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Abstract

The present work concerns the use of rheology to obtain quantita-
tive information on the microstructure of polyolefin-based materials. Such
properties have crucial implications along both directions of the chain-of-
knowledge of polymeric materials. Moving backwards, in the direction of
polymer synthesis, rheology is able to link the material response to the
details of the molecular architecture. Moving forwards, in the direction
of technological applications, rheology is able to provide a relevant link
to the processing as well as to the final material properties. Determining
the molecular structure of polyolefin-based materials is a relevant scien-
tific and technological challenge. Molecular weight, its distribution, and
structural details are fundamental parameters for materials design and pro-
cessing, but often difficult to ascertain. The main objective of the present
work is to study the molecular details of specific polyolefin-based systems
through an innovative rheological approach. Linear rheology is measured
in concentrated, entangled solutions, instead of melts, thus overcoming
some intrinsic experimental difficulties encountered in measuring the lat-
ter. Molecular models and constitutive equations for entangled solutions

are used to extract the quantitatively relevant microstructural information.

Keywords: Rheology, Polymer Solution, Molecular Weight Distribution



Sommario

Il presente lavoro si basa sull’'uso della reologia per ottenere infor-
mazioni quantitative sulla microstruttura dei materiali poliolefinici. Queste
ultime hanno implicazioni cruciali sulla conoscenza dei materiali polimerici.
In particolare, dal punto di vista della sintesi dei polimeri, la reologia ¢
in grado di collegare la risposta del materiale ai dettagli dell’architettura
molecolare. Da un punto di vista delle applicazioni tecnologiche, la reologia
¢ in grado di fornire un collegamento rilevante alla lavorazione e alle pro-
prieta finali del materiale. La determinazione della struttura molecolare
dei materiali poliolefinici € una sfida scientifica e tecnologica importante. Il
peso molecolare, la sua distribuzione e i dettagli strutturali sono parametri
fondamentali per la progettazione e la lavorazione dei materiali, ma spesso
difficili da accertare. L’obiettivo principale del presente lavoro € studiare
i dettagli molecolari dispecifici sistemi a base di poliolefine attraverso un
approccio reologico innovativo. Vengono misurate le proprieta reologiche
lineari di soluzioni concentrate ed entanglate, invece che nel stato di fuso
puro, superando cosi alcune difficolta sperimentali intrinseche incontrate
nella misurazione di queste ultime. I modelli molecolari e le equazioni
costitutive per le soluzioni entanglate sono utilizzati per estrarre le infor-

magzioni microstrutturali quantitativamente rilevanti.

Parole chiave: Reologia, Soluzioni Polimeriche, Distribuzione dei Pesi

Molecolari
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Chapter

Introduction

1.1 Preamble

Plastics materials have revolutionized our world, contributing to the
tremendous technological progress of the last century. Their ease of pro-
cessing through molding, extrusion, and casting, allows for different mor-
phologies that influence the final properties of the product (mechanical,
strength, durability) and provide great versatility in many application
fields. These characteristics have led to an exponential increase in the
worldwide plastics production and have contributed to a gradual substi-
tution or, in some cases, integration with conventional materials such as
metals, minerals, textile fibers, etc.

The synthesis of polymeric materials started with nitrocellulose in 1862
[1] and, since then, it underwent a rapid progress. In the early 1950s, Hogan
and Bank found that ethylene can be polymerized under moderate condi-
tions (3-4 MPa and 70-100 °C) with chromium oxide catalysts on silica
support. This process was employed to produce High Density Polyethylene
(HDPE) in 1956. In 1953, Ziegler and Natta independently developed a
family of stereospecific transition-metal catalysts that led to the synthesis
and commercialization, in 1957, of polypropylene (PP) [1]. Nowadays, PE
and PP are the most produced plastic materials, with an expected yearly
production of 230 millions of metric tons in 2023 [2].
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In spite of the huge production volume and variety of applications,

several aspects related to the link between synthesis, processing and me-
chanical properties of polyolefins are still matter of research. For example,
it is difficult to relate the molecular weight and molecular weight distri-
bution (MWD) of such materials to the final properties, especially when
the average molar mass is very high. In the latter case, a major challenge
comes from obtaining reliable measurements of the MWD with standard
analytical methods.
The present work aims at establishing robust experimental protocols for
obtaining the MWD of Polyolefins (POs) with ultrahigh molecular weight
via rheological techniques and more generally, to establish a protocol to
relate rheology and polymer architectures.

1.2 Polyolefins

Polyolefins (POs) are a class of polymers synthesized from olefins or
alkenes. These are monomeric precursors characterized by at least one
carbon-carbon double bond. The most common precursors are ethylene,
propylene, 1-butene, and other a-olefins, whereas the most common POs
are high density polyethylene (HDPE), low density polyethylene (LDPE),
linear low density polyethylene LLDPE, ultra high molecular weight
(UHMW) polyethylene or polypropylene (PP), as well as blends of these
polymers. Polyethylene (PE) and isotactic polypropylene (i-PP) are uti-
lized in a huge variety of applications such as packaging, cable insulations,
pipes and valves, toys, housewares, etc. Due to their low toxicity compared
to many other common plastics, PE and i-PP are also the least expensive
polymers.

Polyethylene is largely used to replace traditional materials such as pa-
per or metals. It is characterized by a simple chemical formula (—CHgy —
CHs—),. Depending on the synthetic route, it is possible to obtain PEs
with different physical properties depending on the chain length, the de-
gree of branching and the length of the branches. In this respect, PE can
be classified in three categories: LDPE, LLDPE and HDPE.

LDPE has a highly branched molecular structure (see Figure 1.1) and the
most common use for films in packaging, agricultural coverings, and car-
rying bags.
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Figure 1.1. Schematic structure of LDPE

HDPE is characterized by a high crystallinity degree which makes it
the most rigid material among the polyethylene categories. It has a linear
molecular structure (see Figure 1.2) and can be syntesized with a broad or
narrow molecular weight distribution (MWD). Depending on the MWD,
HDPE can be used in different application fields: food packaging, bottles

pipes

Figure 1.2. Schematic structure of HDPE

LLDPE is similar to HDPE but with a lower cristallinity due to the
presence of short branches (see Figure 1.3). LLDPE is frequently mixed
with one of the elements above mentioned to produce thin films. Due to
its toughness and durability, it is used to produce larger items like lids.

“'\\\\II\L.\/

Figure 1.3. Schematic structure of LLDPE

The formula of PP, instead, is characterized by a main —C'C'— chain
with a lateral methyl group (C'Hs). The spatial arrangement of the methyl
group around the main chain determines three types of PP: atactic PP
(aPP) with a random distribution of C'Hjs, isotactic PP (iPP) with C'Hj
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groups distributed on one side of the main chain and syndiotactic PP (sPP)
in which the lateral groups are distributed alternately around the main
chain. In Figure 1.4, the different polypropylenes structure, according to
its stereoregularity are reported. The higher the regularity of the methyl
lateral group, the higher is the degree of crystallinity, melting temperature,
tensile strength, rigidity and hardness [3].

atactic

AN

isotactic

syndiotactic

Figure 1.4. Stereoregularity of PP

With respect to PE, PP is a cheaper material, and for this reason it
is currently of great industrial interest. However, PP has a higher crystal-
lization temperature and it is less resistant to oxygen.

For both PE and PP, when the molar mass of the polymer exceeds 10°
g/mol, UHMW materials are achieved.

1.3 Ultrahigh molecular weight materials

Molecular weight and macromolecular distribution are properties that
strongly influence physical and mechanical properties such as drawability,
and toughness. In recent years, the need for producing strong fibers pro-
moted the synthesis of high molecular weight polymers.
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Concerning polyolefins, the use of metallocene-based catalysists allowed to
produce chains with 1 x 10° — 2.5 x 10° monomers, a much larger number
compared to approximately 2000 monomers of HDPE. Nowadays, UHMW
POs are used in industry for the production of gears and sliding guides,
medical industry for the manufacture of orthopedic joint replacements,
defense applications such as ballistic protection. UHMWPE is the most
common PO for medical applications. Due to its bio-compatibility, chem-
ical inertia, resistance to abrasion and impact, and low surface friction
coefficient, along with excellent fatigue resistance, it is used as joint in-
sert, usually coupled with metal components. Regarding the application
for wires or ballistic protection, experiments show that a rope made of
UHMWPE performs 15 times better than a steel cable with 8 times less
weight [4].

From a processing perspective, the molecular weight of such class of poly-
mers, in particular for polyethylene, is inevitably associated with a large
number of entanglements per chain, resulting in sustained elastic modulus
and melt viscosity. The latter may represent a limit for the processability
of the materials. Furthermore, the high viscoelasticity is a major issue for
the rheological characterization of UHMW POs. On the other hand, it is
of primary importance to develop characterization methods to assess the
molecular weight and molecular weight distribution of these materials in
order to control the properties of the resulting products.

1.4 Polymer dispersity and its effect on the rheo-
logical and mechanical properties of polymers

Polymeric materials consisting of equal chains are almost impossible
to achieve in industrial processes, thus some dispersion degree is expected.
For this reason, the molecular weight is generally defined in average terms.
Different average quantities are useful to define the degree of dispersity.
The number average molecular weight is defined as follows:

— . i M/L‘
i, = M: SN x M (1.1)
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where n; and N; are the number and molar fraction of molecules with
a molecular weight of M;, respectively. Another possibility is to define
a weight average molecular weight, M,,. The weight-average molecular
weight is strongly influenced by the presence of large molecular weight
fractions. The definition is the following:

_ w: % M n:ox M2
N, = i M > Wi M; = 2imix M (1.2)
> Wi '

where w; and W; are the weight and the weight fraction of molecules
with a molecular weight M;, respectively. M, is always larger than M,,.
An additional parameter used to characterize the molecular weight of a
polymer is the viscosimetric molecular weight. This value, as will be shown
later, is obtained from rheological measurements.
Figure 1.5 shows where the different molecular weights can be found in a
typical molecular weight distribution.

%

Number of molecules

Molecular weight

Figure 1.5. Schematic illustration of a molecular distribution and where the
main parameters are located on the curve (the x-axis is reported in log-scale)

In Figure 1.5, the viscosity average molecular weight (M) is reported.
It can be obtained from the viscosity of solutions in diluted regime. For a
given polymeric system, the ratio between M,, and M, the so-called poly-
dispersity index (PDI), is indicative of the breadth of the macromolecular
distribution. For monodisperse polymers PD]I is equal to 1.
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Rheology is strongly affected by molecular weight and polydispersity index.
For example, a larger PDI induces a lower shear rate where the shear thin-
ning behavior occurs. Furthermore, a more polydysperse sample features
a broader transition from the Newtonian plateau to the thinning regime,
as shown in Figure 1.6.
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Figure 1.6. Effect of polydispersity on the shear viscosity (picture from [5])

Concerning the dynamic shear rheological response, a higher polydis-
persity index results in the impossibility to reach a well-defined plateau
modulus (see Figure 1.7).

1.5 Experimental techniques for determining the
average molecular weight of polymers

In this section, the most used techniques for the evaluation of the
weight-average molecular weight and macromolecules distribution are pre-
sented. Most techniques require dissolution of the polymer in a solvent
at low concentrations. In addition, in most cases, the knowledge of some
parameters that depend on the polymer-solvent pair or instrument calibra-
tions are required before proceeding with measurements. The last method
is based on the viscoelastic response, which can be particularly sensitive to
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Figure 1.7. Effect of polydispersity on the dynamic moduli of (a) monodis-
perse and (b) polydisperse samples (pictures from [6])

the presence of high molecular weight chains compared to the more stan-
dard techniques. However, the application of rheological models is required
in order to describe the relaxation dynamics of the polymer system.

1.5.1 Scattering techniques

Light scattering is one of the most common non-destructive techniques

to investigate complex fluids. Through light scattering measurements, it is
possible to evaluate the macromolecule size in terms of the gyration radius,
and the weight-average molecular weight of a polymer.
The basic principle of this technique is that light passing through a polymer
solution is partly absorbed by the molecules and partly scattered in all
directions. The molecule that generates the light scatter must be large
enough to give the scatter, but smaller than the wavelength of the light.
Rayleigh theory is used to describe this phenomenon.

