𝜂𝑆 is given by the
Gleissle mirror relation (Gleissle, 1980; Leblans et al., 1985) and the Cox-Merz
rule:

𝜂+𝐸(𝑡) = 3𝜂+𝑆 (𝑡) = 3𝜂𝑆(�̇�) for 𝑡 =
1

�̇�
(5.5)

Consequently, an extensive start-up behavior of samples with high chain exten-
der concentration correlates directly with samples, which revealed the largest
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(d)

Figure 5.13: Transient uniaxial elongation viscosity for different elongation
rates of chain extended H-PET with 0.12𝑤𝑡.% (a) and 0.31𝑤𝑡.%
(b) TGDDM, and l-PET with 0.12𝑤𝑡.% (c) and 0.31𝑤𝑡.% (d)
TGDDM. The solid line represents the prediction by the MSF
model with the corresponding non-linear parameter 𝛽 and 𝑓 2

𝑚𝑎𝑥.

shear thinning phenomena in Section 5.1.1. As in the case of H-PET, the end
of the measurement is governed either by the physical limitations of the tool, a
ductile fracture at low strain rates or a cohesive fracture occurring at high elon-
gation rates and chain extender concentrations. The fracture behavior analyzed
quantitatively is discussed in the Section 5.17.

The uniaxial extensional behavior of 0.12𝑤𝑡.% and 0.31𝑤𝑡.% TGDDM is
shown in Figure 5.13 for H-PET (a), (b) and l-PET (c), (d). All combina-
tions lead to a strain hardening effect, which is more pronounced at increased
concentration. The low molar mass l-PET reveals a low zero viscosity and an
enhanced sagging using 0.12𝑤𝑡.% TGDDM, inhibiting an accurate testing, as
can be seen in Figure 5.13 (c). This is in contrast to H-PET, which ensures
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Figure 5.14: Non-linear comparison of H-PET with 0.5𝑤𝑡.% (colored, promi-
nent) and 0.8𝑤𝑡.% (black, overlaid) (a), and L-PET (black, over-
laid) and l-PET (colored, prominent) with 0.8𝑤𝑡.% PMDA (b).

an improved analysis due to its higher zero-shear viscosity. Both high concen-
trations of chain extender reveal an extensive strain hardening and a cohesive
fracture above elongation rates of 0.5𝑠−1 and 0.2𝑠−1 for H-PET and l-PET,
respectively.

As was demonstrated by the batch tests and the linear viscoelastic analysis,
H-PET tends to a saturation of the chain extension and branching effect, at high
PMDA concentrations. As can be seen in Figure 5.14 (a), the transient elon-
gational behavior of 0.5𝑤𝑡.% and 0.8𝑤𝑡.% is almost equal, which leads to the
conclusion that the processing of the chain extended PET and the structure is
very stable and reproducible. A similar conclusion can be drawn from the com-
parison of L-PET and l-PET with the same amount of PMDA. Although both
grades can be distinguished by different OH end group concentration, which
lead to different successful maximum PMDA addition, the initial molar mass of
both is similar. Consequently, the addition of the same concentration leads to
the same molecular structure and rheological behavior in Figure 5.14(b). This
is valid as long the reaction of free OH end groups is not terminated for both
grades.

The produced polymers are blends, which consists of linear and branched
chains. The non-linear behavior is sensitive to the structure and the linear
analysis obeys friction and molar mass correlations. Consequently, differences
can be noted by the dynamic measurements, but a defined structure dominates
the elongational behavior. It was found for LDPE and LLDPE blends that
the elongation behavior is controlled by the LCB LDPE. A diluting by the
linear PE can reduce the extent of stretch but not the strain hardening behavior
(Kheirandish, 2005). Dekmezian et al. (2004) confirmed the dominating impact
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of the concentration on the melt strength of LCB polymer blended with linear
chains.

5.2.4 Application of the Molecular Stress Function Model

In Section 2.4 different constitutive equations were introduced which are capable
to describe non-linear phenomena. The integral molecular stress function model
is based on the tube model and possesses two essential molecular features to
describe uniaxial elongation of branched polymers, which (i) include the stretch
of the molecule and (ii) consider the LCB which participate in the stretching.
The validity of the model was demonstrated on linear polyolefins [Wagner et al.
(1998), branched polyolfins Wagner et al. (2000, 2001), branched polystyrene
(Rolón-Garrido and Wagner, 2007), polydisperse polyisobutene (Wagner and
Schaeffer, 1992), bran- ched poly(methyl methacrylate) (Ogura and Wagner;
Ogura et al., 2015) and also partially gelled LDPE (Rolón-Garrido, 2014).
If the linear viscoelastic material function is known, i.e. the memory func-

tion (Equation 2.84), two parameters can sufficiently describe the non-linear
behavior, which represents the maximal stored energy that occurred during
stretching (𝑓 2

𝑚𝑎𝑥) and a measure of the branching (𝛽). The modeled MSF data
for the corresponding elongation rates are denoted as solid lines in Figure 5.10,
5.11, 5.12, and 5.13. The dashed line represents the transient zero viscosity. As
can be noted from all simulated data, the experiments and the model are in
very good agreement. A transition from the strain hardening into a flattening
could be observed before the maximum strain was achieved, which is reflected
by the 𝑓 2

𝑚𝑎𝑥 plateau. In case of cohesive rupture the transition was not observed
for PMDA, opposed to the high elastic TGDDM modified PET, which reflected
a transition. Even, if the occurred transition emerged from inhomogeneities
of the TGDDM samples, the plateau was modeled for the material undergoing
fracture, as a representative of the energy introduced to rupture.
The deviations between predictions and experimental data at low strain rates

and high concentrations, e.g. for 0.8𝑤𝑡.% in Figure 5.11 (d) and 5.12 (d) origi-
nate from insufficient terminal data from the linear viscoelastic analysis. Since
the terminal regime is not described fully in the experimental window (cf. Sec-
tion 5.3) the longest relaxation times are not included in the relaxation spec-
trum and memory function, respectively, and the behavior at long elongation
times cannot be displayed. However, the strain hardening emerging during the
start-up or at lower concentrations can be analyzed quantitatively by the two
parameters.
Figure 5.15 (a) illustrates the evolution of 𝑓 2

𝑚𝑎𝑥 with increasing PMDA con-
centration. All three PET grades exhibit an increase of the parameter with
higher concentration, representing an increased strain hardening behavior with
chain extender concentration. As was observed before, H-PET shows an asymp-
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Figure 5.15: Non-linear parameter of MSF model 𝑓 2
𝑚𝑎𝑥 for H-PET, L-PET, and

l-PET with PMDA (a) and for H-PET and l-PET with TGDDM
(b), and 𝛽 for H-PET, L-PET, and l-PET with PMDA (c) and for
H-PET and l-PET with TGDDM (d).
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Figure 5.16: Possible structure due to tetra-functional chain extender.

totic behavior reflecting a similar structure. Remarkably, both low molar mass
grades show a higher stretching at all concentrations as a result of higher mo-
lar mass and large amount of branched side arms. L-PET and l-PET possess
a linear increase of 𝑓 2

𝑚𝑎𝑥 and energy absorbance, before cohesive fracture at
0.8𝑤𝑡.% occurred. It can be concluded that the stretch is largely supported
by branching. Although the molar mass of H-PET is higher compared to L-
and l-PET, the stretch is always lower. Consequently, stretching is not only
enhanced by increased molar mass rather by the branching density. The results
from 0.31𝑤𝑡.% TGDDM addition in Figure 5.15 (b) are depicted in parenthesis
due to the unique fracture as discussed in the next section. The lower value of
l-PET compared to H-PET at 0.12𝑤𝑡.% correlates with the higher reactivity of
TGDDM and H-PET. The preferred reactivity of PMDA with the low viscous
and high OH concentrated grades can be inferred from both parameter in Fig-
ure 5.15 (a) and (c). The evolution of 𝛽 in Figure 5.15 (c) correlates with an
increase of strain hardening effect at higher chain extender concentration, due
to the occurrence of increased branching. It was shown that 𝛽 can be related to
the structure of a molecule with Equation 2.106, and 𝑀𝑛 as the number-average
molar mass of the entire branched molecule and 𝑀𝑛,𝑏𝑏 as the number-average
molar mass of the backbone (Wagner, 2004).