Ke 1 1
— = — 424 — 1.3
R (Mw + 20> 7 ( )

where c is the concentration, M,, is the weight-average molecular weight,
f is the scattering angle, As is the second virial coefficient, Ry is the
Rayleigh ratio (defined as the ratio between scattered light intensity and
incident light intensity), K is a constant, also known as the contrast, which
depends on the wavelength and solvent-polymer system and Pp is the form
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factor defined as the ratio between the intensity scattered at angle # and
the intensity extrapolated to zero angle at low polymer concentration (typ-
ically < 1%wv), i.e. in absence of interferences. In Equation 1.3, the higher-
order virial terms have been neglected by assuming low concentration.
The parameters K and Py are calculated as follows:

472 dn\ >
K=—— — 1.4
NN <”0 dc) (14)
1 167r2ngR2 0
S I S P 1.
2 + e sin” 5 (1.5)

In Equation 1.4 and 1.5, Ag is the wavelength, N4 is the Avogadro
number, ng is the solvent refractive index, R, the gyration radius and %’Z
is the variation of the refractive index of the sample with concentration.
Equation 1.3 states that the higher molecular weight and dimension of a
molecule, the greater the scattered light.

Scattering techniques can be classified in two groups: SLS (static light
scattering) and DLS (dynamic light scattering). In SLS experiments, the
intensity amplitude of light statically scattered by the sample is measured,
whereas in DLS tests the fluctuations of the scattered light at a given angle
are measured.

Generally, the SLS technique is used to measure the molecular weight,
whereas DLS is mainly performed to quantify the molecule dimension by
evaluating the radius of gyration.

A further classification can be made according to the angle at which
the measurement is performed. In particular, it is possible to distinguish:

e SALS (low angle light scattering). The preferred technique to mea-
sure the molecular weight at the lowest possible angle (§ — 0). LALS
can be defined if § < 10deg. It results reliable for B, > 10 — 15nm.

e RALS (right angle light scattering). A measurement is performed at
0 = 90deg and it results reliable for R, < 15nm.

e MALS (multi-angle light scattering). These are measurements at
different angles. MALS is useful for measuring the radius of gyration
of molecules.
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1.5.2 Intrinsic viscosity

The molecular weight can be evaluated by measuring the intrinsic vis-
cosity of the polymer dissolved in a solvent in the limit of diluted regime.
Referring to n as the viscosity of solution, 7, as the viscosity of the pure
solvent, and ¢ as the solute concentration, the following parameters can be
defined:

n

Nep = — — 1 (1.6)
Tlsp
red — 1.7
Nred = ~_ (1.7)
I 778]7
b =t () 49

where 1), is the specific viscosity, nyeq is the reduced viscosity, and [n)]
is the intrinsic viscosity. The intrinsic viscosity gives information about
the average size of molecules in a diluted solution (chains do not interact
each other). The evaluation of molecular weight is possible by applying
the well-known Mark — Houwink — Sakurada equation, which correlates
the intrinsic viscosity to the viscosimetric molecular weight [7].

In] = kM® (L9)

in Equation 1.9, k and « are parameters which depend on the polymer-
solvent system and the temperature. For a good solvent, a ranges between
0.5 and 0.8, whereas its value is 0.5 in case of #-solvent (chain is in an un-
perturbed state, i.e. Gaussian coil).
Intrinsic viscosity measurements can be affected by errors due to high poly-
dispersity or a high degree of branching. Over the years, various corrective
methods have been proposed to refine the results from intrinsic viscosity
measurements [8, 9, 10].
Typically, intrinsic viscosity measurements are performed in a glass capil-
lary viscometer. The elution time of the diluted solution at various concen-
trations through the capillary is measured. A reduced viscosity is evaluated
for each solution and, by extrapolation to zero concentration, the intrinsic
viscosity can be determined.
From an experimental point of view, the evaluation of intrinsic viscosity
involves easy measurements. For this reason, it is often coupled to a Gel
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Permeation Chromatography to determine the distribution of molecular
weights.

1.5.3 Gel permeation chromatography

Size exclusion chromatography (SEC), also called Gel permeation chro-
matography (GPC), is the most widely used physical separation technique
for the evaluation of molecular weight distribution. In a chromatographic
column, a mobile phase (polymer dissolved in a solvent) flows thorugh a
stationary phase, i.e., an inert support characterized by a distribution of
pores of different sizes. Since there is no chemical interaction involved
during the process, the mobile phase passes through the pores of the sup-
port. Large molecules will have a shorter elution time since they cannot
penetrate the pores of the stationary phase. Smaller chains, on the other
hand, passing through the pores, come out of the column with a higher
elution time. It is important to highlight that the separation is by the size
of macromolecules and not by molecular weight. However, the size of the
macromolecule scales with the molecular weight, therefore it is possible to
derive the molecular weight distribution via GPC.

SEC-GPC measurements can be coupled with additional detectors to eval-
uate the gyration radius and intrinsic viscosity.

To evaluate the distribution of molecular weights, it is necessary to cali-
brate the instrument by means of standards. The calibration can be con-
ventional or universal. For a conventional calibration, standards of known
molecular weight are used. The separation is carried out based on the size
(hydrodynamic volume). The sample has an elution time that depends on
its hydrodynamic volume and thus on molecular weight. Consequently, a
molecular weight vs elution volume curve is built, which allows the mea-
surement of an unknown sample.

For the universal calibration, a hydrodynamic volume vs elution volume
plot is built. The measurement of intrinsic viscosity is directly related
to hydrodynamic volume through a relation such as My[n] = f(V4). Ac-
cordingly, for an unknown sample, the calibration curve gives the hydro-
dynamic volume for a measured elution time. Further, from the online
measurement of intrinsic viscosity, the molecular weight can be derived
thanks to the MHS equation (see Equation 1.9).
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1.5.4 Rheological Approach

The evaluation of molecular weight by means of GPC and intrinsic vis-
cosity measurements can be unreliable, especially in the case of high molec-
ular weight polymers. In fact, chains with very high molecular weights
(> 10°Da) may have problems crossing the column. In particular, for
UHMW polymers, the phenomenon of "late elution" may occur. In par-
ticular, longest chains are eluted with shorter chains.

Rheology can be a very reliable tool for assessing the molecular weight
distribution of polymers. It is particularly sensitive to the presence of the
high molecular weights that mostly influence the longest relaxation time
of the system.

The evaluation of MWD can be inferred from linear viscoelastic data
based on either the flow curve or the relaxation modulus. As shown in
the next chapter, different methods for the evaluation of the molecular
weight distribution from rheological measurements are available in the lit-
erature [11]. Some techniques are based on empirical correlations between
rheological quantities, such as plateau modulus and zero shear viscosity,
and MWD [12|. Polydispersity also correlates with the shape of Van-
Gurp-Palmen plots [13]. Other methods are based on molecular models
[14, 15, 16, 17, 18, 19]. These are divided in two general categories referred
to as viscosity model and modulus model [14, 16]. In the viscosity models,
it is assumed that the viscosity of the polydisperse melt depends on the
viscosity and mass fraction of the single components according to a nonlin-
ear mixing rule |20, 21]. The MWD can be determined from viscosity data
combining both differential and integral approaches [22]. In the modulus
model, the molecular weight distribution is related to the relaxation modu-
lus of the melt. The modulus model is more sensitive to low concentration
of high molecular weight fractions [12, 23].

One of the main advantages of the rheological approach with respect to
GPC is the sensitivity to molecular architecture. As branched systems
have different relaxation dynamics, two polymers with same M,, but dif-
ferent architectures, i.e. linear vs. branched, exhibit a different relaxation
spectrum.
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1.6 Research Motivation

In summary, to date, relevant challenges associated with the charac-
terization and processing of POs are:

e determining the molecular topology of polymer chains, in particular
the degree and distribution of branching;

e determining Molecular Weight (MW) and Molecular Weight Distri-
bution (MWD) of both linear and branched ultra-high molecular
weight polyolefins.

e determining the details of the chain architecture, such as the block
distribution of polyolefin-based copolymers;

Rheology emerges as a valuable technique to address these challenges.
However, the objectives above are difficult to achieve for several reasons.
On the experimental side, performing linear and non-linear viscoelastic
measurements on polymer melts may is non-trivial for UHMW polymers.
For example:

e when dealing with very large MW melts, the measurements can be
hindered by torque and normal force overload, elastic shear-induced
fracture caused by normal stress differences, difficulties with sample
loading due to very long relaxation times.

e for semi-crystalline polymers, as most polyolefins, crystallization ac-
tually forbids measurements at relatively low temperatures, strongly
limiting the quantitative access to rheological features that are sen-
sitive to molecular architecture;

e thermal stability is always an issue in polymer melt rheology, as high
temperatures inevitably lead to polymer degradation.

The aim of this work is to study the molecular details of specific polyolefins
by means of an innovative rheological approach. This will be achieved by
measuring a polymer system in concentrated, entangled solutions, instead
of melts, in order to overcome some of the intrinsic experimental difficulties
listed above. After establishing the rheological response of the materials,
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molecular models are used as a tool to quantitatively relate the macro-
scopic viscoelastic response of a polymer system to its molecular details.
The choice of an appropriate solvent for diluting polyolefin melts is chal-
lenging. Solvents for polyolefins are toxic, flammable, difficult to find,
and to handle. Therefore, the preparation and use of such solutions need
particular care. Once a proper solvent is found, the optimization of the
dissolution process, study of the stability and homogeneity of the prepared
solutions, and determination of the best experimental conditions (temper-
ature and concentration) must be performed in order to investigate the
rheological properties and the macromolecular details of polyolefin melts.
The use of polymer solutions instead of melts has advantages in that it
reduces:

e temperatures during testing, avoiding degradation;

e crystallization phenomena, because of the plasticizing effect of the
solvent;

e phenomena of instability, such as edge fracture;

e the torque and normal force required during tests, because of the
decreasing of system viscoelasticity.

This means that, if phase separation phenomena are avoided, the window
of viscoelastic characterization can be substantially widened.
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Background and state of the
art

2.1 Synthesis and processing of UHMw POs

In industry, the synthesis of polyolefins is conducted in slurry or gas-
phase reactors. The combination of type of reactor, polymerization pro-
cess, initiators, and catalyst, results in materials with different properties
including macromolecular architecture or degree of crystallinity. The latter
is strongly related to the elasticity, strength and flexibility of the resulting
polymer.

Regarding the catalysts, the synthesis of materials such as PE or PP is
mainly performed through Ziegler-Natta catalysis in the heterogeneous
phase. The presence of numerous active sites, however, leads to a broad
macromolecular distribution. By using a single-site catalysts, the result-
ing molecular weight distribution can be better monitored. This type of
catalysts are based on metallocenes, and their disadvantage is that, being
in homogeneous phase, they can be used in solution polymerization.

The present work is mainly focused on ultra high molecular weight poly-
olefins, For this reason, a brief description of the most widely used synthe-
sis techniques in industry are reported for UHMW PE and iPP. The most
common method for the synthesis of UHMWPE is to conduct the poly-
merization in a slurry reactor in presence of a heterogeneous Ziegler-Natta
catalyst. The temperature at which polymerization occurs is relatively
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high (60 to 100 °C). Consequently, the chain growth is faster than the
crystallization of chains, resulting in a high entanglements degree. The
multitude of active sites, due to the type of catalyst, results in a broad
molecular weight distribution. The development of reactor powder tech-
nology led to synthesize UHMWPE with a reduced degree of entangle-
ments. In particular, the focus has shifted to the synthesis of disentangled
UHMWPE. Polymerization takes place using catalysts with multiple ac-
tive sites separated from each other, or with a metallocene catalyst with a
single active center. The degree of entanglement is reduced by tuning the
synthesis process conditions. In fact, as the temperature decreases, the
kinetics of chain crystallization increases relative to the rate of polymer-
ization (24, 25].

Less attention has been paid to UHMW iPP from a scientific point of view.
The synthesis methods are essentially the same as those used for PE. In
the past, iPP was produced in a slurry reactor with catalyst in solution.
The synthesis led to the mixture of an isotactic and an atactic (amorphous
phase, less interesting from an industrial point of view). Consequently, an
extraction step of the amorphous phase was necessary. The most used
technique to prepare UHMWPP is based on the use of metallocene cata-
lysts, which require low process temperatures and consequently slow chain
growth. In spite of the fact that Ziegler-Natta catalysts are the most com-
mon methods to produce iPP, the synthesis of UHMWPP was neglected
for long time. A possible explanation could be that most of the catalysts
used for the synthesis involve numerous chain transfer reactions, resulting
in a decrease in the molecular weight of the polymer.

Chapter 1 briefly reports the applications fields of polyolefins and in par-
ticular of UHMW polymers. However, it is necessary to point out that,
from an industrial point of view, one of the applications that has received
most attention is the production of fibers with high strength and modu-
lus. In order to obtain such fibers, chains must be oriented through the
application of a large deformation in the solid state. UHMW polymers are
good candidates for obtaining high-performance fibers, since it has been
seen that as the molecular weight increases, the tensile strength increases.
Technically, UHMWPE, because of its high entanglement number, would
not be a good candidate for this process. However, as demonstrated in
[26, 27|, this problem can be solved by working in solution. In particu-
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lar, UHMWPE can be dissolved in organic solvents like decalin[28, 29].
Dissolution, dramatically, reduces the number of entanglements, and ultra
drawing can be achieved following crystallization and solvent removal.
Since UHMWPP is very similar to PE, the same technique for fiber drawing
has also been proposed [30]. However, despite the addition of nucleating
agents, the maximum tensile strength value achieved is 1GPa compared
to the 3G Pa obtained by drawing UHMWPE. Remaining in the field of
application of UHMWPE, the development of processes to synthesize ma-
terials with a narrower molecular weight distribution is very important in
the medical field. UHMWPE with a narrow MWD is demanded to the
purpose of improving the life-time of artificial hip and knee replacements
[31, 32, 33].

2.2 Rheology

2.2.1 Brief hystorical perspective and basic concepts

"Were one to speak of the science of matter as we speak of the science of
electricity, no one would know what was being referred to". This sentence
was reported by Eugene C. Bingham in a paper published in 1929 (34, 35],
a date that marks the genesis of Rheology as a branch of fluid mechanics
concerned with studying phenomena related to the deformation and flow
of matter. Before the birth of rheology as a modern science, however, the
flow of materials was already investigated by scientists.

For example, the definition of viscosity was established 300 years earlier
by Newton. In 1687, he defined the resistance of an ideal fluid as "propor-
tional to the velocity by which the parts of the fluid are being separated
from each other" [36]. Newton’s observations led to the following law:

o=n7 (2.1)

where o is the shear stress and * is the shear rate. In Equation 2.1, the
proportionality coefficient 7 is the viscosity.

Interestingly, in the same period, while Newton was formulating the paradigm
of the purely viscous liquid, Robert Hooke was studying the antipodean
material behaviour, namely the purely elastic solid. In 1675, Hooke pub-
lished, "ceiiinosssttuv”. What he stated turned out to be the Latin anna-
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gram of the famous phrase "ut tensio, sic vis" ("as the extension, so the
force") [37]. The sentence stated the proportionality between strain and
stress, expressed formulaically by the following law:

c=G v (2.2)

in which v is the shear strain and G is the elastic shear modulus.

Figure 2.1. Picture of Hook’s experiment (on the left) and Newton’s book
of 1687 (on the right)

Lord Kelvin recognized that both different behaviours could be man-
ifested by a single metallic material [38]. This observations led to the so
called Kelvin-Voigt model to describe the viscoelastic behavior of a solid
material. In the 1867, Maxwell proposed a dual approach with respect to
the Kelvin-Voigt model, the spring-dashpot model, to describe the behav-
ior of such materials which act as viscous on long time scale [39].
Nowadays, rheology studies everything related to materials known as "com-
plex fluids," that is, those that deviate from the behavior of ideal or New-
tonian fluids. Viscoelastic materials have a timescale dependence on the
applied deformation or stress. This can be rationalized by introducing a
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dimensionless number, the so called Deborah number (De):

D characteristic time of material (2.3)
e = .
characteristic time of observation

At low strain rates, or low deformations, a superposition principle,
the so-called Boltzmann superposition principle, holds between stress and
strain. Such a condition is referred to as linear regime. Microscopically,
by applying a small deformation, molecules keep their equilibrium config-
uration. Increasing the deformation, the microstructure can be strongly
perturbed.

2.2.2 Rheometric experiments and viscoelastic quantities
Stress Relaxation

In a Stress Relaxation experiment, a constant value of strain v is ap-
plied and the resulting stress ¢ is measured.

140; (@ v (¢ (b) 140; ©
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Figure 2.2. Stress Relaxation test for a Liquid (a), Solid (b) and viscoelastic
material (c)

In Figure 2.2, the response of the different materials to a sudden de-
formation is reported:

e The behavior of a purely viscous liquid is expressed by Newton’s law
(Equation 2.1), therefore, an instantaneous deformation leads to an
infinite shear rate. The resulting stress is infinite but it decays to zero
as soon as the applied strain reaches a constant value (Figure 2.2a).
Ideally, the stress is a Dirac function.
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e Applying an instantaneous deformation to a purely elastic material
(Figure 2.2b), it keeps a constant stress like a spring, as expressed
by the Hooke’s law (Equation 2.2).

e A viscoelastic material displays a solid-like response at short times
(the higher is the strain, the higher is the stress), whereas the stress
tends to zero for long time scales (Figure 2.2¢).

The stress relaxation test can be analyzed by introducing the so called re-
lazation modulus. It results by the normalization of the stress with respect
to the applied strain:

G(t) = @ (2.4)

70

In the linear regime, as stress and strain are proportional, the resulting
modulus does not depend on the applied deformation. One possibility to
express the Boltzmann superposition principle is the following:

o(t) :/ Gt —t")y(t)dt (2.5)

where ¢ is the present time, o(t) is the stress at present time, and ¢’ is the
past time.

Creep-Recovery

The dual test with respect to the stress relaxation is the creep exper-
iment. A fixed stress is applied at a time tg. At time ¢ > tg, the stress
is released and the strain is measured during the entire time interval. In
Figure 2.3 the response for viscous, elastic and viscoelastic materials is
reported.

e For a purely viscous liquid the strain is linear in time with a slope
equal to the Newtonian viscosity given by Newton’s law. When the
stress is removed, the strain remains constant, as the energy to de-
form the material is dissipated by viscous heating (Figure 2.3a).

e For an elastic material, Hooke’s law applies (Equation 2.2). There-
fore for a constant stress, the strain is constant. The energy supplied
to the material is returned after the stress is released (Figure 2.3b).
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Figure 2.3. Creep-Recovery test for Liquid (a), Solid (b) and a viscoelastic
material (c)

e A viscoelastic material has an intermediate behavior between solid
and liquid. At short time scales, the deformation increases rapidly
like a solid. Then it follows a linear regime like a liquid. When the
stress is removed, the strain is partially recovered (Figure 2.3c).

For a creep test, it is possible to define a normalized strain, the so-called
creep compliance:
J(t) = —= 2.6
=" 2.6
A creep experiment can be performed in a linear regime if the applied
stress is small enough such that the compliance is stress-independent. The
Boltzmann superposition principle can be expressed in terms of compli-
ance: .
v(t) = / J(t—t)e()dt (2.7)
—0oQ
Coupling Equation 2.5-2.7, one obtains the following relation between the
relaxation modulus and the creep compliance:

/ " Gs) It — $)ds — ¢ (2.8)
0

where s = t —t/. For large values of stress, the compliance becomes stress-
dependent J = J(t,0).

Equation 2.8 suggests that J(t) can be obtained if G(¢) is known and vicev-
ersa.
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In order to understand the complete viscoelastic behavior of a mate-
rial, it is necessary to obtain a relaxation spectrum over the widest possible
time (or frequency) range.

From a practical point of view, the measure of stress after an instanta-
neous strain may not be a reliable method to explore the terminal regime
of the material. In fact, a decreasing torque value read by the instrument
is observed, leading to a lower sensitivity.

In case the time-temperature superposition principle can not be used, a
creep measurement can be a reliable method to evaluate the terminal
regime. However, this is an ill-posed problem and many solutions have
been proposed in order to obtain a relaxation modulus or dynamic moduli
from a creep experiment. Among the different methods, Honerkamp and
Weese [40] proposed a method based on the evaluation of the retardation
spectrum by means of Tikhonov regularization. A different procedure was
proposed by Schwarzl [41]. In the latter, the evaluation of spectrum is
avoided by fitting the compliance and transforming it directly into dy-
namic compliance.

Oscillatory response

The most common method to investigate the viscoelasticity of a mate-
rial is the dynamic oscillatory response. In an oscillatory test it is possible
to apply a sinusoidal shear strain or stress. In the case of a strain-controlled
experiment, the strain is described by a sinusoidal expression, as reported
in Equation 2.9.

v(t) = o sin (wt) (2.9)

For small strains, the measured stress is still sinusoidal and shifted of a
phase angle § with respect to the strain.

o(t) = opsin (wt + 9) (2.10)

If the strain is small enough to remain in the linear regime, the frequency
response test is referred to as Small-Amplitude Oscillatory Shear (SAOS)
and can be analyzed in terms of two parameters: the amplitude ratio
Gy = %, which is equal to the magnitude of the complex modulus, |G*|,
and the phase-shift angle §. SAOS results are frequently reported in terms

of dynamic moduli as functions of frequency: storage modulus G’(w) and
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Figure 2.4. (a) stress and strain in purely elastic solid, (b) shift between
stress and strain in a purely viscous liquid

loss modulus G"(w).
The mathematical expression of the dynamic moduli comes from Equa-
tion 2.10, which can be rewritten as follows:

o(t) = opsin (wt) cos (0) + cos (wt) sin (0)] (2.11)
Dividing the right and left sides in Equation 2.11 by 7, one obtains:

o(t) _ 00¢os (0) sin (wt) +
Y0 0 Y0

oo sin (§)

cos (wt) (2.12)

In Equation 2.12, G’ = %08(5) and G" = %2(6)
The dynamic moduli can be expressed in terms of amplitude ratio and
phase-shift angle:

G' = Ggcos (0) (2.13)
G" = Gysin (9) (2.14)

In general, the storage modulus G’ is linked to the elastic behavior and
the loss modulus G” to the viscous behavior. From the dynamic moduli is
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possible to define the complex viscosity |n*(w)]:

12 112
() = VG (215)

where VG'? + G'? is defined as the complex modulus |G*|.

From the linear viscoelasticity theory, it is possible to derive relations
between the relaxation modulus and the dynamic moduli:

Gw) = Gotw / TG — Gl sinwtdt (2.16)
0
G"(w) = w/oo [G(t) — G¢] cos wtdt (2.17)
0

where G, is the equilibrium modulus.

2.3 Polymer Dynamics

The study of polymer dynamics began in the '30s with the theory of
rubber elasticity. In 1932, Meyer introduced the concept of the statistical
conformation that macromolecules can assume [42]. Specifically, the dif-
ferent statistical conformations that a chain may assume depend on the
thermal agitation of the constituent atoms of the chain. Thus, it was
evident the analogy with the kinetic theory of gases, which had been con-
solidated a few years earlier with the understanding of Brownian motions
of particles [43, 44]. In 1934, the concept of random coil was embraced
in [45, 46]. In [45], the authors focused their attention on the entropic
nature of the rubber elasticity from an experimental point of view. Other
contributions to the the theory can be found in the works of Mooney [47]
and Treolar [48]. Regarding the study of polymers, the first quantitative
model was proposed by Rouse in 1953 [49], then adapted for solutions
by Zimm in 1956 [50]. Many years later, in 1971, De Gennes proposed
the diffusive motion of a polymer chain known as reptation [51] and Doi
and Edwards (DE), in 1978, theorized the tube-model from the mean field
theory [52, 53, 54]. Neglecting corrections and refinements made to the
standard DE theory, a final theory on polymers was derived.
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2.3.1 Polymer conformations

Polymers are long chains made of monomeric units. The chains can
assume a variety of conformations as a result of Brownian motion. To
characterize the size of such systems, a quantitative approach must be
established. A polymer chain can be schematized as in Figure 2.5, i.e., a
sequence of Ay, ..., A, atoms linked by r; bonding vectors.