𝛽 =
𝑀𝑛

𝑀𝑛,𝑏𝑏
(2.106)

It was found for LDPE that 𝛽 can be used to distinguish between a regu-
lar branching structure with a limiting value, and a random Cayley structure
(Kheirandish, 2005). By considering an ideal reaction of one PMDA chain ex-
tender with four PET chains of equal length a star-like polymer would emerge,
as can be noted from Figure 5.16. The chain growth depends on the func-
tionality of both PET end groups. Only if a coupled chain possesses two OH
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groups, a second PMDA molecule can be attached. Based on the calculated
end group concentration (Table 4.2), the probability that H-PET contains two
hydroxyl groups is around 1

3 (Table 5.4), which would lead to a comb-like struc-
ture. Based on Equation 2.106 the limiting value of a comb structure with 𝑛𝐶𝐸

chain extender molecules can be expressed as:

𝛽(𝑛𝐶𝐸) =
3𝑛𝐶𝐸 + 1

1 + 𝑛𝐶𝐸
(5.6)

lim
𝑛𝐶𝐸→∞

3 + 1
𝑛𝐶𝐸

1 + 1
𝑛𝐶𝐸

= 3 ∀ 𝑛𝐶𝐸 > 1 (5.7)

Since star polymers are known to act as a linear polymer with comparable molar
mass (Larson, 1988), the introduced progression is only valid for structures with
more than one coupling agents. On contrast, the limiting value of a random
polymer would diverge, since the probability to participate on the backbone
decreases disproportional with chain extension. L-PET in Figure 5.15 (a) and
l-PET in Figure 5.15 (c) are not converging in the experimental window. Addi-
tionally the probability of an attached PET chain with two OH groups is higher
and thus a more random structure can be expected. Obviously, the idealized
progression does not consider coupling of small oligomers, non-reacted ends or
the blending effect of remaining linear chains. Nevertheless, from the evolution
of H-PET and the almost identical behavior of L-PET and l-PET (cf. Figure
5.14) a defined structure can be expected from the elongational experiments.
Since H-PET possesses a lower branching density and stretch ability at all con-
centrations, it can be stated that the length of side arms influence the strain
hardening less than the branching density.
The epoxy based TGDDM needs to be analyzed with care, since only two

different concentrations of TGDDM are available. However, remarkable is the
increase of 𝛽 of the less reactive l-PET by increased chain extender content, as
can be seen in Figure 5.15 (d). At 0.06𝑤𝑡.%, H-PET is able to bond more chain
extender, which leads to more branching. On contrast, at high concentration
the l-PET with less preferred COOH groups possesses a higher branching den-
sity. This leads to the conclusion that an extensive feeding of the epoxy-based
coupling agent attacks also randomly at the backbone, bonds oligomers emerged
with COOH end groups and homopolymerizes. Both lead to an inhomogeneous
and locally concentrated, hyperbranched or dendrimer-like topology.

5.2.5 Fracture Behavior

The distinction, whether the fracture occurred was of brittle or ductile na-
ture, was observed visually by camera for each measurement. Additionally, the
fracture surface was investigated optically. Since a certain amount of fracture
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Figure 5.17: Comparison of stress (a) and strain (b) at break by variation of the
strain rate for different PET grades with PMDA and TGDDM.

occurred after the geometrical limitations of the SER tool, or the distinction
between ductile and inhomogeneity induced failure could not be made, the re-
ported fractures in Figure 5.17 include only obvious cohesive rupture.

From the graphs of L-PET and l-PET with PMDA chain extender in Figure
5.17 (a) a constant stress at fracture can be observed in the experimental range.
The corresponding maximum endurable stress of 10𝑀𝑃𝑎 was reported before
for LDPE (Rolón-Garrido and Wagner, 2014). Consequentl, a complete sepa-
ration of the structure or even scission of the primary bonds can be expected.
This behavior can also be seen in Figure 5.17 (b) representing the elongation
at break, which decreases with higher strain rates. The stress is the restrict-
ing value for high molar mass and branched molecules achieved with PMDA.
However, the TGDDM samples show a different behavior. In particular, l-
PET reveals a constant strain at break in Figure 5.17 (b), which leads to the
conclusion that the strain is the limiting value. As can be seen by the stress
behavior, both TGDDM samples show an increasing stress with higher strain
rates. Obviously, the high amount of network formation limits the strain. Due
to relaxation at low rates, the stress is lower compared to the glassy behavior
at high elongational rates. The H-PET sample in Figure 5.17 (b) can be seen
as intermediate state, which can endure higher strains, since the polymer ma-
trix is still participating in the stress absorption. Similar results were found on
partially cross-linked LDPE (Rolón-Garrido and Wagner, 2014). The achieved
amount of strain is in agreement with Japon et al. (2000a). They found a
Hencky strain at fracture of 5.1 for linear PET with a Macosko type rheometer,
which reveals that the present applied limit of 4.5 is close to rupture for the low
chain extender concentrations. A strain of 4.2 and 3.9 for recycled and virgin
PET was found for 0.3𝑤𝑡.% TGDDM, respectively. A decreasing maximum of
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Table 5.5: Summery of rheological behavior of H-PET, L-PET, and l-PET and
the different impact of both chain extenders. The evaluation from
good to poor (++, +, ∘, -) considers a respective successful concen-
tration, with respect to high melt strength and processability the
grades produced.

𝜂0 Strain
hardening

𝜀𝑚𝑎𝑥 Gel-
like

Stabi-
lity

Apparent
structure

H-PET PMDA + + ++ ++ ++ comb-like

TGDDM + + ∘ - - hyperbranched

L-PET PMDA ++ ++ + + ++ tree-like

l-PET PMDA ++ ++ + + ++ tree-like

TGDDM ∘ ++ - - - hyperbranched

strain was also reported with chain extender concentration (Japon et al., 2001),
as confirmed by the present analysis. A study by Kil et al. (2003) reported a
maximum Hencky strain of 5.5 for linear PET.

5.3 Conclusions

It was shown that the chain extension with an industrial scale co-rotating twin-
screw extruder leads to high molar mass and long-chain branched poly(ethylene
terephthalate). The reactive processed PET grades with PMDA and TGDDM
as employed chain extenders exhibit a fundamental different rheological behav-
ior, which can be related to the initial molar mass and synthesis route of the
virgin PETs. The processed grades possess a strongly increased dynamic and
transient elongational viscosity, long-chain branching, strain hardening, and
thermal stability as a function of chain extender concentration. The results
were quantitatively analyzed by the molecular stress function model and the
fracture behavior.

The dynamic linear viscoelastic analysis reveals an enlarged rubber-like tran-
sition, with a flattening of the loss moduls and even more pronounced storage
modulus. Consequently, the shear thinning onset is shifted to higher viscosities
and lower frequencies. A convergence of the complex viscosity at high frequen-
cies is given for all modified grades investigated. The zero-shear viscosity is
increased by two decades. Due to a preferred OH group reaction, PMDA and
initial low molar mass PET (L-PET and l-PET) reacts to higher viscosities
compared to initially high molar mass PET (H-PET).
The activation energy of flow shows strong indication of LCB for both chain
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extenders applied. The analysis of the loss angle by the van Gurp-Palmen plot
reveals a thermo-rheological complex material for high chain extender concen-
trations, in particular for L-PET and l-PET with PMDA. The results show
a distinctly different behavior of the modified grades to the neat linear PET.
The TGDDM specimens exhibit a large second relaxation process indicating
extensive LCB or hyperbranching.
An additional stretch contribution was found by non-linear steady shear anal-

ysis. The degradation during the steady flow experiment was compensated by
a vertical shift factor to fit steady and oscillatory data.
The uniaxial elongational measurements reveal an apparent saturation effect

of PMDA processed with H-PET, and a defined and reproducible structure of
such grades. L-PET and l-PET exhibit a similar structure consistency, but also
a potential to higher branching and molar mass by higher PMDA concentration,
as was confirmed by both non-linear MSF parameter 𝛽 and 𝑓 2

𝑚𝑎𝑥. Compared
to H-PET, the both initially low molar mass grades show a higher molar mass
and seem to have tree-like structure after reactive extrusion. The TGDDM
samples reveal a correlation of chain extender effect and preferred reactivity
with the COOH group at low concentrations. At high concentration, a random
attack at the polymer backbone, a coupling of degraded chains with COOH
end groups and a homopolymerization of the epoxy based coupling agent lead
to a strong increase of 𝛽 and thus, the strain hardening and branching density.
The application of high 0.31𝑤𝑡.% TGDDM leads to a gel-like structure. The
gel-like structure was also confirmed by the linear viscoelastic measurements.
A comparison of linear and non-linear results reveals differences, apparently
due to different sensitivity to the blend composition of linear and branched
chains created. However, the creation of the structure was found to be reli-
able and similar, e.g. for L-PET and l-PET at 0.8𝑤𝑡.% PMDA, by non-linear
measurements and the MSF model.
Fracture in elongational flow was found to be related to a limiting stress value

of 10𝑀𝑃𝑎 for PMDA treated L-PET and l-PET. In contrast, a limiting strain
restricted the elongation of PET with TGDDM, which leads to the conclusion
that a permanent covalent network governs the fracture for high TGDDM con-
centrations. Based on the results obtained, a qualitative evaluation with respect
to high melt strength and processability of the grades is given in Table 5.5.



6 Molecular Characterization of Branched

PET

The molecular determination of polymer chains includes the molar mass, molar
mass distribution, and the size. These quantities influence largely the properties
of the polymer, such as processability, melt viscosity, brittleness, glass transi-
tion temperature, and stress relaxation (Mori and Barth, 1999). The molecular
analysis of the reactive processed PET is the objective of this chapter. The dif-
ferent average molar masses, the molar mass distribution, intrinsic viscosities,
and radius of gyration are considered. However, the analysis of branched poly-
mers is a challenging task. Although conclusions regarding LCB can be drawn
from the fractionated molar mass and radius of gyration, a reliable certainty
can only be achieved by the intrinsic viscosity and the hydrodynamic volume
(Podzimek, 2011), as demonstrated in this chapter. Finally, the molecular char-
acteristics observed are related to the rheological results.

6.1 Size-Exclusion Chromatography with Triple
Detection

The combination of three different detectors allows an absolute measurement
and the analysis of the structure of the polymer. Size-exclusion chromatogra-
phy (SEC) is applied to a dilute polymer solution, which is forced at constant
flow rate through a porous column. Due to diffusion processes, the polymer
chains penetrate the voids provided by a gel. If no enthalpic interactions be-
tween polymer and column occur, small particles elute at long retention times
and large molecules pass through fast. The spherical dimension of the molecule
governs the separation. The hydrodynamic radius is based on the volume occu-
pied by a molecule, which possesses the same intrinsic viscosity as a theoretical
hard sphere. Hence, it is related to the diffusion coefficient (Equation 2.33),
which leads to:

𝑅ℎ =

(︂
3[𝜂]𝑀

10𝜋𝒩

)︂ 1
3

(6.1)

with the intrinsic viscosity [𝜂], molar mass𝑀 , and Avogadro’s number𝒩 . After
the sample is fractionated by the columns, it can be analyzed by detectors.
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The concentration detector based on the refractive index is only sensitive to
the amount of solute in the elute. The concentration 𝑐 can be derived from the
refractive index of the solvent 𝑛𝑜, sample 𝑛′ and the solute 𝑛

𝑛 = 𝑛0 + (𝑛′ − 𝑛0) 𝑐 (6.2)

The differential refractive index increment 𝑑𝑛/𝑑𝑐 is a constant for a given solvent
polymer combination, when the molar mass of the molecules is above a certain
value1. The concentration signal from the differential refractive index detector
(DRI) is essential for the light scattering measurement (Mori and Barth, 1999).
Based on the pair correlation function and the Debye structure function (cf.

Section 2.1.2), the particle scattering function can be approximated at small
angles as:

𝑃 (𝜃) = 1−
𝑞2(𝜃)

⟨︀
𝑅2

𝑔

⟩︀
3

(6.3)

with 𝑅𝑔 as radius of gyration and 𝑞(𝜃) as scattering vector, which can be also

expressed by the scattering angle 𝑠𝑖𝑛2(𝜃/2) (Equation 2.12). The Rayleigh ratio
can be expressed as a function of the molar mass:

𝐾*𝑐

𝑅(𝜃)
=

1

𝑀𝑃 (𝜃)
+ 2𝐴2𝑐+ ... (6.4)

with the optical constant 𝐾*, the concentration 𝑐, and the molar mass 𝑀 . The
second viral coefficient 𝐴2 can be neglected, if the concentration tends to zero.
Equation 6.4 is known as Debye formalism, which deviates at high molar mass
from the Zimm and Berry formalism (Podzimek, 2011). The optical constant
depends on the refractive index of the solvent 𝑛0, the differential refractive
index increment 𝑑𝑛/𝑑𝑐 of the solution, and the wave length 𝜆0 and is given for
vertically polarized light:

𝐾* =
4𝜋2𝑛2

0(𝑑𝑛/𝑑𝑐)
2

𝒩𝜆2
0

(6.5)

By extrapolation to zero concentration and scattering angle 𝜃, the molar mass
can be derived from the Rayleigh ratio (Kratochvil, 1972). The particle scat-
tering function and the approach of Debye considers the spatial arrangement
of the scattering centers and the emerging interference. The occurrence of an
angular dependence of large particles measured by multi-angle light scattering
(MALS) can be related to the radius of gyration, which is expressed as slope
in the Zimm plot (cf. Figure 2.4) The molar mass in Equation 6.4 is correlated
to the weight-average molar mass and 𝑅𝑔 to the z-average radius, and whether
the separation occurs precisely or not, both values are intrinsic values of the

1In average 1𝑘𝑔.𝑚𝑜𝑙−1 for polymers.
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Rayleigh scattering (Podzimek, 2011).

The viscosity detector is sensitive to the structure of the molecule, besides
the concentration and the molar mass. The viscosity of a polymer in solution
can be written as specific viscosity:

𝜂𝑠𝑝 =
𝜂 − 𝜂0
𝜂0

(6.6)

with the viscosity of the solvent 𝜂0 and of the sample 𝜂. The intrinsic viscosity
is given at infinitesimal small concentration:

[𝜂] = lim
𝑐→0

𝜂𝑠𝑝
𝑐

(6.7)

The specific viscosity can be measured online by a bridge viscometer with four
capillaries. If one capillary possesses a higher resistance, the specific viscosity
is given by the inlet pressure (IP) and the differential pressure (DP):

𝜂𝑠𝑝 =
4𝐷𝑃

𝐼𝑃 − 2𝐷𝑃
(6.8)

6.1.1 Experimental Conditions for SEC

Size-exclusion chromatography measurements were conducted on H-PET sam-
ples with PMDA and TGDDM as chain extender with an Agilent GPC-PL 220.
The separation was realized by a PSS PFG linear XL column with 7𝜇𝑚 parti-
cle size and an equipped precolumn. The operation conditions for the columns,
DRI (𝜆 = 890𝑛𝑚), MALS (DAWN HELEOS 8+, Wyatt), and viscosity de-
tector (PL-BV 400HT) were set to 35∘𝐶 and flow rate of 0.5𝑚𝑙.𝑚𝑖𝑛−1. The
mobile phase was hexafluoroisopropanol (HFIP) with 0.05𝑚𝑜𝑙.𝑙−1 potassium
trifluoroacetate, to avoid agglomeration of the solute. A 6𝑚𝑙 solution of each
sample was prepared with a concentration of 2𝑚𝑔.𝑚𝑙−1 dissolved in HFIP for
12ℎ and stirred gently. Each sample was injected tree times in total from two
different solutions. The injected sample passed a 2𝜇𝑚 in-line filter to sieve gel
particles. Since the concentration was known, the recovery of the sample could
be measured by the DRI detector and non-soluble contents could be determined
(Rolón-Garrido et al., 2015). The recovery of 96% is in the experimental er-
ror for all samples, which leads to the result that no gel particles larger than
2𝜇𝑚 occurred in any analyzed sample processed from H-PET and both chain
extenders.
The DRI detector was calibrated based on H-PET and two PET standards

(PSS) with𝑀𝑤 of 25𝑘𝑔.𝑚𝑜𝑙−1 and 74𝑘𝑔.𝑚𝑜𝑙−1, allowing the measurement of the
concentration of any dissolved polymer under these conditions. Consequently,
the refractive index increment can be calculated from the detector peak and
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Figure 6.1: Weight differential molar mass distribution of H-PET with different
concentration of PMDA (a) and TGDDM (b).

a known concentration. A 𝑑𝑛/𝑑𝑐 of 0.249𝑚𝑙.𝑔−1 with a standard deviation
of 0.0041 was obtained from 7 different solutions of the two standards. The
deviation from the literature value of 0.257𝑚𝑙.𝑔−1 (Berkowitz, 1983) can be
explained by different temperatures and the salt added, and is in agreement
with the variations seen for other polymer systems (Mori and Barth, 1999).

6.1.2 Molar Mass and Distribution of Branched PET

The weight differential molar mass distributions of extruded H-PET with PMDA
(a) and TGDDM (b) chain extender can be seen in Figure 6.1. The refer-
ence in both graphs reflects a typical shape of a Schulz-Flory distribution for
poly(ethylene terephthalate) (Rieckmann and Völker, 2004). The neat PET
possesses a slightly higher molar mass compared to the molar mass based on
intrinsic viscosity in Chapter 3. The degradation of neat PET in the extruder
occurs as an entire shift of molar mass distribution to lower values (not plot-
ted). The weight-average molar mass is reduced by 21% and the distribution
is slightly more narrow, as can be seen in Table 6.1. This demonstrates the
reduction of molar mass by shear degradation during extrusion.
The results for PMDA exhibit a constant slope of the low molar mass shoulder

for all concentrations investigated. However, the high molar mass shoulder
shows a gradual enhancement with increasing chain extender concentration,
which reflects the increase of molar mass and MMD. Since the illustration is
based on the weight fraction, a reaction of high molar mass molecules leads
to a visible reduction of these specimens already at low PMDA concentration,
reflected by a reduced height of the high molar mass shoulder. The amount of
chains with low molar mass is relatively high and the corresponding shoulder
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Table 6.1: SEC-MALS results.

Conc. 𝑀𝑛 𝑀𝑤 𝑀𝑧 MMD IV 𝑅𝑔 𝑅ℎ

[𝑤𝑡.%][𝑘𝑔.𝑚𝑜𝑙−1][𝑘𝑔.𝑚𝑜𝑙−1][𝑘𝑔.𝑚𝑜𝑙−1][−] [𝑑𝑙.𝑔−1][𝑛𝑚] [𝑛𝑚]

virgin 0 26.7 66.7 110.1 2.51 1.05 19.8 13.2

processed0 28.4 52.6 75.6 1.85 0.87 18.3 10.9

PMDA 0.15 31.6 69.4 205.5 2.12 0.92 20.8 14.0

0.3 33.2 113.8 575.2 3.43 1.02 29.4 22.3

0.5 38.0 276.9 2619 7.29 1.21 57.2 45.4

0.8 39.5 484.5 6903 12.26 1.29 77.0 68.3

TGDDM 0.06 30.9 78.1 353.4 2.53 0.93 22.5 16.8

0.12 34.4 133.6 1289 3.88 1.02 33.2 28.3

0.31 54.8 1860 39908 34.09 1.43 158.1 136.7

exhibits a delayed behavior. The coupling of PET chains occurs over the whole
range of molar mass. A similar tendency can be noted from the TGDDM treated
samples in Figure 6.1 (b). However, the sample with 0.31𝑤𝑡.% TGDDM can be
distinguished from the lower concentrations, since it shows a clear shift of the
peak. Large reduction of the small species exhibits numerous reactions, leading
to an enlarged high molar mass tail with a small bump. This evolution of
the MMD is comparable to observations of Japon et al. (2000a) (TGDDM) and
(Härth et al., 2014) (PMDA), although in the latter case a bimodal distribution
was obtained.
A quantitative analysis can be conducted by the molar mass averages in Fig-

ure 6.2 and Table 6.1. The number-average molar mass in Figure 6.2 (a) exhibits
a gradual increase with concentration of both chain extenders employed, with
an apparent asymptotic behavior for PMDA and a largely increased value for
0.31𝑤𝑡.% TGDDM. It can be concluded that already small amounts of chain
extender reduce the number of small molecules.
The weight-average Figure 6.2 (b) and z-average molar mass Figure 6.2 (c) ex-

hibit an exponential increase for both chain extenders, and a large enhancement
of the highest TGDDM concentration (𝑀𝑧 is three orders of magnitudes en-
larged). Consequently, the molar mass distribution in Figure 6.2 (d) correlates
with the weight-average, since the changes of 𝑀𝑛 are relatively small. Based
on a stoichiometric considerations, it can be concluded that already at small
concentrations of chain extender, the number-average molar mass increases and
the total number of chains decrease. By comparing the 𝑀𝑤 and 𝑀𝑧 values with
the distribution of reference sample in Figure 6.1, it can be noted that all 𝑀𝑧

and most of the 𝑀𝑤 values of the chain extended grades are out of the scope
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Figure 6.2: Number-average (a), weight-average (b), and z-average molar mass
(c), and molar mass distribution (d) of H-PET with PMDA and
TGDDM.