Figure 2.5. Schematic illustration of a polymer chain (from [55])

There is no preferred direction at equilibrium. A parameter may be
defined to specify the size of the chain.

n

<R,>=>r,;=0 (2.18)
=1

The parameter defined in Equation 2.18 is called end-to-end vector. The
symbol < - > indicates the average over all possible conformations that
the chain may assume

The definition of the squared end-to-end vector may be an alternate method
to determine the length of the chain because the average of the end-to-end
vector is zero. As a result of the square operation, negative contributions
are neglected and only positive contributions are included.

n
<R, >=) <r;r;> (2.19)
ij=1
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In case of all bond vectors having the same length [, the right term in
Equation 2.19 assumes the following expression:

<r v >=1cos (0;) (2.20)

where 0;; is the angle between two bonds. Depending on the assumptions
made in Equation 2.20, it is possible to distinguish the different molecular
models (freely jointed chain, freely rotating chain, worm-like chain, etc.,
see Figure 2.6). The easiest model is represented by the freely jointed
chain, in which there is no correlation between the direction of different
bond vectors (cos (6;;) = 0 for i # j).
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Figure 2.6. Representation of (a) freely jointed chain, (b) freely rotating
chain, (c¢) worm-like chain

In this case the squared end-to-end vector assumes a simple expression:
< R? > = Cyonl? (2.21)

where C is called characteristic ratio and it is independent on the number
of monomers (for n — 00). The characteristic ratio measures the decrease
in chain flexibility brought on by short-range interactions. A further sim-
plification can be made by introducing the so-called Kuhn length, a length
such that two consecutive chain segments do not interact with each other.
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The resulting system can be schematized as showed in Figure 2.7. The

Figure 2.7. equivalent freely jointed chain

squared end-to-end vector can be expressed as follow:

< R? > = Nb? = Cuonl? (2.22)

where b = }é"’inl is the Kuhn length, N is the number of Kuhn monomers
and R4z is the maximum end-to-end distance. The Kuhn length is spe-
cific for each chemistry.
The squared end-to-end vector can be useful to quantify the dimension of
the linear chain. However, if there are many or no ends (e.g. branched
polymers), the radius of gyration is introduced. In the case of a branched
polymers, Figure 2.8 depicts an illustration of the radius of gyration. The
square gyration radius is determined by the average square distance be-
tween monomers in a certain conformation and the polymer’s center of
mass as reported in Equation 2.23.

1 N
R’ NZ (Ri — Rem)” (2.23)

In the case of a linear chain, the expression of the radius of gyration is




28 CHAPTER 2. BACKGROUND AND STATE OF THE ART

Figure 2.8. Illustration of the radius of gyration in the case of a branched
polymers (from [55])

reported in Equation 2.24.

Nb?2 < R’>>
2 1L
<Ry >= 6 = 5 (2.24)

2.3.2 Unentangled polymer dynamics

The Rouse model is the simplest model proposed to study polymer
dynamics. The model was proposed in 1935 and it was based on the
following assumptions:

1. The chain is schematized as a freely-jointed chain;
2. The chain is immersed in a viscous solvent;

3. Mass and friction are concentrated in N beads linked by (N-1) springs,
which simulated the viscous and elastic viscous behavior of a poly-
mer system, respectively.

Figure 2.9, depicts a scheme of the investigated system. Each spring has
a length b with a spring constant ]‘f—QT.
If ¢ is the friction coefficient of a single bead, the total Rouse chain
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b

Figure 2.9. Schematization of the Rouse’s chain

friction can be evaluated as:

Cr=N¢ (2.25)
Combining Equation 2.25 with the Einstein relation (2 = kBTT), it is
possible to evaluate the diffusion coefficient of the whole Rouse chain:
kgT
Dr = "2 (2.26)
Cr

where kp is the Boltzmann’s constant and 7' is the absolute temperature.
The time required to the Rouse chain to move a distance of order R is:
R? ¢
AR~ —— = —_R’N 2.27
R 9r ~ kT (2.27)
A particular property of polymers is that they are fractal objects, that is,
they are characterized by self-similar structures at different length scales.
This fractal nature allows to extend the dynamics of portions of a chain
to the whole system by appropriate scaling laws. Specifically, it is possible
to relate the size of a polymer chain (R) to the total number of monomers
in it (N) through Equation 2.28:

R~ bN" (2.28)

and it can be demonstrated that for an ideal chain the fractal exponent v
is equal to 1/2 [55].
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Equation 2.27 and 2.28 give the expression of the Rouse time for an ideal

chain:
L

kT
Rouse obtained the following result for the relaxation modulus of the

chain: N
kT 2t
G(t) = LB exp (- (2.30)
N Ap
p=1

A N2 (2.29)

where cp is number of density of bonds [56]; A, is the spectrum of relax-
ation times. Note that the maximum value of A, is the longest relaxation
time, also called Rouse time defined in Equation 2.29. The viscosity of the
Rouse model is obtained from the integration of G(t) between zero and
infinity. Such integration yields the following expression:

nz%N¢ (2.31)

where ¢ is the volume fraction of polymer. Equation 2.31 indicates that
the viscosity of the Rouse model is proportional to the number of chain
monomers, that is, to the chain molecular weight.

2.3.3 Entangled polymer dynamics

The Rouse theory was conceived to predict the viscoleasticity of poly-
meric solutions. However, it proved to be valid for concentrated systems
and for relatively low molecular weights. In this regime, it was observed
that the viscosity increases linearly with molecular weight, M,,, in agree-
ment with predictions. However, above a critical value, the viscosity scales
with the power of 3.4 upon M,, (Figure 2.10a). At the same time, an elastic
plateau (rubber-like behavior) appears in the frequency spectrum before
reaching the terminal regime (Figure 2.10b).

In concentrated solutions or melts, the polymer chains are intertwined
with each other. Subsequently, the motion of the single chain is prevented
by the presence of topological obstacles provided by the other chains.
These topological constraints are called entanglements.

The presence of entanglements dramatically changes the viscoelastic
properties of polymers. These behave like elastic solids on short time
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Figure 2.11. Tlustration of an entangled system.
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scales. However, for relatively long times, they can flow. The flow corre-
sponds to the complete disengagement of the chain from the initial "cage
of entanglements" by a snake-like motion, the so-called reptation.

The study of the dynamics of the system shown in Figure 2.11 is particu-
larly complex because it encompasses the simultaneous motion of n-single
chains interacting with each other. Such a problem is called a many-body
problem.

In 1967, Edwards proposed a simplification to this problem by reducing
the study of the complex system to that of a single chain confined by fixed
obstacles (single-body problem) [57, 58], as shown in Figure 2.12.

Figure 2.12. A single chain hedged by the other chains represented by dots

The problem was re-proposed by de Gennes in 1971 [51]. He studied
the motion of an extremely long chain within a fixed network. The chain
was modelled as a freely-jointed chain consisting of N monomers. More-
over, its length was much greater than the distance between two points
representing topological constraints. This assumption ensured that the
chain was totally trapped within the network. The presence of entangle-
ments limits the possible conformations a chain can assume by restricting
it within a curvilinear tube-like region. Therefore, the chain itself was
confined within a thin, permanent, undeformable tube. The chain could
move through "defects" present along the chain. These defects could dif-
fuse along the chain involving movement of the chain, similar to that of a
snake so as to release portions of it from the tube.

Two characteristic times were identified by de Gennes. The first was re-
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lated to the density of defects along the chain:
74 =7 2(Na)?/A (2.32)

where N is the number of monomers, a is the distance between two suc-
cessive monomers, A is the diffusion coefficient of the defects along the
chain. The time 7, is proportional to the square of the molecular weight.
A time longer than 74 is required in order to disengage the chain from
the tube and renew its conformation. This characteristic time was named
reptation time (Tyep):
_ (Na)?
rep = T2p25A
where b is the length of a defect (assuming all defects have the same length)
and p is the equilibrium value of the density of the defects. Equation 2.33
suggests that the reptation time is proportional to M?. The incorporation
of additional relaxation mechanisms, such as contour length fluctuations,
could properly account for the experimental value of 3.4 found for the
exponent.

(2.33)

2.3.4 The tube-model theory

The theory on the dynamics of a single chain by de Gennes was ex-
tended by Doi and Edwards in 1976 and applied to molten polymers and
concentrated solutions. As proposed in 1971, also in this model the chain
(test-chain) was confined due to the presence of the other chains inside
an imaginary tube that allowed it its curvilinear axis, which is called the
"primitive path". The primitive path (or contour length) is defined as the
shortest path connecting the ends of the chain and preserving the topology
imposed by the entanglements. The chain can, therefore, be represented
by its primitive path, that is, a Rouse chain characterized by consecutive
statistic segments with a length equal to the distance between 2 entangle-
ments. This dimension is assumed to be equal to the tube diameter. The
primitive path can only move longitudinally back and forth with a curvi-
linear diffusion coefficient as defined in Equation 2.26. In fact, the motion
of the whole chain can be assumed as the motion of the Rouse chain along
the tube.

By introducing a curvilinear coordinate s, the survival probability of
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the tube segment located at s at a time ¢, namely (s, ), can be calculated
from the balance Equation 2.34:

Op(s,t)  _0*Y(s,1)
ot =7 0s2

(2.34)

The equation states that the motion of the chain can be evaluated as a
diffusive motion of tube segments along the chain. By solving the equation,
the surviving fraction of the original tube segments can be evaluated. In
terms of the relaxation modulus, it can be expressed as the product of the
plateau elastic modulus and this fraction [59, 60|, which decays to zero in
a certain time. The main parameters to consider in order to describe the
theory are: the elastic plateau modulus; the dimensions of the tube; the
number of entanglements; relaxation times corresponding to different time
scales. In the tube-model, these parameter come out to be correlated with
one another.

Plateau Modulus

The elastic plateau modulus, strictly related to the elasticity of the
entanglements density, is defined as follows

N 4 b%
Gy = sNm—3 BT (2.35)
where b is the length of a statistical segment defined as Kuhn segment.

Considering the relation between the number of monomers per unit vol-

ume and the monomer molecular weight, mgo (N, = %, with N4 the

Avogadro’s number), Equation 2.35 can be re-written as:

4 pRT b?

N P

=== 2.3
G R (2.36)

This expression relates the elastic plateau modulus (GY') to the diameter
of the tube (a). Note the 4/5 constant proposed by Ferry [23| that was

missing in Doi and Edwards’ original theory [59] and in the work of Graess-
ley [61]. According to the work of Doi and Edwards and the definitions
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reported in [62], considering the number of tube segments (Z2):
Za? = NV? (2.37)
the elastic plateau modulus results from Equation 2.36 and 2.37:

4 pRT Z
GY =-—= 2.38
0 =5 e N (2.38)
Combining Equation 2.38 and 2.39, it is possible to derive the definition of
Z which is also called number of the entanglements per chain. From Equa-
tion 2.38, the definition of the molecular weight between entanglements
(M,) can be obtained:

pRT
M, = —= 2.39
The theory leads to link the M, to the dimension of the tube:
4 M,
a® = - —5p* (2.40)

_5m0

Relaxation times

In tube-model theory, all relaxation phenomena are controlled by the
monomeric friction coefficient, as predicted in Rouse’s model. The longest
relaxation time of the chain, also known as reptation time (7,ep), is defined
as reported in Equation 2.41:

3p4
Tq = % (2.41)
m?kpTa
In addition, a limiting relaxation time can be identified, which occurs
on length scales equal to the dimension of a single tube segment (or the
distance between two entanglements). This time is called equilibration
lime, Te.
__ gat
~ 3m2kpTb?

The fast Rouse motions occurring within a single portion of the tube seg-
ment is called Rouse rotational relaxzation. The complete relaxation of such

(2.42)

Te
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chain portions on this length scale corresponds to 7.

(N?p?

= 3n2hpT (243)

TR
Considering the definition of the number of the entanglements per chain
(Z) reported in Equation 2.37, the three relaxation times are related to
each other as follows:

=2 = (P (244

T4 = 377, (2.45)

2.4 Entangled melts and concentrated solutions:
scaling laws

The rheological characterization of polymer solutions is a crucial point
of this work. Polymers are fractal objects, hence, the dynamics of a chain
segment are self-similar with respect to those of the whole chain. The
fractal nature of polymers allows to establish scaling laws between the
properties of melts and solutions.

2.4.1 Solvent quality and concentration regimes

The volume spanned by a polymer coil in solution (pervaded volume)
depends on temperature, solvent quality, and concentration. Based on
polymer-solvent interactions, we can distinguish three types of solvents:

e good solvent. In good solvents, polymer-solvent interactions are fa-
vored with respect to polymer-polymer interactions. Therefore, at
low concentrations, the polymer coils expands because of repulsion
between monomers.

e (-solvent. In 0 conditions, polymer-polymer interactions and polymer-
solvent interactions have the same probability. In this regime, ideal
chain statistics apply.

e poor solvent. In poor solvent conditions, polymer-polymer interac-
tions are favored with respect to polymer-solvent interactions, hence
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the polymer chain is in a collapsed state because of monomeric at-
traction.