124 6 Molecular Characterization of Branched PET

of the reference sample. These data reflect only the chain extended species
and are unaffected by a blend with linear chains. The highest concentration of
PMDA reflects a limited addition of chain extender by observing the 𝑀𝑛 data,
whereas 0.31𝑤𝑡.% TGDDM exhibits still reactivity. However, the effect on the
weight-average and z-average differs. Since these quantities are not related to
the number but to the molar mass of the molecules, only few couplings of large
molecules can increase the values significantly.

6.1.3 Conformation of Branched PET

The intrinsic viscosity of H-PET with PMDA and TGDDM is presented in Fig-
ure 6.3 (a). The samples with the epoxy-based chain extender exhibit a linear
increase with concentration, whereas the PMDA samples reflect an apparent
sinusoidal shape. Since the samples were separated by the hydrodynamic ra-
dius followed by an absolute measurement, each specimen can be plotted as
Mark-Houwink diagram. The corresponding parameter 𝑎, which reflects the
slope of the logarithmic graph, is presented in Figure 6.3 (b). Additionally,
Mark-Houwink parameters were evaluated for the PET standards, and lead to:

[𝜂] = 0.0985𝑀 0.630
𝑤 (6.9)

which agrees with the extruded reference in the graph. The intrinsic viscosity
is usually associated with the weight-average molar mass of a linear polymer
(Podzimek, 2011). Since the temperature and solvent is the same, the decrease
of the Mark-Houwink exponent with increasing chain extender concentration
in Figure 6.3 (b) clearly demonstrates an increasing branching. In particular,
the small difference between 0.5𝑤𝑡.% and 0.8𝑤𝑡.% PMDA reflects a similar
conformation. The viscosity of non-entangled branched PET deviates from
the Rouse relaxation times for linear polymers, e.g. due to an occurrence of
excluded volume.
The radius of gyration can be seen in Figure 6.3 (c) for the grades investi-

gated. The lowest PMDA concentration of 0.15𝑤𝑡.% exhibits almost no increase
of the radius compared to the reference. Further, the radii of the higher con-
centrations increase significantly and linearly. The size of the lowest TGDDM
concentration is also almost unchanged compared to the reference. The radius
of gyration is related to the z-average of the fractionated specimen, which only
reflects the reacted species, as demonstrated. Since low concentrations of chain
extender change the size only slightly, although a large increase of molar mass
was observed, a star-like shape can be concluded for these samples. On con-
trast to PMDA, the epoxy-based additive possesses an exponential eightfold
higher 𝑅𝑔 at the highest concentration. Both chain extenders, but in partic-
ular TGDDM, lead to vastly enlarged molecules at high concentrations. The
detection of radii is limited to around 200𝑛𝑚, which is sufficient for the present
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Figure 6.3: Intrinsic viscosity (a), Mark-Houwink exponent a (b), radius of gy-
ration (c), and ratio of radius of gyration to hydrodynamic radius
(d) of H-PET with PMDA and TGDDM.
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species. Additionally, the evaluation routine needs to be modified for huge
molecules. For 0.31𝑤𝑡.% TGDDM, 0.5𝑤𝑡.% and 0.8𝑤𝑡.% PMDA, the analysis
was changed from Zimm to Berry formalism (Podzimek, 2011). The compar-
ison of the radius of gyration to the hydrodynamic radius gives an insight to
the compactness of the molecule. Since 𝑅ℎ is related to a behavior of a hard
sphere in solution, the theoretical ratio with the corresponding 𝑅𝑔 is 0.77, as
can be noted in Figure 6.3 (d). The ratio of a linear polymer with a MMD of
2 is rarely reported, and the measured value of 1.69 is in good agreement with
theoretical predictions (Rubinstein and Colby, 2003). The lowering of the ratio
describes an increased monomer density.

6.1.4 Coil Contraction

A further measure of the compactness and the impact of branching is given
by the coil contraction factor (cf. Section 2.1.2). To emphasize again, the coil
contraction factor based on the radius of gyration 𝑔 is defined as:

𝑔 =

⟨︀
𝑅2

𝑔,𝑏𝑟

⟩︀⟨
𝑅2

𝑔,𝑙𝑖𝑛

⟩ (2.16)

and the same quantity based on the intrinsic viscosity 𝑔′ is defined as:

𝑔′ =
[𝜂𝑏𝑟]

[𝜂𝑙𝑖𝑛]
(2.20)

A conformation plot, i.e. the relation of molar mass to 𝑅𝑔 in a logarithmic
diagram, leads to a first-order exponential equation for a linear polymer, analo-
gously to a Mark-Houwink expression. The conformation plot as representative
for the standards and H-PET lead to (Podzimek, 2013):

𝑅𝑧,𝑙𝑖𝑛 = 0.0237𝑀 0.586
𝑧 (6.10)

With the corresponding molar mass from the chain extended samples, the coil
contraction can be calculated, as can be seen in Figure 6.4 (a). The refer-
ence and its deviation from a theoretical value of 1 reflects the uncertainty
of the power law, which is enlarged by the quadratic ratio. As can be seen
for both chain extenders, the contraction significantly occurs already at low
concentrations and both describe an asymptotic graph. This result was ob-
served already on the 𝑅𝑔 diagram, where a large increase of molar mass only
leads to moderate enlargement of size. The contraction factor 𝑔′ can be cal-
culated with the Mark Houwink parameter and the corresponding 𝑀𝑤 of the
branched molecules. The results are given in Figure 6.4 (b), where the con-
traction and increased monomer density progress more moderately for PMDA,
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Figure 6.4: Coil contraction factor based on 𝑅𝑔 (a), coil contraction factor based
on [𝜂] (b), structure exponent 𝜀 (c), branch units 𝑚 based on 𝑔4 (d),
and molar mass between branches (𝑔4) and star arms (𝑔𝑠) (e) of H-
PET with PMDA and TGDDM.
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whereas TGDDM leads to an elevated compactness at 0.31𝑤𝑡.%. The relation
of both factors can lead to information about the structure (Berry, 1968; Radke
and Müller, 2005; Rolón-Garrido et al., 2015):

𝑔′ = 𝑔𝜀 (6.11)

The parameter 𝜀 is related to the drainability of the coil and is depicted in
Figure 6.4 (c). Different values have been reported for 𝜀, which depend on the
solvent, molar mass, temperature, and branching. In general, a more comb-type
structure was reported for values around 1, whereas star-like chains are much
smaller. Clearly, the structure changes with addition of chain extender. Both
coupling agents lead to an initially more star-like formation. The PMDA ex-
tended molecules seem to converge to a value around 0.7, whereas the TGDDM
samples seem to diverge.
The difference in structure is even more emphasized when analyzing the

branches per molecule 𝑚. The model presented by Zimm and Stockmayer
(1949) allows calculating the amount of branch units from 𝑔. It has to be men-
tioned that not all possible branching points may have reacted with a respective
large molecule in the range of 𝑀𝑛, since also non-reacted or ring reactions need
to be considered. Nevertheless, a tetra-functional branching unit is assumed ac-
cording to Equation 2.19. The solution of the non-linear equation was calculated
with Mathematica 5. The branch points per molecule exhibit a linear enhance-
ment with increasing concentration for PMDA in Figure 6.4 (d). The graph
for TGDDM is also almost linear, but a higher amount of branches occurs.
The random coupling at the backbone and homopolymerization of the chain
extender lead to a large amount of branches. Even if the Zimm-Stockmayer
model for 𝑔4 should not be analyzed quantitatively for such undefined branch-
ing units, the effect is demonstrated. Furthermore, the branching density 𝜆, i.e.
the number of LCB per 1000 monomer units, can be calculated as Auhl et al.
(2012):

𝜆 =
𝑚

𝑀
𝑀𝑚 · 1000 (6.12)

Based on the branching frequency, the molar mass between two branch units
𝑀𝑏𝑟 can be calculated. In Figure 6.4 (e) the molar mass between branches
calculated with 𝑔4 and the arm length for a star molecule with equal side arms
𝑔𝑠 (Equation 2.17) are compared with the number-average molar mass of the
PMDA samples. It can be seen that at low concentration, the star-like approach
leads to a molar mass similar to 𝑀𝑛, whereas a tetra-functional unit describes
the high concentrations precisely. The concentrations reflect a blend of star-like
and random or comb-like structures. Hence, the numbers of branches presented
in Figure 6.4 (d) are a qualitative measure at low concentrations. It can be
concluded that PMDA leads to a controlled and defined structure, starting as a
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Figure 6.5: Comparison of the molar mass with zero-shear viscosity dependence
with 3.4 power law denoted as solid line (a) and the coil contraction
factor 𝑔′ with parameter beta and polynomial fitting of 3𝑟𝑑 order
(b) for H-PET with PMDA and TGDDM.

star-like conformation at low concentration and leading to a comb-like structure
at high concentrations for H-PET.