The volume occupied by the polymer is generally much smaller than the
pervaded volume. The ratio of the effective polymer volume to the per-
vaded volume is referred to as overlap volume fraction, ¢*. The product
of ¢* by the density of the solution yields the overlap concentration ¢* .
When the polymer concentration is smaller than c¢*, the solution is called
dilute, whereas, above ¢*, the semi-dilute regime is approached. In the
semi-dilute regime, the polymer coils start to overlap, therefore, both sol-
vent and other chains can be found in the pervaded volume. The volume
occupied by polymer is still very small compared to the pervaded volume.
In semi-dilute solutions, the polymer conformation depends on the length
scale considered. At intermediate length scales, excluded volume effects
prevail, whereas they are screened at small length scales by thermal en-
ergy, and at large length scales by interactions with other chains. The
length scale range in which excluded volume effects dominate decreases
with concentration until it becomes zero at a particular value, ¢**. At ¢**,
ideal statistics apply at all length scales. Such a concentration defines the
onset of the concentrated regime. When the polymer coils start to over-
lap to a relevant extent, entanglements are also possible. As an example,
Figure 2.13 reports the different concentration regimes for polystyrene in
good solvent depending on concentration and chain dimensions.

2.4.2 Scaling laws of the rheological parameters in concen-
trated regime

In the last part of Subsection 2.3.4, the relationships between elas-
tic plateau modulus and molecular weight between entanglements were
introduced. From Equation 2.38, the elastic plateau modulus results inde-
pendent on molecular weight. In fact, given N o« M,, and Z = M,,/M,,
the plateau modulus depends only on the molecular weight between en-
tanglements. The latter depends on the concentration by the following
equation:

Mc(¢) = Mc(1)¢™" (2.46)

where M,(¢) is the molecular weight between entanglements at a fixed
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Figure 2.13. Concentration regimes for PS in good solvent, reprinted from
[63].

concentration, M, (1) is the M, in the melt state and « is the dilution
exponent. Combining Equation 2.38 and 2.46, it is possible to derive the
scaling law of the plateau modulus versus concentration.

G () = GX(1)p' (2.47)

Equation 2.47 includes the parameter «, which is defined as dilution

exponent. In literature, it is well established that this value can vary be-
tween 1 and 4/3. Still today, there is no unambiguous definition that can
define the numerical value of this parameter.
As shown in Figure 2.10, above a critical molecular weight, n oc ¢>4.
Assuming n = G 74 and the dilution exponent a = 1, where 74 is the
terminal relaxation time, the latter scales with ¢'* [64]. Considering con-
tour lenght fluctuations (CLF) relaxation (see Section 2.5) scales with ¢,
consequently, the reptation time scales with ¢!
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2.5 Effect of dispersity on rheology and mixing
rules

As mentioned in Chapter 1, rheology is a useful tool to asses the distri-
bution of molecular weights. It is much more sensitive to the presence of
high molecular weight fractions than other techniques, such as GPC. In this
section, the methodology for extrapolating the distribution of molecular
weights from the viscoelastic behavior of a polymer through the "modulus
model" is described. The first attempts to infer the MWD from viscoelas-
ticity were based on empirical methods. Specifically, cumulative MWD
was related to the viscoelastic data through the relationship reported in

Equation 2.48:
G/ w 05
Wy = ( G(O )> (2.48)
N

where Wy is the weight fraction of unrelaxed chains. The reduced
modulus reported in Equation 2.48 was fitted with a known equation [65].
The final MWD was derived from its cumulative distribution assuming the
proportionality 1/w o< M.
With the development of molecular dynamics theories, the relationship be-
tween MWD and rheology was expressed in terms of the "mixing rule”.
Equation 2.49 describes the correlation between MWD and relaxation
modulus in the most general form [66, 67, 68].

—+00

L B
G(t) = G% < F(t, M)5w(M) dan> (2.49)

In M.

where: G(])V is the elastic plateau modulus, M, is the molecular weight
between entanglements, w is the distribution of molecular weights, £ is a
constant and F is the relaxation function of a monodisperse polymer, gen-
erally referred to as kernel function. The relaxation modulus reflects mul-
tiple relaxation mechanisms, namely, whole-chain diffusion mechanisms,
diffusion between entanglements and local motions in the high-frequency
domain. Neglecting the relaxation mechanisms of the glassy region, the
relaxation modulus is expressed by Equation 2.50.

G(t) = GRouse(t) + Gc(t) (250)
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where GRrouse includes the Rouse relaxation at length scales smaller
than that of entanglements and longitudinal Rouse modes along the tube.
G, includes the slowest relaxation phenomena describing the tube-renewal
process.
The original tube-model theory, described in the previous section, predicts
a viscosity scaling law: (n oc M 3) against an exponent of 3.4, experimen-
tally verified. Consequently, it is reasonable to assume that the simple
reptation is not enough to describe the relaxation of the whole chain. In
particular, Doi proposed the concept of CLF, which is a relaxation mech-
anism related to the ends of the chain [69]. An additional mechanism not
included in the starting theory, but important to describe the dynamics
of a polydisperse system, is the constraint release (CR). The test chain
is constrained in the tube due to the presence of other chains forming
entanglement. Changing the point of view, a test chain also represents
a constraint for the surrouding chains. As a result, when the test chain
relaxes, the other chains are simultaneously released from the constraint.
This phenomenon is modeled with the double reptation (DR) predicting a
value of § = 2 in Equation 2.49. Furthermore, relaxed chains act as a sol-
vent, enlarging the tube in which the test chain reptates, a phenomenon
called "dynamic tube dilation” (DTD) . The test chain is dissolved by
shorter chains that relax more quickly, expanding the tube diameter. In-
creasing  up to 2.3, as suggested in various research works [18, 16|, is a
simple method to take in account the DTD. The relaxation of the system
is sped up by the occurrence of these phenomena.
The kernel function reported in Equation 2.49 is the function containing
the relaxation mechanisms described above. Over the years, several possi-
ble models have been proposed in order to adopt an appropriate function
which describes the dynamics of polymer systems.
In [70, 71], a comparison among five kernel different functions is proposed:
step function [14, 15|, single-exponential function |72, 73|, Do: function
[59], des Cloizeauz theoretical function [74]| and the empirical Baumgaer-
tel-Schausberger—Winter (BSW) function [75].
Equation 2.49 was used in different ways in literature. The simplest case
is for direct problems. For polymers with a known macromolecolar dis-
tribution and architecture, if the kernel function is fixed, it is possible to
obtain the rheological response with good agreement with experimental
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data. Although the theories have been tested for monodisperse polymers,
the use of a mixing rule combined with an appropriate kernel function,
leads to obtain consistent results even for polydisperse systems.

The inverse problem consists of obtaining the MWD from rheological data.
It is more complicated to solve and it is ill-posed. Several procedures have
been proposed to obtain the MWD from the rheological experimental data.
In the work of Thimm et al, the authors derive a direct expression of the
MWD by solving the integral with simplifications |[73]. Another possibil-
ity is to fix a functional form for w. Initially, the most commonly used
functional was a log-normal distribution |76, 77]. Later, the use of a gen-
eralized exponential function (GEX) or a double generalized exponential
function (D-GEX) was proposed [17]. This function turns out to be the
most general possible by including other functions such as Flory, Schultz,
Tung and Weibull distributions [78].







Chapter

Materials and Methods

The present study is part of the project RHEOPOLAR (RHEOlogi-
cal determination of POlyolefin ARchitectures, pr. #834) funded by the
Dutch Polymer Institute (DPI). The first part of this chapter describes the
tested materials, which were provided by different DPI partners. The sec-
ond part deals with the equipment used to prepare the polyolefin solutions
and for rheological measurements. Finally, the models used to obtain the
MWD from rheology are described.

3.1 Materials

All materials described below were thermally stabilized by means of
antioxidants. A mixture of antioxidants made of Irganox® 1010 (primary
antioxidant, radical scavenger) and Irgafos® 168 ( secondary antioxidant,
peroxide decomposer) was added to the polymeric solutions or melts to
improve their thermal stability [79]. The concentration of each antioxidant
was 0.2% wt based on the total mass of the sample.

3.1.1 Polyethylene

High molecular weight polyethylene samples were kindly supplied by
Sabic (Saudi Arabia). One polyethylene (henceforth coded as UH1) has
a weight average-molecular weight of 7.1 -10° g/mol and a polidispersity
index of 11. We note that the sample UH1 cannot be strictly classified as
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a UHMWPE as its M, is lower than 10° g/mol. On the other hand, this
allows to test the validity of the method to evaluate MWD of samples also
slightly below the UHMW range. The other UHMWPE (henceforth coded
as UH2) has a weight average-molecular weight of 3.2 - 10 g/mol and a
polydispersity index of 9.7. The polydispersity index of both samples was
measured by the supplier via GPC (see Figure 3.1).

Oligo-ethylene with an average molecular weight of 4000 g/mol and a
polydispersity index of 2.35 was purchased from Merck (Germany).

3.1.2 Polypropylene

Two polypropylene samples were provided by Reliance (India). The

first sample (coded as UHMWPPr) has an average molecular weight of
1.37 - 10%g/mol and a polidispersity of 10.7, whereas the second sample
(coded as RIL202PP) has an average molecular weight of 9.1 - 10°g/mol
and a polidispersity of 10.6. Both samples were synthesized according to
the patented procedure described in [80]. The details of the macromoleco-
lar distribution were obtained by means of a GPC analysis performed by
the company. It is well known that, when the M, is higher than 106, a
polymer melt can be classified as ultra high molecular weight. Accord-
ing to the molecular distribution details provided by GPC, we can define
UHMWPPr as ultra high molecular weight polymers and RIL202PP as a
high molecular weight polypropylene.
In order to extract the MWD from rheology, the knowledge of some con-
stants appearing in rheological models is needed. Three UHMW-iPPs with
a narrow molecular weight distribution have been used as calibration stan-
dard. The materials are coded as n19, n31 and n70. These samples are
provided by the University of Munich and their properties are reported in
Table 3.1. The synthesis of such samples were performed according to the
procedure reported in [81, 82].




3.2. METHODS

45

Sample || My, gpclg/mol] | PDI
nl9 7.93-10° 1.53
n31 1.15- 106 1.26
n70 1.27 - 106 1.67

Table 3.1. Average molecular weight and polydispersity of iPPs from GPC

3.2 Methods

3.2.1 Evaluation of MWD via GPC
Sabic samples

For SEC analysis, two PL. MIXED ALS columns are used, with pore
size of 20 pm. The flow rate is 0.5ml/min. Analysis are performed at
160°C. The detectors used are an IR5, infrared detector used as concen-
tration and chemical composition detector, and a Wyatt EOS Helios multi
angle light scattering detector, to obtain absolute M,, and radius of gyra-
tion. The samples are dissolved in trichlorobenzene (TCB) at 160°C. To
avoid entanglement of the polymers, the concentration must be below the
overlap concentration. To fullfill this condition, a rule of thumb is that the
product [1] - ¢ must be lower than 1.5, where ¢ is the concentration and [7]
is the intrinsic viscosity.

In Figure 3.1, the MWDs of both polyethylenes provided by the company
are shown.

University of Munich samples

In Figure 3.2a, the MWD of all isotactic polypropylenes provided by
University of Munich are reported. Gel permeation chromatography (GPC)
was performed with a PL-GPC 220 instrument equipped with 2x Olexis
300 mmx 7.5 mm columns and triple detection via a differential refractive
index detector, a PL-BV 400 HT viscometer, and light scattering (Presci-
sion Detectors Model 2040, 15 and 90°). Measurements were performed at
160°C using HPLC-grade 1,2 4-trichlorobenzene (TCB; 100 mgL~* BHT)
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from Sigma-Aldrich with a constant flow rate of 1 mL/min and a cali-
bration set with narrow-MWD polyethylene (PE) and polystyrene (PS)
standards for detector calibration. Samples were prepared by dissolving
0.5-0.7 mg of the polymer in 1.0 mL of stabilized TCB for 1 h at 140°C im-
mediately before each measurement. The molecular mass was determined
absolutely by using dn/dc=0.097 mLg~! [83].

Reliance samples

In Figure 3.2b, the MWD of all isotactic polypropylenes provided by
Reliance are reported. The molecular weight and MWD of RIL polypropy-
lene samples was determined using a fully automated Polymer Char gel
permeation chromatography instrument equipped with IR5 detector (GPC-
IR) at 140°C temperature in 1,2 4-trichlorobenzene solvent.

3.2.2 Preparation of polymer solutions

Solution of PE and PP were prepared by means of two different meth-
ods.
For each UHMWPE, four polyethylene solutions with varying concen-
tration were prepared according to the following protocol. Appropriate
amounts of oligo-ethylene as solvent, UHMWPE and antioxidants were
pre-mixed in a heated round flask with a magnetic stirrer under nitro-
gen atmosphere. The pre-mixed solution was then collected and fed to a
co-rotating twin-screw micro-compounder (CPC Eindhoven, The Nether-
lands) [84, 29]. The mixing temperature was fixed at 220 °C. The solution
was first mixed for 5 minutes at 80 rpm and then for 5 to 10 minutes
at 100 rpm under nitrogen atmosphere. The extrudate was collected and
molded in a hot press at 200 °C to obtain discoid specimens for rheological
measurements. The weight concentrations of the four UH1 solutions were
20, 30, 40 and 50%, whereas those of the four UH2 solutions were 10, 15,
20, 30%.

As far as PP is concerned, in order to avoid the degradation of the
pre-mixed solution, depending on the concentration, we prepared a disper-
sion of UHMWPPr, oligo-propylene and antioxidants in dichloromethane
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(DCM). After the evaporation of DCM, the dispersion was then pressed in
a hot press at 170°C. The resulting sheet was cut and fed to a co-rotating
twin-screws DACA microcompounder (DACA Instruments, Goleta, CA,
USA). The solutions were prepared at a mixing temperature of 210°C and
100 rpm for 10 minutes under nitrogen atmosphere. The collected extru-
date was then molded at 190°C in order to prepare discs for the rheological
measurements.

3.2.3 Differential scanning calorimetry measurements (DSC)

Calorimetric measurements were performed on a DSC 2500 (TA Instru-
ment, USA). Each sample was subjected to two repeated heating/cooling
cycles from 25 to 200°C at a heating rate of 5°C/min. The second cycle
was used to evaluate the thermal properties of the samples.

The calorimetric data have been used to evaluate the final concentration in
the extruded solution. This empirical method will be showed in the next
chapter.

3.2.4 Rheological characterization

Rheological measurements were performed on a stress-controlled MCR702
rheometer (Anton Paar) with a parallel plate geometry. The diameter of
the plates is 10 mm. Temperature control was ensured by a Peltier heating
system PTD200 (Anton Paar). To reach temperatures higher than 170 °C,
a convection oven (CTD600) was used. Depending on the DSC analysis,
dynamic measurements were performed at 2 % strain, in the temperature
range from 200 °C to 140 °C under nitrogen atmosphere. To test the ther-
mal stability of the solutions, a dynamic time sweep test at the highest
temperature was performed at 10 rad/s and 2 % strain. Creep tests were
also performed at 200°C in order to obtain the terminal regime. It has been
remarked by several authors that measurements, specially for PE, can be
affected by wall-slip phenomena|85|. Furthermore, the presence of short
chains may enhance the phenomenon due to fast disentanglement[86, 87].
To ensure that wall-slip did not affect the dynamic measurements at the
different temperatures, we run experiments with varying gap heights. The
tests were found reproducible irrespective of the gap height. The values
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of stress and strain set for creep and dynamic tests are within the linear
limit. The creep compliance was converted in dynamic moduli through the
Schwarzl algorithm[41] implemented with a home-made Matlab® routine.

3.2.5 Mixing rule: Kernel functions

In this section, two approaches to express the kernel function (Fy, in
Equation 2.49) for linear architectures are presented. The first approach
used in the present work is based on the time-dependent diffusion double
reptation model, whereas the second approach is based on the work of Vega
et al. [88]. According to the model [89, 74, 90|, the kernel function can be
expressed as reported in Equation 3.1

Fir (1, M) = — Z exp [—i2U(t, M)] (3.1)
zodd

The constraint release effect is embedded in the definition of F' through
the parameter 3:
F(t, M) = (Fy(t, M))° (3:2)

where F, is the simple reptation relaxation function. In Equation 3.2,
the function U (¢, M) is the sum of two terms:

t M* Mt
U (t, M) = 3.3
R T g(M) (3.3)

The first term in Equation 3.3 is used to model the reptation relax-
ation mechanism where 7., = kiqq M 3 for very long chains, it corresponds
to what Doi and Edwards obtained with the original tube-model theory.
The second term takes into account contour length fluctuations (CLF).
The constants kigq and M* are material parameters [18|. Concerning
the function g(x), we adopt the simplified form reported in [18|, namely
g(z) = —x + 29[z + (7z)05 + 7]05.

Following the second approach reported in the work of Vega et al. [88],
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the kernel function can be expressed as reported in Equation 3.4.

For (£, M) = — Z 2exp[ t} (3.4)

T
i,0dd rep

the reptation time of a chain with mass M is calculated as follows:

i =3n (A [ ()T g

The constant & is of order of unity. In particular, from simulations, it can
be demonstrated that k = 1.69 [88, 91| In Equation 3.5, the first term
accounts for the reptation time and the second one for the contribution of
CLF to the reptation. The expression for the Rouse time for an entangle-
ment segment, 7, is reported in Equation 3.6:

2
G M2 G

o 3.6
37’(2 KBTMQ ( )

Te =

where (R?)/M is the ratio end-to-end distance/molecular weight for an
ideal equilibrium random coil, {; the monomeric friction coefficient, M,
the molecular weight between entanglements, M, the molecular weight of
the repetitive unit and K g Boltzmann’s constant.

The approach of Des Cloizeaux needs two parameters for the Kernel func-
tion (kggq and M™*), whereas the approach of Vega needs one (7). If the
parameters are known, the mixing rule can be used in both direct and
inverse problems.

3.2.6 Mathematical methods to solve the inverse problem

When the GPC results are available, a numerical approach can be used
to solve the direct problem to predict the rheological response from MWD,
without any assumption on the analytical form of MWD. Regarding the
inverse problem, an analytical form of the MWD is needed. In the work
of [15, 17|, the authors used a generalized exponential function. In order
to avoid the use of functions, Park et al. applied Tikhonov regularization




3.2. METHODS

51

method to invert the integral in Equation 2.49.

GEX approach

Besides the analitical expression of F'(t, M), an analytical form of the
MWD function must be also hypothesized for evaluating the integral in
Equation 2.49. Along the same lines of reference |18, 15|, the generalized
exponential function (GEX) was used:

weex (M) = (A]Z))Hl exp <— (?Z))b) (3.7)

where My, a, b are the parameters of the GEX function. a and b
are linked to the polydispersity, whereas My is associated to the average
numeric molecular weight. In fact, the larger the values for a and b the
narrower is the distribution around Mj. In the case of a bimodal distri-
bution, Equation 3.7 is unreliable due to the impossibility to fit another
peak. This issue can be bridged by using a double-GEX (DGEX) distri-
bution with five parameters:

wpax (M) = p ((Ajfm)“ - <_ (%)b» '
()

With respect to Equation 3.7, there are two additive parameters in
Equation 3.8. My2 and p.
Whatever equation for the MWD is used, the determination of all param-
eters is made by the x? procedure using objective functions:

1 Texp (G/ — )2 Nexp (G// el )2
2 exp model exp model
A Dl M D D (e 39

i=1 exp i=1 exp

where neyp, is the number of experimental points in G’ and G” spectra.
The transformation of the relaxation modulus in dynamic moduli to min-




52

CHAPTER 3. MATERIALS AND METHODS

imize x? is made with the Schwarzl algorithm [41]. The evaluation of the
(D-)GEX parameters is made with the Nelder-Mead algorithm [92], imple-
mented in Matlab with the command fminsearch. However, this command
has no boundary condition for the parameters evaluation, so we used a
modified algorithm to avoid negative values of the parameters [93, 94].

Tikhonov regularization

In this paragraph, an alternative mathematical method to evaluate
the MWD from linear rheological behavior is presented. In matrix form,
Equation 2.49 can be written as:

g=F - W (3.10)

B!

G
GY
matrix F' is the kernel funct]{on and the vector W is the unknown MWD.
Equation 3.10 is the matricial expression of the Fredholm integral of the
first kind. The ill-conditioning of the matrix F (conditioning number much
higher than 1) leads to an impossibility to invert the matrix and evaluating
the MWD. In Tikhonov regularization, the minimization function becomes
a penalized least-squares procedure expressed by Equation 3.11:

where the vector g= is the reduced relaxation modulus. The

JO, W)=I[E -W —g

Zrheo

I+ XL - W? (3.11)

where 9rheo 18 the reduced relaxation modulus obtained from rheological
measurements, A > 0 is the Tikhonov regularization parameter and L is
the identity matrix. Solving Equation 3.11 and setting g—]\{[ = 0, we obtain
an expression to evaluate the vector W:

W= (" P+AL)"'P g

Zrheo

(3.12)

Equation 3.12 is valid if F' € R™" with m = n. In the case m > n,
W can be evaluated from the singular value decomposition of the matrix
F as reported in work of [95]. In order to apply Equation 3.12, in this
work the matrix F is built such that is squared (m = n). With this
approach, the quaﬁty of the result is strongly affected by the noise in the
experimental data. However, as suggested in [96], the parameter A can
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be useful to moderate the final result. In fact, the lower the value of A
the more accurate is the final solution, but with a large statistical error
on the evaluation of the vector W; [40, 95]. On the contrary, the larger
the value of A the smoother the solutions are, but the accuracy is strongly
reduced. Different procedures have been introduced to evaluate the best
value of A\. In [97] the author adjusted the value of the Tikhonov parameter
step-by-step in order to eliminate any modes with negative weights. A
systematic regularization procedure was introduced by Weese [98] with
the self-consistent method to evaluate the best Tikhonov parameter. In
this work, we selected the Tikhonov parameter with a Matlab® routine
based on the L — curve analysis [99].
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Determination of the
Molecular Weight Distribution

of Ultra-High Molecular
Weight Polyethylene from
Solution Rheology

In this chapter, the linear rheology of ultra-high molecular weight
polyethylene (UHMWPE) solutions is reported with the aim of determin-
ing the molecular weight distribution of the polymer. The UHMWPE is
dissolved in oligo-ethylene in order to avoid issues related to unfavourable
interactions with the solvent. To prepare the solutions, UHMWPE, solvent
and a fixed amount of antioxidants are mixed by means of a co-rotating
twin-screw micro-compounder. All prepared solutions are within the con-
centrated regime, as confirmed by the scaling laws of the main rheolog-
ical parameters (plateau modulus, relaxation time, zero-shear viscosity)
with concentration. Based on the viscoelastic response of the solutions,
we adopt a heuristic approach to extrapolate the linear viscoelastic be-
haviour of the melt, according to a time-concentration superposition prin-
ciple. Such a technique allows to span many decades of angular frequency,
eventually attaining the terminal relaxation regime. The latter is diffi-
cult to achieve by direct measurements in the molten state because of
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experimental issues such as extremely long experimental times and ther-
mal limits. The viscoelastic spectrum of the melt is used to obtain the
molecular weight distribution (MWD) according to the time-dependent
diffusion/double reptation model. The MWD of two UHMWPE evaluated
by using this approach agrees well with data obtained from gel permeation
chromatography.

4.1 Introduction

Ultrahigh molecular weight polyethylene is a tough material used in
many industrial and biomedical applications due to its high abrasion re-
sistance, tensile strength, durability and biocompatibility [100, 101]. The
ultra high molecular weight (M,, > 10 g/mol ) improves the mechanical
properties and the wear resistance but makes its processing more difficult
due to the very large melt viscosity. In general, the mechanical proper-
ties of UHMWPE depend on both molecular weight and molecular weight
distribution (MWD). The determination of MWD of UHMWPE is not an
easy task. For example, standard MWD measurements via gel permeation
chromatography (GPC) are prone to errors due to the lack of solubility of
UHWMPE in common solvents at low temperature, and to long elution
times [102].