6.2 Relation to Rheology

A fundamentally different rheological behavior can be observed for different
structures of branched molecules in regards to linear, star-like, H-shape, comb-
like, tree-like (Cayley) or irregular LCB arrangement (Auhl et al., 2004; Larson,
1999; McLeish and Milner, 1999). The main causes of the difference are related
to mechanisms of polymer motion, which are reptation, primitive path fluctu-
ation, constraint release, and the Rouse relaxation (Dealy and Larson, 2006).
As can be noted in Figure 6.5, the addition of different chain extenders and

different chain extender concentrations reveals a distinctly different relation
between molar mass and zero-shear viscosity. The solid line represents the 3.4
power law applied on the unprocessed H-PET. The extruded reference agrees
with the predictions, which emphasizes the observed shear degradation during
extrusion. The plasticizer effect is a minor aspect during extensive processing.
The sample with 0.15𝑤𝑡.% PMDA is close to the virgin sample, although the

Mark-Houwink parameter, the contraction factor and the radius of gyration
clearly indicates a branched molecule. Since a regular star molecule would lead
to a restricted primitive path fluctuation (McLeish and Milner, 1999) and en-
larged relaxation time, such polymer would lead to higher 𝜂0 at a constant molar
mass. Therefore, the structure can be considered as star-like or H-shaped. This
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observation holds also for 0.3𝑤𝑡.%, which deviates only slightly from the line
predicted. Additionally, this grade revealed a largely increased viscosity during
uniaxial elongation experiments, which clearly demonstrated the branching of
this sample.
The samples with 0.5𝑤𝑡.% and 0.8𝑤𝑡.% exhibit a lower increase of relaxation

times at high molar mass. Due to the structure, the molecules relax relatively
fast relating to their molar mass. The molar mass of entanglements for PET
is reported with 1450𝑔.𝑚𝑜𝑙−1 (Fetters et al., 2007), which leads to 20 to 25
entanglements of a branched side arm with the observed 𝑀𝑛.
Both samples with 0.5𝑤𝑡.% and 0.8𝑤𝑡.% PMDA can be distinguished by

their molecular properties like 𝑀𝑤 and 𝑅𝑔, but the difference in intrinsic and
dynamic viscosity is small, and the transient elongational viscosity reveals an
equal behavior. As seen, the mentioned molecular properties represent only the
reacted specimens, in contrast to the viscosity, which is influenced by the blend
of branched and linear molecules. It was reported that non-linear behavior
of a blend is dictated by the branched fraction (cf. Section 2.1.2), i.e. a few
emerged highly branched molecules govern the behavior. The observed devi-
ations between rheological asymptotic behavior and ongoing increase of molar
mass and size reflect the sensitivity of rheology, in particular at elongational
behavior, to the structure and density of entanglements. If both occur in a
certain concentration, an enlarged molecule would have no effect on the flow
behavior.
TGDDM exhibits a similar tendency of molar mass and zero-shear viscosity,

but deviates more from the linear predictions. The random or tree-like branches
govern the structure, as was also observed by the van Gurp-Palmen plot.
A comparison between the coil contraction factor 𝑔′ and the non-linear pa-

rameter 𝛽 from the MSF model is illustrated in Figure 6.5 (b). Starting from
the theoretical value of 1 for a linear polymer, the PMDA treated samples ex-
hibit an increase and a plateau of the branching parameter 𝛽 with decreasing
𝑔′, i.e. a higher branching density by a more compact coil. TGDDM behaves
in a similar way, in particular the highly branched sample with 0.31𝑤𝑡.% shows
a high branching density at melt and diluted state.

6.3 Conclusions

The molecular analysis by SEC triple detection of H-PET reacted with PMDA
and TGDDM reveals a strong increase of the average molar masses, polydis-
persity, radius of gyration, and hydrodynamic radius. The thermal and shear
degradation of the reference sample during processing occurred over the whole
molar mass distribution and led to a molar mass reduction of 21% and a more
narrow distribution. No gel particles could be detected by a 2𝜇𝑚 filter for the
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samples investigated. A reaction over the whole molar mass range was observed
by adding both chain extenders. The increase of molar mass exhibits an ap-
parent saturation for PMDA based on the number-average, whereas 𝑀𝑤, 𝑀𝑧,
and 𝑅𝑔 increase linear or exponential for both chain extenders. 𝑀𝑤 and 𝑀𝑧

were shown to monitor the chain reacted specimen and being unaffected by the
linear fraction.
The branching was confirmed by a decreasing Mark-Houwink exponent with

increasing chain extender concentration, which was more pronounced for
TGDDM samples. The Mark-Houwink parameters and a power law between
molar mass and radius of gyration were determined for linear PET. A smaller
coil contraction factor, i.e. a more compact structure, was achieved based on the
radius of gyration compared to the contraction based on the intrinsic viscosity.
Further, the exponent 𝜀 as indicator for the structure reveals a more star-like
structure for low concentrations of both chain extenders. With increasing con-
centration, the structure changed to more comb-like for PMDA and random or
hyperbranched for TGDDM.
The comparison to the rheological findings show deviations from the 3.4 vis-

cosity versus molar mass power law. PMDA exhibits a star-like or H-shape
structure at low concentrations and a regular random or comb-like structure at
high concentrations. The branched polymer shows an increase of molar mass
and size with high PMDA concentration, but the structure and the branching
density is finite, which is reflected by an equal rheological behavior at high
concentrations. TGDDM possesses a larger random tree-like or hyperbranched
structure. The non-linear parameter 𝛽 was found to correlate with the coil
contraction factor and the branching density.
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Industrial application and commercial use of poly(ethylene terephthalate)
(PET) has increased in recent years, in spite of the fact that processing of
the polymer is restricted by degradation and low viscosity, which are limit-
ing factors for processes like film blowing, thermoforming, and recycling. The
present work considers molecular changes during processing of commercial lin-
ear PET and provides solutions to benefit from the intrinsic reactivity of the
molecule. Reactive processing of three multi-functional chain extenders leads
to a long-chain branched (LCB) structure and highly improved elongational
properties. Investigations were conducted with a commercial twin-screw ex-
truder, which show that a successful polymer modification can be realized at
industrial scale. The analysis of the polymer structure was mainly conducted
by linear and non-linear rheology, size-exclusion chromatography (SEC) with
light scattering (MALS), and modeling of the flow behavior with the molecular
stress function (MSF) theory.

Three PET grades produced by different synthesis routes (H-PET and L-PET
based on dimethyl terephthalate and l-PET on terephthalic acid) were inves-
tigated in regards of thermal and thermo-oxidative degradation. The three
grades can be distinguished by molar mass (from high to low: H-, L-, l-PET)
and concentration of functional carboxyl and hydroxyl end groups.
Thermal stability measurements with a parallel plate geometry in the linear

viscoelastic regime were conducted. The measurements exhibit a degradation
mechanism and a reduction of the storage modulus in air atmosphere, and an
enhancement of the modulus in nitrogen atmosphere, due to polycondensation.
At longer times, the degradation reaction in air atmosphere leads to an increase
of the modulus, due to cross-linking induced by oxygen. The enhancement by
reaction in nitrogen atmosphere is counteracted by thermal degradation (Kruse
et al., 2013). Since both mechanisms occur already before the measurement
during heating of the sample, the actual initial state of the polymer was re-
constructed by a fitting to zero-loading time. The derived exponential function
led to a time constant (Kruse and Wagner, 2016), which reveals clear relations
between reactivity and polymer properties such as concentration of end groups,
molar mass, and synthesis route for all PET grades in both atmospheres. High
molar mass PET is more stable in nitrogen and less stable in air environment,
and low molar mass PET is more stable in air but less stable in nitrogen atmo-
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sphere. The different behavior can be traced back to the hydroxyl end group
concentration, which possesses higher ester- and transesterification potential
than carboxyl end groups.

The different degradation effects occurred in a rapid manner which could
not be monitored sufficiently by classical thermal stability measurement. Con-
sequently, further analysis by means of time-resolved mechanical spectroscopy
(TRMS) at 265, 272, 280, and 288∘𝐶 were necessary, allowing determination
of moduli and complex viscosity at a fixed time and a wide range of angular
frequencies. It was shown that both thermal and thermo-oxidative degradation
lead to small molecules which act as plasticizer. Besides a vertical downward
shift of the complex viscosity/frequency curve by degradation in air, severe and
concurrent cross-linking was observed leading to a yield stress. On the other
hand, in nitrogen atmosphere, polycondensation increases the molar mass, the
viscosity and also the width of shear thinning regime.

Additionally, TRMS revealed a diffusion of the side products to the sample
boundaries, which influences the determination of moduli and complex viscos-
ity, and promotes apparent slipping (Kruse and Wagner, 2016). Degradation,
diffusion, and cross-linking effects were also confirmed by samples prepared by
compression molding in air and nitrogen atmosphere.

A routine for determination of reliable master curves was established for 𝐺′

and 𝐺′′ data. Small differences between dynamic, rotational and capillary shear
flow measurements were found due to different experimental protocols used, but
small enough to conclude that the Cox-Merz relation is valid. The contribution
of stretching during converging die enttrance flow can be neglected for linear
PET, as confirmed by Bagley correction and direct measurement of the entrance
pressure loss by an orifice die.

The extrusion of neat PET with a Leistritz co-rotating twin-screw extruder
was conducted to investigate the mechanisms of thermal and thermo-oxidative
degradation, polycondensation and shear degradation on processing at indus-
trial scale. The main degradation mechanism during extrusion was identified
as a consequence of shearing. The impact of thermo-oxidative degradation is
comparably small. This emphasizes the need of moderate shear conditions and
the use of a twin-screw extruder for processing, which is known to induce less
energy into the material compared to single screw systems.

Three different chain extenders were used to create LCB PET. Pyromel-
litic dianhydride (PMDA) is a tetra-functional chain extender possessing a pre-
ferred OH group reactivity, tetraglycidyl diamino diphenyl methane (TGDDM)
is an epoxy-based tetra-functional chain extender which tends to a reaction
with COOH groups, and triphenyl phosphite (TPP) is a tri-functional coupling
agent and needs both groups for a successful application. The chain exten-
sion experiments were first conducted in a torque rheometer (Brabender). The
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batch experiments revealed a correlation of the chain extender employed with
the corresponding PET end group reactivity, which leads to the conclusion that
the type and amount of chain extender necessary depends on the type of PET
end group.

All three PET grades investigated showed a successful increase of viscosity
both with PMDA and with TGDDM. This was confirmed by reactive extrusion
with the twin-screw extruder, and online measurements showed an increasing
and stable pressure. From the batch experiments it was found that TPP is not
a useful chain extender due to rapid degradation and toxicity, and its applica-
tion cannot be recommended.

The reactive extrusion of H-, L-, and l-PET with PMDA and TGDDM as
chain extenders leads to high molar mass and long-chain branched poly(ethylene
terephthalate). This was proven by a fundamentally different rheological be-
havior, which can be related to the initial molar mass and synthesis route of
the virgin PETs. The processed grades show a strongly increasing dynamic
and transient elongational viscosity, increasing strain hardening, and increasing
thermal stability with increasing chain extender concentration.

The dynamic linear viscoelastic analysis revealed a broader spectrum of re-
laxation times due to large molecules generated. The zero-shear viscosity is
increased by two decades and the shear thinning onset is shifted to lower fre-
quencies. The activation energy of flow shows strong indication of LCB for-
mation for both chain extenders. The analysis of the loss angle by the van
Gurp-Palmen plot reveals a thermo-rheological complex material for high chain
extender concentrations, in particular for L-PET and l-PET with PMDA. The
TGDDM specimens exhibit a large second relaxation process indicating exten-
sive LCB formation or hyperbranching.

The elongation measurements show a saturation effect for H-PET processed
with PMDA, and a defined and reproducible structure of such saturated grades.
L-PET and l-PET exhibit a similar structure consistency, but also a potential
for higher branching and molar mass for higher PMDA concentrations. The
MSF model predictions show good agreement with data measured, and al-
lowed a quantitative analysis of the branching structure and of the stretch of
the molecules by both non-linear MSF parameters, 𝛽 and 𝑓 2

𝑚𝑎𝑥. Compared
to H-PET, the two initially low molar mass L-PET and l-PET show a higher
molar mass and seem to have a tree-like structure after reactive extrusion.
The TGDDM samples exhibit a dependence on concentration of COOH groups
at low concentrations, while at high concentration side reactions such as ho-
mopolymerization of TGDDM and random attacks at the backbone of PET
occur. The use of 0.31𝑤𝑡.% TGDDM leads to a gel-like structure, which was
confirmed by the linear viscoelastic measurements. A comparison of linear and
non-linear viscoelastic results reveals differences at high chain extender concen-
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trations, apparently due to different sensitivity of both methods to the blend
composition, consisting of linear and branched chains created. However, the
LCB structure was found to be reproducible and similar, e.g. for L-PET and
l-PET at 0.8𝑤𝑡.% PMDA, by non-linear measurements and the MSF model.

The analysis of the fracture behavior in elongational flow revealed a limiting
stress value of the order 10𝑀𝑃𝑎 for PMDA treated L-PET and l-PET. In con-
trast, a limiting strain restricted the elongation of PET with TGDDM, which
leads to the conclusion that a permanent covalent network governs the fracture.
These findings need to be considered for the potential application of the chain
extender. TGDDM leads to a larger strain hardening, which e.g. facilitates
blowing, but at high concentrations the same coupling agent would lead to a
fracture of the film. PMDA extended PET can stand higher strains, in partic-
ular when reacted with high molar mass PET.

The molecular analysis by SEC triple detection of H-PET reacted with PMDA
and TGDDM reveals a strong increase of the average molar masses, polydisper-
sity, radius of gyration, and hydrodynamic radius, and confirms the molar mass
increase observed by linear and non-linear rheological measurements. The ther-
mal and shear degradation of the reference samples during processing with the
twin-screw extruder occurred over the whole molar mass distribution and led to
a molar mass reduction of 21% and a more narrow distribution. No gel particles
could be detected by a 2𝜇𝑚 filter for all samples. The increase of molar mass ex-
hibits an apparent saturation for PMDA based on the number-average, whereas
the weight-average, z-average, and the radius of gyration increase strongly with
increasing chain extender concentrations.

The branching was confirmed by a decreasing Mark-Houwink exponent with
increasing chain extender concentration, which was more pronounced for
TGDDM samples and agrees with the observations by extensional rheologi-
cal experiments. The Mark-Houwink relation between intrinsic viscosity and
molar mass and a power law for the relation between radius of gyrations and
molar mass were determined for linear PET. For LCB samples, a smaller coil
contraction factor, i.e. a more compact structure, was found based on the ra-
dius of gyration compared to the contraction based on the intrinsic viscosity.
Further, the exponent 𝜀 as indicator for the structure reveals a more star-like
structure for low concentrations of both chain extenders. With increasing con-
centration, the structure changed to more comb-like for PMDA and random
tree-like or hyperbranched for TGDDM.
The comparison between SEC-MALS and the rheological findings shows that
the non-linear parameter 𝛽 correlates with the coil contraction factor and that
the 3.4 zero-shear viscosity versus molar mass power law is not valid for LCB
PET. Interestingly, the branched polymer shows an increase of molar mass and
radius of gyration at high PMDA concentration, in contrast to a saturation be-
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havior for linear and non-linear viscoelastic properties like zero-shear viscosity
and elongational strain hardening. Since the polydispersity increases strongly
at these high PMDA concentrations, the light scattering data detects the ab-
solute increase of the high molar mass specimens, which apparently have only
a limited impact on the rheology. This demonstrates a limited sensitivity of
rheology in this case to properties like weight-average molar mass and radius of
gyration, but a high sensitivity to the type and concentration of LCB structure
of the molecule. In other words, rheology may not tell us the absolute height
of a building but rather its design.

The results presented reveal fundamental changes of the molecular structure
during processing. The different mechanisms observed (plasticizer effect,
oligomeric deposition, diffusion, shear degradation, thermal and thermo-
oxidative degradation, polycondensation) emerge with different impact depend-
ing on the processing conditions (atmosphere, temperature, geometry, shear
contribution, free surface, time). It was shown that custom-made polymer ar-
chitectures can be achieved by reactive processing and by certain PET and
chain extender combinations. Due to the pronounced shear thinning behav-
ior of long-chain branched PET, a low energy consumption is expected for the
processing at high shear rates, e.g. during injection molding or fiber spinning.
The advantage of the branched structure and high molar mass can be beneficial
for extrusion of profiles, for the stability of film blowing, and crack resistance
of parts. The low molar mass grades with high OH end group concentration
in combination with PMDA possess a high potential for LCB formation, and
the full potential may not yet have been reached during this study. However,
PMDA revealed to be an excellent coupling agent which induces reproducible
structure, which are either star-like, comb-like, or tree-like depending on the
added coupling agent concentration and OH concentration of the PET. Hence,
foaming of such polymers can induce different pore structures and sizes. The
LCB PET produced and investigated in this study extends the potential of
poly(ethylene terephthalate) for new application fields.
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P. Cassagnau, V. Bounor-Legaré, and F. Fenouillot. Reactive processing of ther-
moplastic polymers: A review of the fundamental aspects. Intern. Polymer
Processing, 22(3):218–258, 2007. doi: 10.3139/217.2032.

F. Chambon and H. H. Winter. Linear viscoelasticity at the gel point of a
crosslinking PDMS with imbalanced stoichiometry. Journal of Rheology, 31
(8):683–697, 1987. doi: 10.1122/1.549955.

I. Coccorullo, L. Di Maio, S. Montesano, and L. Incarnato. Theoretical and
experimental study of foaming process with chain extended recycled PET.
Polymer, 3(2):84–96, 2009. doi: 10.3144/expresspolymlett.2009.12.

F. N. Cogswell. Converging flow of polymer melts in extrusion dies. Polymer
Engineering and Science, 12(1):64–73, 1972. doi: 10.1002/pen.760120111.

F. N. Cogswell. Converging flow and stretching flow - Compilation. Jour-
nal of Non-Newtonian Fluid Mechanics, 4(1-2):23–38, 1978. doi: 10.1016/
0377-0257(78)85004-6.

F. N. Cogswell. Polymer Melt Rheology. John Wiley & Sons, New York &
Toronto, 1981. ISBN 9781855731981.

X. Colin and J. Verdu. Polymer degradation during processing. Comptes Rendus
Chimie, 9(11-12):1380–1395, 2006. doi: 10.1016/j.crci.2006.06.004.