Rheology is a sensitive tool to extrapolate the MWD of UHMWPE. MWD
can be inferred from linear viscoelastic data based on either the flow curve
or the relaxation modulus. However, both measurements and calculations
have limitations. UHMWPE has a large number of entanglements per
chain and a high elastic plateau modulus (2.2M Pa) [6].This may repre-
sent a limit during the viscoelastic measurements. For example, a large
number of entanglements implies a very long relaxation time, difficult to be
probed experimentally. Furthermore, the very large polydispersity and the
low molecular weight fraction of chains may enhance wall-slip phenomena
[85, 86, 87|. From the modelling perspective, the evaluation of MWD from
rheological data is an ill-posed problem [103, 11| whose accuracy depend
on the available relaxation data [104]. In particular, the accuracy improves
if the viscoelastic relaxation spectrum includes the relaxation times of the
longest components of the distribution, that is, if terminal flow behaviour
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is experimentally observed. As mentioned above, this requires very long
measurements on the melt. The issue can be partially circumvented by
invoking superposition principles. The simplest one is time-temperature
superposition (TTS) [105]. Above the melting temperature, UHMWPE is
a thermorheologically simple material. However, in this range, the horizon-
tal shift factor follows an Arrhenius dependence due to the large distance
from the glass transition. Hence, the effect of temperature on viscosity and
relaxation times is rather limited. In order to extend the frequency range,
Talebi et al. proposed a time-molecular weight superposition principle [16].
They shifted the mastercurves of different polyethylene samples with dif-
ferent molecular weight in order to build master curves of the viscoelastic
moduli. However, such a technique entails the rheological characterization
of different polyethylene melts with, at least, similar polidispersity.

An alternative to broaden the measured viscoelastic spectrum of UHMWPE
consists of measuring rheology of solutions. According to the theory, [106]
within the concentrated regime, the linear viscoelastic response does not
change as the solvent quality varies, which was confirmed experimentally
[106, 29].

Several solvents are reported in literature for dissolving UHMWPE, includ-
ing: decalin, tetralin, xylene, toluene, and tri-chloro benzene. However,
most of them are toxic [28]. Vegetable oils such as orange oil and olive
oil were also used as solvents for UHMWPE. [84, 29, 107]. Nevertheless,
these are rather ill-defined systems, whose composition might depend on
the batch or source, with consequent reproducibility issues. In the work
of [108], a paraffin oil is preferred as solvent for UHMWPE, due to its low
volatility and the fact that the chemistry is the same as that of UHMWPE.
However, paraffin may contain more volatile components that can evapo-
rate at the test temperature (120 - 200 °C), reducing the thermal stability
of the solution during long time rheological measurements. Alternative
methods have been proposed to decrease the viscosity of UHMWPE to
values of the order of 10* to 10° Pa-s. They involve the preparation of
blends with lower molecular weight polyethylene [109, 110, 111, 112, 113].
From a thermodynamic point of view, solvent and solute with the same
chemistry form a homogeneous mixture at equilibrium. However, there
are kinetic limits due to the high viscosity ratio between high molecular
weight polyethylene and low molecular weight polyethylene and long diffu-
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sion times of the matrix chains in the UHMWPE. In order to overcome the
latter problem, an alternative could be the use of disentangled UHMWPE
(a metastable state with a lower viscosity than entangled UHMWPE).
[114, 115, 116, 117|. Disentangled UHMWPE has lower melt viscosity and
larger diffusion coefficient with respect to entangled UHMWPE, there-
fore, the dissolution process should be enhanced. Recently, disentangled
UHMWPE was used to decrease the diffusion time of chains during blend-
ing of HDPE and UHMWPE [112].

In a recent work [118], the UHMWPE was dissolved in very low molecu-
lar weight polyethylene wax, in order to improve mechanical properties of
drawn UHMWPE avoiding volatile solvents and extraction procedures.
Regarding the preparation of the solutions, one must first consider that
large polydispersity and molecular weight strongly affect the dissolution
process [119]. Several techniques are introduced in the literature to dissolve
UHMWPE in solvents. [109] compare different preparation techniques, in-
cluding mixing in a single screw extruder and the solvent blending method
using decalin. In the work of [120], a blend of UHMWPE and liquid paraffin
was prepared in the mixing chamber of a rheometer (HAAKE HBI System
90). The most established technique is the extrusion using a co-rotating
twin screw micro-compounder [84, 29, 121]. During the preparation of
these blends, a fixed amount of antioxidants is added. An optimization
of the amount of antioxidants in polyethylene is carried out by means of
rheological tests [79].

Different methods for the evaluation of the molecular weight distribution
from rheological measurements are available in literature. Some techniques
are based on empirical correlations between rheological quantities, such as
plateau modulus and zero shear viscosity, and MWD [14]|. Polydisper-
sity also correlates with the shape of Van Gurp-Palmen plots [13]. Other
methods are based on molecular models [12, 15, 16, 18, 17, 19]. These are
divided in two general models referred to as viscosity model and modulus
model [12, 16]. In the viscosity model, it is assumed that the viscosity
of the polydisperse melt depends on the viscosity and mass fraction of
the single components according to a nonlinear mixing rule [20, 21|. The
MWD can be determined from viscosity data combining both differential
and integral approaches [22]|. In the modulus model, the molecular weight
distribution is related to the relaxation modulus of the melt. The modu-
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lus model is more sensitive to low concentration of high molecular weight
fractions [23, 12].

In this work, we present a method to evaluate the molecular weight distri-
bution of UHMWPE through solution rheology. To avoid issues related to
solvent quality, we use oligoethylene as a solvent. Two UHMWPE grades
are used to prepare solutions at different volume fractions. Master curves
of the solutions are obtained using the time-temperature superposition
principle. Measurements at low frequency are extended by running creep
experiments and converting the creep compliance into dynamic moduli.
The master curves of the solutions were used to extrapolate the linear
rheological behavior of the pure melts according to a time-concentration
superposition principle. Then, according to Chapter 3, calculations based
on a recent version of the modulus model are used to evaluate the molec-
ular distribution of the melt. The method is validated by comparing the
MWD of two UHMWPESs against data obtained from gel permeation chro-
matography.

4.2 Results and discussion

4.2.1 Evaluation of polymer concentration through DSC
analysis

Differential scanning calorimetry was performed to assess the actual
polymer concentration of the solutions. Figure 4.1a and 4.1b show heat-
ing/cooling cycles for the melt UH2 and the solution at 15% wt, respec-
tively. As expected, the DSC data of the melt feature a single peak whereas
two peaks can be observed for the solution. The higher peak is attributed
to the crystallization/melting of the UHMWPE whereas the smaller peak
is associated with crystallization/melting of the oligomer. The presence of
two distinct peaks suggests that the two components fully phase-separate
below the melting temperature of the UHMWPE. The area below the
narrow peak is proportional to the enthalpy of crystallization/melting of
UHMWPE in solution, hence to its concentration.

As a consequence, by plotting the enthalpy of UHMWPE in solution as
a function of the polymer concentration, a linear plot should be obtained.
Figure 4.2 depicts the peak enthalpy as a function of concentration.
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Figure 4.1. DSC analysis on (a) the melt UH2 and (b) a solution at 15 %
wt.
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Figure 4.2. Cristallyzation/melting enthalpy vs concentration diagram re-
lated to the melt UH2. The dashed line is a linear regression through the data.

The data in Figure 4.2 follow a linear trend confirming the validity of
the protocol used to prepare the solutions.

4.2.2 Linear Viscoelasticity

As mentioned above, we tried to extend dynamic measurements for
the melts over the largest possible frequency range. To this end, we pre-
pared solutions of UHMWPE with oligomer and extrapolated the linear
viscoelastic (LVE) response of the melts from that of the corresponding
solutions.

We first checked the thermal stability of the solutions by performing time
sweep tests at the highest experimental temperature (200°C) for at least
three hours. The sample were found to be stable within this time period
as the drop of the viscoelastic moduli was lower than 3%. After ensur-
ing thermal stability, we measured the dynamic moduli of each solution
as function of frequency at different temperatures. Hence, we applied the
time-temperature superposition principle to build master curves for each
solution.

In order to properly determine the rheo-MWD; it is highly important that
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during the experiments wall slip does not take place.

Wall slip

A macroscopic signature of wall-slip is that rheological quantities be-
come geometry-dependent. To rule out wall slip, we have performed tests
by changing geometry and checked the reproducibility of the results. As
an example, in Figure 4.3a, we report two dynamic frequency sweep tests
performed at the same gap with different diameters on the solution with
UH2 at 20%, at 170°C. Furthermore, we report measurements at 170°C
and different gap heights for the melts UH1 and UH2 (Figure 4.3b and
4.3c, respectively) . The data demonstrate that reproducibility is indepen-
dent on the geometry used, thus excluding wall-slip.

In Figure 4.3a and 4.3c, measurements on the sample coded UH2,
whereas Figure 4.3b on the sample UH1 are reported. Furthermore, in
[122], solutions at 5, 10, 20 %,,: were prepared and no wall slip effects have
been reported. Concerning melts, the effect of wall slip on similar sam-
ples was also investigated in [123], in which measurements at different gaps
are performed on UHMWPE solutions. No evidence of wall slip was found.

Creep measurements

If the terminal relaxation time of the UHMWPEs was short enough, a
creep or stress relaxation experiment would be an effective way to attain
terminal relaxation behaviour. However, this is a tricky procedure for the
two samples investigated here. From the master curves of Figure 4.12a and
4.12b, which are at a reference temperature of 170°C, it can be extrapolated
that the terminal relaxation of UH2 is achieved at approximately 1076
rad/s, whereas that of UH1 is achieved at approximately 10~° rad/s. This
means that experimental times of 12 days for UH2 and 1 day for UH1 are
needed to attain terminal relaxation, in either a creep or a stress relaxation
test at the same temperature. By performing the experiments at 200°C, the
experimental times become almost the half than those at 170°C, yet they
are quite long. When keeping the samples at high temperature for such
long times, thermal degradation cannot be excluded. Therefore, working
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in solution represents a valid alternative, especially for the highest M,
sample. Not only it avoids thermal degradation but it can be less time
consuming as the creep should be repeated at least twice at two different
values of stress in order to verify linearity at all time-scales.

As an example, we report a 6 hr creep performed on the sample UH1 at
170°C in Figure 4.4a. It can be seen that, in such an experimental time,
the steady state of the creep viscosity is far from the plateau (Figure 4.4b).
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Figure 4.4. Creep experiment on UH1 at 170°C. (a) Creep compliance vs
time and (b) Creep viscosity vs time.
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time-Temperature Superposition

The master curves of the different solutions prepared from UH2 are
reported in Figure 4.5. For each solution, data at low frequency were
extended by performing a creep test at the highest possible temperature
before thermal degradation. We observe that, for the most diluted solution,
terminal flow behaviour is attained.
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Figure 4.5. Master curves for solutions of UH2 at a reference temperature
of 170 °C. The black lines indicate the terminal relaxation regime

The horizontal shift factors used to build the master curves of the
different solutions are reported in Figure 4.6 for both UHMWPEs. As
expected, they follow a linear dependence upon the inverse of temperature,
indicating Arrhenius-like behaviour. Vertical shift factors were found close
to unity. From the horizontal shift factors, the flow activation energy was
calculated. The results are reported in the inset of Figure 4.6. The average
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value is consistent with literature data [124, 125].
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Figure 4.6. Horizontal shift factors used to build the master curves of the
different solutions. The dashed line is used to guide the eyes. The activation
energy evaluated from the shift factors is reported in the inset. Error bars are
given by the standard deviation of the residuals.

An issue associated with time-temperature superposition is the possible
breakdown of such a principle at temperatures close to the crystallization
temperature of polyethylene. We verified the consistency of the master
curves through Van Gurp-Palmen plots of the data [126]. An example is
shown in Figure 4.7 for the solution of UH2 at 15 % wt. The good overlap
of the data at different temperatures indicates that the TTS principle is
valid in the measured temperature range.

The homogeneity of the solutions can be verified through a phase angle
vs we plot [122]. As an example, such a plot for UH2 solutions is reported
in Figure 4.8.
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Figure 4.7. Van Gurp-Palmen plot for a solution at 15 % wt of UHMWPE
in the temperature range of 170 °C down to 140 °C
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Since the oligomer and UHMWPE have approximately the same den-
sity (0.97g/cm?), we assumed that the volume and weight fraction of
UHMWPE in solution are approximately the same. The good overlap
of the data at the different concentrations is indicative of homogeneity of
the solutions.

Evaluation of rheological parameters

As a futher confirmation of consistency, we verified the scaling laws of
the main rheological parameters of polymer melts and concentrated solu-
tions, that is, the crossover time, zero-shear viscosity and plateau modulus.
The crossover time is evaluated as the inverse of the crossover frequency
between the storage and loss moduli. As zero-shear viscosity is not at-
tained at all concentrations, an estimation was made by fitting the LVE
spectra with Maxwell modes. The zero shear viscosity was then evaluated
as [7]:

1
1o = lim G'w)

w—0 w

(4.1)

The plateau modulus was evaluated by applying the integral method
to polydisperse polymers [6]:

G = 4/ o G" (w)dInw (4.2)

—00

Equation 4.2 is based on the idea that the curve of G” vs w is symmetric.
As pointed out in reference [6], such a method yields values of G%; which are
systematically smaller than the experimental ones. However, given the lack
of data at high frequency, it is a reasonable method to obtain an estimate
of the plateau modulus. In Figure 4.9, the scaling laws of the crossover
time, plateau modulus and zero-shear viscosity upon concentration are
reported for both UH1 and UH2 solutions. The data were normalized by
the characteristic parameters of the solutions at 30% wt.