M. B. Coltelli, S. Bianchi, and M. Aglietto. Poly(ethylene terephthalate) (PET)
degradation during the Zn catalysed transesterification with dibutyl maleate
functionalized polyolefins. Polymer, 48(5):1276–1286, 2007. doi: 10.1016/j.
polymer.2006.12.043.

J. M. G. Cowie and P. M. Toporowski. Dependence of glass temperature on
molecular weight for poly alpha-methyl styrene. European Polymer Journal,
4(5):621–625, 1968. doi: 10.1016/0014-3057(68)90060-8.



140 Bibliography

W. P. Cox and E. H. Merz. Correlation of dynamic and steady flow viscosities.
Polymer, 28(118):619–622, 1958. doi: 10.1002/pol.1958.1202811812.

F. Daver, R. Gupta, and E. Kosior. Rheological characterisation of recycled poly
(ethylene terephthalate) modified by reactive extrusion. Journal of Materials
Processing Technology, 204(1-3):397–402, 2008. doi: 10.1016/j.jmatprotec.
2007.11.090.

J. Dealy and R. Larson. Structure and rheology of molten polymers. Hanser
Publication, Munich, 1. edition, 2006. ISBN 9783446217713. doi: 10.3139/
9783446412811.

A. H. Dekmezian, W. W. Q. Weng, C. A. Garcia-Franco, and E. J. Markel. Melt
strength of blends of linear low density polyethylene and comb polymers.
Polymer, 45:5635–5640, 2004. doi: 10.1016/j.polymer.2004.03.075.

R. Dhavalikar, M. Yamaguchi, and A. Xanthos. Molecular and Structural Anal-
ysis of a Triepoxide-Modified Poly ( ethylene terephthalate ) from Rheological
Data. Journal of Polymer Science: Part A: Polymer Chemistry, 41(7):958–
969, 2003. doi: 10.1002/pola.10641.

M. Doi. Explanation for the 3.4 power law for viscosity of polymeric liquids on
the basis of the tube model. Journal of Polymer Science Part B - Polymer
Physics Edition, 21(5):667–684, 1983. doi: 10.1002/pol.1983.180210501.

M. Doi and S. F. Edwards. Dynamics of concentrated polymer systems. 2.
Molecular-motion under flow. Journal of the Chemical Society - Faraday
Transactions II, 74(10):1802–1817, 1978. doi: 10.1039/F29787401802.

M. Doi and S. F. Edwards. The theory of polymer dynamics. Oxford University
Press, 1986. ISBN 9780198520337.

A. Einstein. Motion of suspended particles on the kinetic theory. Annalen der
Physik, 17(3):549–560, 1905.

J. D. Ferry. Viscoelastic properties of polymers. John Wiley & Sons, New York,
3. edition, 1980. ISBN 9780471048947.

L. J. Fetters, D. J. Lohse, and C. R. H. Chain dimensions and entanglement
spacings. In J. E. Mark, editor, Physical Properties of Polymers Handbook,
chapter 25, page 1076. Springer-Verlag, New York, 2. edition, 2007. doi:
10.1007/978-0-387-69002-5.

G. Filippone, S. C. Carroccio, R. Mendichi, L. Gioiella, N. T. Dintcheva, and
C. Gambarotti. Time-resolved rheology as a tool to monitor the progress of



Bibliography 141

polymer degradation in the melt state - Part I: Thermal and thermo-oxidative
degradation of polyamide 11. Polymer, 72:134–141, 2015. ISSN 0032-3861.
doi: 10.1016/j.polymer.2015.06.059.

P. J. Flory. Principles of Polymer Chemestry. Cornell University Press Ltd,
London, 8. (1971) edition, 1953. ISBN 9780801401343.

J. S. Forsythe, K. Cheah, D. R. Nisbet, R. K. Gupta, A. Lau, A. R. Donovan,
M. S. O. Shea, and G. Moad. Rheological properties of high melt strength
poly (ethylene terephthalate) formed by reactive extrusion. Polymer, 100(5):
3646–3652, 2006. doi: 10.1002/app.23166.

T. G. Fox and P. J. Flory. 2nd-order transition temperatures and related prop-
erties of polystyrene.I. Influence of molecular weight. Journal of Applied
Physics, 21(6):581–591, 1950. doi: 10.1063/1.1699711.

C. Gabriel and H. Münstedt. Strain hardening of various polyolefins in uniaxial
elongational flow. Journal of Rheology, 47(3):619–630, 2003. doi: 10.1122/1.
1567752.

P. G. D. Gennes. Reptation of a polymer chain in the presence of fixed obstacles.
Journal of Chemical Physics, 55(2):572–578, 1971. doi: 10.1063/1.1675789.

W. Gleissle. A simple relation combining transient zero shear viscosity with
pseudoplastic flow behavior. Journal of Rheology, 24(6):919–920, 1980.

J. W. Goodwin and R. W. Hughes. Rheology for chemists: An introduction.
The Royal Society of Chemistry, Cambridge, 2000. ISBN 9780854046164.

M. S. Green and A. V. Tobolsky. A new approach to the theory of relaxing
polymeric media. Journal of Chemical Physics, 14(2):80–92, 1946. doi: 10.
1063/1.1724109.

G. K. Guenther and D. G. Baird. Rheology of a textured fluid consisting
of poly(ethylene terephthalate) and nylon 6,6. Journal of Applied Polymer
Science, 59(5):845–859, 1996. doi: 10.1002/(SICI)1097-4628(19960131)59:
5⟨845::AID-APP11⟩3.0.CO;2-L.

C. D. Han. Rheology and processing of polymeric materials - Volume I polymer
rheology. Oxford University Press, 2007. ISBN 9780195187823.

M. Härth, J. Kaschta, and D. W. Schubert. Shear and elongational flow prop-
erties of long-chain branched poly(ethylene terephthalates) and correlations
to their molecular structure. Macromolecules, 47(13):4471–4478, 2014. doi:
10.1021/ma5002657.



142 Bibliography

M. Härth, J. Kaschta, and D. W. Schubert. Rheological study of the reaction
kinetics in a poly (ethylene terephthalate) melt. Polymer Degradation and
Stability, 120:70–75, 2015. doi: 10.1016/j.polymdegradstab.2015.06.001.

S. G. Hatzikiriakos, G. Heffner, D. Vlassopoulos, and K. Christodoulou. Rhe-
ological characterization of polyethylene terephthalate resins using a multi-
mode Phan-Tien-Tanner constitutive relation. Rheologica acta, 36(5):568–
578, 1997. doi: 10.1007/BF00368134.

P. Haupt. Continuum mechanics and theory of materials. Berlin Hei-
delberg, Berlin Heidelberg, 2002. ISBN 9783540431114. doi: 10.1007/
978-3-662-04775-0.

W. Hu. Polymer physics a molecular approach. Springer-Verlag, Wien, 1 edition,
2013. ISBN 9783709117538. doi: 10.1007/978-3-7091-0670-9.

J. P. Ibar, Z. Zhang, Z. M. Li, and A. Santamaria. Investigation of the dynamic
rheological properties of a polycarbonate melt presenting solid-like character-
istics and a departure from pure liquid newtonian behavior at long relaxation
times. Journal of Macromolecular Science, Part B: Physics, 54(6):649–710,
2015. doi: 10.1080/00222348.2015.1029411.

H. Inata and S. Matsumura. Chain extenders for polyesters. I. Addition-type
chain extenders reactive with carboxyl end groups of polyesters. Journal
of Applied Polymer Science, 30(8):3325–3337, 1985. doi: 10.1002/app.1985.
070300815.

H. Inata and S. Matsumura. Chain extenders for polyesters. III. Addition-
type nitrogen-containing chain extenders reactive with hydroxyl end groups
of polyesters. Journal of Applied Polymer Science, 32(4):4581–4594, 1986.
doi: 10.1002/app.1986.070320423.

H. Inata and S. Matsumura. Chain extenders for polyesters. IV. Properties
of the polyesters chain-extended by 2,2-bis(2-oxazoline). Journal of Applied
Polymer Science, 33(8):3069–3079, 1987. doi: 10.1002/app.1987.070330838.

L. Incarnato, P. Scarfato, L. D. Maio, and D. Acierno. Structure and rheology
of recycled PET modified by reactive extrusion. Polymer, 41(18):6825–6831,
2000. doi: 10.1016/S0032-3861(00)00032-X.

L. P. B. M. Janssen. On the stability of reactive extrusion. Polymer Engineering
and Science, 38(12):2010–2019, 1998. doi: 10.1002/pen.10370.

S. Japon, L. Boogh, Y. Leterrier, and J. A. E. Månson. Reactive processing
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Nomenclature

Latin symbols

Symbol Description

𝐴 factor of non-active specimens

𝑎 tube diameter

𝑎0 tube diameter at equilibrium

𝐴2 second viral coefficient

𝐴𝑅𝑇 cross section area at room temperature

𝑎𝑇 horizontal time-temperature shift factor

𝑎𝑣 vertical degradation shift factor

𝐴(𝑡) time dependent cross section area

𝐵 factor of active specimens

𝑏 length of chain segment and

𝑏𝑏 length of bond

𝑏𝑖 vector of chain segment i

𝑏𝑘 length of Kuhn segment

𝑏𝑇 vertical time-temperature shift factor

𝐶 Cauchy tensor

𝑐 concentration

𝑐𝑖 concentration fraction

𝑐.𝑚. center of mass

𝐶
𝑡,𝑡′
(𝑡, 𝑡′) relative Cauchy tensor

𝐶−1
𝑡,𝑡′
(𝑡, 𝑡′) relative Finger tensor

𝐶∞ characteristic ratio

𝐷 diffusion coefficient

𝐷 deformation rate tensor

𝑑 distance

𝑑𝑛/𝑑𝑐 differential refractive index increment



154 Nomenclature

𝐸 Youngs modulus

𝐸𝐴 flow activation energy

𝐸𝑔, 𝐸𝑙 glassy and liquid molar thermal expansivity

𝐹 Helmholtz free energy

𝑓 number of arms of star molecule

𝑓 2
𝑚𝑎𝑥 maximum of storable energy from chain stretch (MSF)

𝑓𝑒 energy contribution to the force

𝑓𝑠 entropy contribution to the force

𝐹 (𝑡) time dependent force

𝐹
𝑡,𝑡′
(𝑡, 𝑡′) relative deformation gradient tensor

𝐹−1
𝑡,𝑡′
(𝑡, 𝑡′) relative inverse deformation gradient tensor

𝑓 force

𝑓(𝑡, 𝑡′) stretch of tube

𝐺 shear modulus

𝑔, 𝑔′ coil contraction factor based on 𝑅𝑔 and [𝜂]

𝐺𝑒 equilibrium modulus of cross-link network

𝐺0
𝑁 plateau value of network entanglements

𝑔𝑠, 𝑔3, 𝑔4 numerical coil contraction factor of star, tri-, tetra-
functional branch units

𝐺′(𝜔) storage modulus

𝐺′′(𝜔) loss modulus

𝐺(𝑡) relaxation modulus

𝑔(𝑟) pair correlation function

|𝐺*| absolute value of complex shear modulus

ℎ(𝐼1, 𝐼2) damping function

𝐻(𝜆) continuous relaxation spectrum

𝐼0 intensity of incident light

𝐼1, 𝐼2 first and second invariant

𝐼(𝑞) intensity of scattering light

𝐽(𝑡) compliance

𝐾 constant (e.g. 3.4 power law, Mark-Houwink, Fox-Flory)

𝐾 retractive force of an ideal chain
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𝑘 Boltzmann constant

𝐾* optical constant⃒⃒
𝐾𝑒𝑞

⃒⃒
equilibrium force

𝑘𝑓 wave vector of scattered light

𝑘𝑖 incident plane wave vector

𝑙 length

𝑙0 gauge

𝑙′ past length

𝑚 number of monomers and degree of branching

𝑀𝑏𝑟 molar mass between branch units

𝑀𝑐 critical molar mass

𝑀𝑒 molar mass of entanglements

𝑀𝑛 number-average molar mass

𝑀𝑛,𝑏𝑟 number-average molar mass of branched molecule

𝑀𝑚 molar mass of monomer

𝑀𝑤 weight-average molar mass

𝑀𝑧 z-average molar mass

𝑚′,𝑚′′ slope of 𝐺′ and 𝐺′′ from TRMS

𝑚(𝑡− 𝑡′) memory function

𝑁 number of segments, beads, and bonds, and refractive
index of the solute

𝑛 normal vector

𝑛𝐶𝐸 number of chain extender molecules

𝑛𝑖 number fraction

𝑁𝑚𝑢 mutation number

𝑛0 refractive index of the solvent

𝑛′ refractive index of sample

𝒩 Avogadro’s number

𝑃 survival probability

𝑃𝑐 pressure drop in capillary

𝑃𝑒𝑥𝑡𝑟 online extruder pressure

𝑃𝑂 pressure drop at orifice die
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𝑃 (𝜃) particle scattering function

𝑄 volumetric flow

𝑞 scattering vector

𝑅 radius at wall

𝑅 end-to-end vector

𝑟 radius

𝑟𝑖 local vector

𝑅𝑚𝑎𝑥 length of fully expanded chain

𝑅𝑔 radius of gyration

𝑅ℎ hydrodynamic radius

𝑅𝑧 z-average radius of gyration

𝑅0 end-to-end distance of an ideal

𝑅(𝜃) , 𝑅(𝑞) Rayleigh ratio⟨︀
𝑅2
⟩︀

mean square end-to-end distance

𝑆 entropy

𝑆 strain measure

𝑆 orientation tensor

𝑆𝐼𝐴
𝐷𝐸

Doi-Edward independent alignment assumption orienta-
tion tensor

𝑆
𝑀𝑆𝐹

MSF orientation tensor

𝑇 temperature

𝑇𝑔 glass transition temperature

𝑇𝑔,∞ glass transition temperature with infinite molar mass

𝑈 internal energy

𝑢, 𝑢′ undeformed and deformed orientation vector

𝑉 volume and molar volume

𝑣 strand density

𝑣 velocity vector

𝑣𝑒 entanglement density

𝑉𝑔, 𝑉𝑙 glassy and liquid molar volume

𝑊 rotation deformation or vorticity tensor

𝑤𝑀𝑆𝐹 free energy of segment
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𝑤𝑖 weight fraction

𝑥 deformed state

𝑥0 relaxed state

Greek symbols

Symbol Description

𝛽 MSF branching factor

�̇�𝑎𝑝𝑝 apparent shear rate

�̇�𝑤 shear rate at wall

�̇�(𝑑𝑡) shear rate

𝛾(𝑡, 𝑡′) shear deformation

𝛿 phase angle, loss angle

𝜀 strain and structure correlation exponent

𝜀𝐸 engineering strain

�̇� strain rate

𝜁 friction coefficient

𝜂 viscosity

𝜂𝐸 elongation viscosity

𝜂+𝐸(𝑡, �̇�) transient uniaxial elongation viscosity

𝜂+𝑆 (𝑡) transient shear viscosity

𝜂𝑠𝑝 specific viscosity

𝜂0 zero-shear viscosity

[𝜂] intrinsic viscosity

|𝜂*| absolute value of complex viscosity

𝜃 scattering angle

𝜅 velocity gradient tensor

𝜆 relaxation time and branching frequency

𝜆𝑚𝑢 mutation time

𝜆𝑖, 𝑔𝑖 discrete relaxation spectrum

𝜆𝑖(𝑡, 𝑡
′) strain, extensional ratio

𝜆0 wave length

𝜌 density
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𝜌𝑙 melt density

𝜌𝑠 solid density

𝜎 stress

𝜎 stress tensor

𝜎𝑖𝑗 components of stress tensor

𝜎𝑥𝑥 tensile stress

𝜏 reaction time constant

𝜏𝑑 disengagement time

𝜏𝑅 Rouse relaxation time

𝜏𝑤 shear stress at wall

Ψ(𝑅) Gaussian probability of end-to-end vector

𝜔 angular frequency

∇𝑣 velocity gradient tensor

Abbreviations

Symbol Description

BHET bis(2-hydroxyethyl) terephthalate

CR constraint release

COOH carboxyl group

DEG diethylene glycol

DMT dimethyl terephthalate

DP differential pressure

DRI differential refractive index

HFIP hexafluoroisopropanol

H-PET high molar mass PET based on dimethyl terephthalate

IP inlet pressure

IV intrinsic viscosity

K-BKZ Kaye-Bernstein, Kearsley and Zapas (equation)

LCB long-chain branching

L-PET low molar mass PET based on dimethyl terephthalate

l-PET low molar mass PET based on purifed terephthalic acid

MALS multi-angle light scattering
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MEG monoethylene glycol

MMD molar mass distribution

MSF molecular stress function

OH hydroxyl group

PET poly(ethylene terephthalate)

PDI polydispersity index

PMDA pyromellitic dianhydride

SEC size-exclusion chromatography

SSP solid-state polycondensation

TGDDM tetraglycidyl diamino diphenyl methane

TPA purifed terephthalic acid

TPP triphenyl phosphite

TRMS time-resolved mechanical spectroscopy

WLF Williams-Landel-Ferry (equation)



Appendices

Results from Time-Resolved Mechanical Spectroscopy
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Figure 7.1: TRMS of 𝐺′ for H-PET at 265∘𝐶 (a), 272∘𝐶 (b), 280∘𝐶 (c), and
288∘𝐶 (d) in air atmosphere.
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Figure 7.2: TRMS of 𝐺′′ for H-PET at 265∘𝐶 (a), 272∘𝐶 (b), 280∘𝐶 (c), and
288∘𝐶 (d) in air atmosphere.
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Figure 7.3: TRMS of 𝛿 for H-PET at 265∘𝐶 (a), 272∘𝐶 (b), 280∘𝐶 (c), and
288∘𝐶 (d) in air atmosphere.
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Figure 7.4: TRMS of complex viscosity for H-PET at 272∘𝐶 (a) and 280∘𝐶 (b)
in air atmosphere .
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Figure 7.5: TRMS of complex viscosity for H-PET at 272∘𝐶 (a) and 280∘𝐶 at
deformation of 1% in nitrogen atmosphere.
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Figure 7.6: TRMS of 𝐺′ for H-PET at 265∘𝐶 (a), 272∘𝐶 (b), 280∘𝐶 (c), and
288∘𝐶 (d) at deformation of 1% in nitrogen atmosphere.
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Figure 7.7: TRMS of 𝐺′′ for H-PET at 265∘𝐶 (a), 272∘𝐶 (b), 280∘𝐶 (c), and
288∘𝐶 (d) at deformation of 1% in nitrogen atmosphere.
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Figure 7.8: TRMS of 𝛿 for H-PET at 265∘𝐶 (a), 272∘𝐶 (b), 280∘𝐶 (c), and
288∘𝐶 (d) at deformation of 1% in nitrogen atmosphere.
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Figure 7.9: TRMS of 𝐺′ (a), 𝐺′′ (b), 𝛿 (c), and complex viscosity (d) at defor-
mation of 1% of non trimmed in nitrogen atmosphere for H-PET
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