Assuming that oligomer and UHMWPE have approximately the same
density, the polymer volume fraction ¢ can be identified with the weight
percentage % wt. In Figure 4.9a, we observe that the crossover time scales
with ¢''!. The exponent is very similar to that of the scaling law of the
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reptation time upon volume fraction, 7., ox ¢* as relaxation by countour
length fluctuations is expected to play a minor role here due to the large
number of entanglements per chain [64]. Concerning the dependence of
the plateau modulus with the concentration (see Figure 4.9b), the data
also follow the expected scaling law [127]:

G (9) = GR(1)e' ™ (4.3)

where GQ;(¢) is the plateau modulus of the solution, G%/(1) is the plateau
modulus of the melt and « is the dilution exponent [128|, assumed to be
equal to unity. Finally, in Figure 4.9(c) the dependence of zero-shear vis-
cosity on the concentration is reported. From Figure 4.5, the terminal
regime can be reached only for the solution at 10 %wt. The slope of 3.6
in log-log plot is in agreement with the theoretical scaling law reported in
literature [129, 130] and the value extrapolated for the melt is in agreement
with the empirical correlation proposed by [131]. However, this procedure
to evaluate the zero-shear viscosity may overestimate the real value. Con-
sequently, the actual slope in Figure 4.9¢ could be lower.

4.2.3 Time-Concentration Superposition

As mentioned above, the LVE data of the solutions were used to ex-
trapolate the master curves of the melt over the largest possible frequency
range. In order to extract a reliable MWD, the master curves of the melt
should ideally span in frequency from the terminal regime to the elastic
plateau region. To this end, the master curves of the solutions in Fig-
ure 4.5 were horizontally and vertically shifted to obtain the master curves
of Figure 4.10. A single frequency sweep of the melt, measured at the
reference temperature of the solutions (170°C), was also included in the
shifting procedure, for comparison.

In Figure 4.10 the master curves of the solution at 30% were used as
a reference. The relevant rheological parameters for both systems are re-
ported in Table 4.1, together with the vertical and horizontal shift factors.

A superposition approach was used by [16] to obtain the mastercurve
of UHMWPE by measuring the rheology of a series of lower M,, polyethy-
lene melts. In this case, the superposition works if the polydyspersity of
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Figure 4.10. Superposition of master curves of solutions of UH2 in Figure 4.5
at different concentrations at a reference concentration of 30 % wt.

Teross(9) [s] | GX(¢) [Pa] | n0(¢) [Pa-s] | ac | be
UH1 | 20 %u 0.12 4.38 - 10% 7.35-10° | 0.23 | 2.35
UH1 | 30 % 0.19 1.35-10° 3.40 - 10* 1 1
UH1 | 40 %u 0.26 2.56 - 10° 8.76 - 10* 1.74 | 0.67
UHL | 50 %uwt 0.32 4.32-10° 2.08 - 10° 2.79 | 0.49
UH2 | 10 %u 37.31 2.37-10* 5.16-10° | 0.31 | 11.1
UH2 | 15 %u 61.35 5.57 - 10% 3.01-10% | 0.66 | 4.22
UH2 | 20 % 80 1.15-10° 6.68-10° | 0.67 | 2
UH2 | 30 %u 125 2.04 - 107 2.88 - 107 1 1
Table 4.1. Rheological parameters and concentration shift factors of the

different solutions.
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the different samples is similar. The advantage of our approach is that we
use only a single melt, namely the UHMWPE of our interest.

We note that both superposition principles are empirical and work only in a
limited frequency range. Concerning the time-concentration superposition
principle, the ratio between the terminal relaxation time and the entangle-
ment time 7p /7, decreases upon dilution [132], as 7p /7 o< Z(1)34¢34e,
where Z(1) is the number of entanglements of the melt. Hence, by chang-
ing the polymer volume fraction, the master curves of the melt and of
the different solutions should not overlap over the whole frequency range.
However, the master curves here are limited to the range from the terminal
regime to the plateau region. In addition, given the very high number of
entanglements of the melt Z(1), the effect of dilution upon the ratio 7p /7,
becomes minimal as the two time-scales are very different. In Figure 4.10,
the curves of G’ at the different concentrations do not perfectly superim-
pose at low frequencies. This could be attributed to the effect of CLF. If
the latter is non negligible, the validity of the concentration-superposition
procedure can be questioned. To assess the relevance of CLF, one can esti-
mate the weight fraction of chains with less than 10 entanglements. If this
fraction is very small, CLF can be assumed negligible and the procedure
can be applied. Considering Equation 2.46 and assuming M, (1) equal to
1640 g/mol, Table 4.2 reports the above mentioned evaluation for both
samples.

Me(¢) [g/mol] | Mc(¢) - 10 [g/mol] | %oArea MWD
UHI | 20 Y%t 8200.65 82006.48 25.69
UHI | 30 Y%uwt 5467.1 54670.98 17.47
UH1 | 40 Y%t 4100.323 41003.23 12.94
UH1 | 50 Y%t 3280.26 32802.59 10.13
UH2 | 10 Y%t 16401.29 164012.96 9.79
UH2 | 15 Y%t 10934.2 109341.97 6.45
UH2 | 20 Y%t 8200.65 82006.48 4.73
UH2 | 30 Y%t 5467.1 54670.98 3.02

Table 4.2. Evaluation of the contribution of short chains to the total MWD.
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The parameter % Area MWD reported in Table 4.2 is defined in Equa-

tion 4.4. M (¢)-10 w(M)
fo e SrdM

(4.4)

+o0 w(M
i

The parameter defined in Equation 4.4 results lower than 10 % for
UH2 and 25 % for UH1. This suggests that the CLF effect is small for
the UHMWPE. Regarding UH1, the effect of CLF becomes relevant and
may affect the extrapolation of the longest relaxation time of the pure
melt. Another critical aspect worth of note is the effect of the dynamic
tube dilation (DTD), reported in Chapter 2. Many experimental works
show that the shorter chains of the sample can also play the role of solvent
for the reptation of the longer chains and therefore, reduce their reptation
time [133, 128, 134, 135]. The double reptation model ignores this fact
if the parameter (§ is fixed to 2 in the Equation 2.49. The validity of
the time-concentration superposition principle is also corroborated by the
dependence of the shift factors upon volume fraction. The horizontal (a.)
and vertical (b.) shift factors used to build the master curves of Figure 4.10
are reported in Figure 4.11.

In order to obtain the best superposition, the master curves of the so-

lutions and the dynamic data of the melt in Figure 4.10 are freely shifted.
However, we find that the horizontal shift factor follows almost the same
dependence of the crossover time (Figure 4.9a) and the vertical shift factors
follows nearly the same dependence of the plateau modulus (Figure 4.9b).
Dashed lines in Figure 4.11 are best fit through the data. The fact that
horizontal and vertical shift of the master curves follow the theoretical scal-
ing laws of the relevant rheological parameters supports the applicability
of the time-concentration principle in the explored frequency range. By
using the master curves of Figure 4.10 and the shift factors of Figure 4.11,
the master curve of the corresponding melt at the same reference temper-
ature (T,.y = 170°C) can be obtained. The master curves of the two melts
obtained with the method described above are depicted in Figure 4.12a
and 4.12b.
The validity of the applied method can be also proved by comparing the
data obtained with the solution method and the creep conversion (obtained
with the software NLReg) into dynamic moduli (see Figure 4.13).

The fact that we do not attain terminal relaxation in the creep exper-




74

CHAPTER 4. DETERMINATION OF MWD orFr UHMWPE FROM SOLUTION RHEOLOGY

10 g T r T 100
¥
.41.3
1E 0o
O o) o] 4110
©
o
© O1F o o
o {1
001 B o ac '19 $
o bg
5{0.1
0.001 W . . .
0.1 015 02 0.3 1

%wt

Figure 4.11. Shift factor used to obtain the master curves of Figure 4.10.

iment makes the result of the conversion unreliable at low frequency. The
creep transformation shows the tendency to recover an elastic shoulder of
G’, which is not observed from the master curves of the solutions.

4.2.4 Evaluation of the MWD of the melts

Once the master curves of the melts are obtained, we can apply the
modulus method described in Chapter 3 to obtain the molecular weight
distributions. The results of MWD evaluation of UH2 and UH1 are de-
picted in Figure 4.12¢ and 4.12d, respectively. In Table 4.3 we report the
values of the constants used in Equation 3.3 and the results from the y?
minimization procedure defined in Equation 3.9.

The same values of the model parameters were used for both samples.
They are consistent with those reported in the works of [18] and [136]. In
Equation 2.49, the value of the elastic plateau modulus was assumed equal
to 2.2M Pa. In literature, the value of G%; of polyethylene is in the range
[2,3.5]M Pa [88, 6, 137, 138, 139]. We adopted the most frequent value
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scribed in Subsection 2.4.2.

108 108 107
M,, [g/mol]

G'.(byb,) , G"-(byb,) [Pa]

Sample || kgq10717 [s/((g/mol)3)] | M* [g/mol] | 2
UH1 1.4 20000 241
UH2 14 20000 0.98

Table 4.3. Material parameters used to evaluate the MWD for both

UHMWPE.




76

CHAPTER 4. DETERMINATION OF MWD orFr UHMWPE FROM SOLUTION RHEOLOGY

107
100
10°
104
10°%
102

Gl’ G"

10" & O from DFST 1

# from Creep transformation
100 O from solutions 4

10 " " " " " " " " "
106 10° 104 10° 102 10" 10° 10" 102 10° 10*

o [rad/s]

Figure 4.13. Comparison of the creep and solution method to obtain the
master curves of the melt UHL.

of 22M Pa [6]. The resulting MWDs obtained from the model (dashed
black lines) are compared with gel permeation cromatography data (grey
symbols). From Figure 4.12, we observe that excellent agreement between
model predictions and GPC data is observed for UH2. The agreement
between rheology and GPC data of UH1 is not as good as for UH2, yet
satisfactory. The discrepancy could attributed to the fact that UH1 is a
smaller molecular weight, hence rheological measurements cannot unveil
a sufficient part of the high frequency spectrum, in the elastic plateau
range. As mentioned above, this is necessary to obtain reliable predictions
of the MWD. Another possibility for the mismatch is that the values of the
model parameters are optimized over a relatively small range of samples
and molecular weights. On the other hand, the overall agreement between
GPC and predictions confirms the validity of the method described here
and offers an appealing route for the determination of the molecular weight
of UHMWPE samples from rheology.

As further confirmation of this procedure, we also solved Equation 2.49 by
applying the Tikhonov regularization described in Chapter 3. Figure 4.14
reports the results of the inversion for both samples.
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Figure 4.14. Master curves of (a) UH2 and (b) UH1. Gray squares and gray
triangles indicate elastic and viscous moduli, respectively. MWD of (c) UH2
and (d) UHL. Gray stars are experimental data from GPC measurements.
Black dashed lines in all panels indicate calculations based on the model.
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The results confirm the agreement found by means of the previous
method. However, this procedure may be unreliable to evaluate the first
part of the molecular weight distribution.

4.3 Conclusions

This work aimed at evaluating the molecular weight distribution of
ultra-high molecular weight polyethylene samples from solution rheology.
To this end, two ultra-high molecular weight samples kindly provided by
Sabic were dissolved in oligomeric polyethylene to prepare polymer solu-
tions at different concentrations. The choice of the oligomer as a solvent
is dictated by the necessity to avoid unfavorable interaction between poly-
mer and solvent during sample preparation. Blending of the polymer with
oligomer was achieved by means of a micro-compounder. The selected
values of concentration are such that the different solutions fall within
the concentrated regime. This is necessary to achieve consistent scaling
laws. A complete rheological characterization of the solutions in linear
regime was made over the largest possible frequency range by applying
time-temperature superposition. The temperature range was limited by
crystallization at low temperature and by polymer degradation at high
temperature. Once the master curves of the solutions were obtained, we
applied a time-concentration superposition principle in order to extrapo-
late the master curves of the corresponding melt. The validity of the prin-
ciple in the explored frequency and concentration range is corroborated
by the agreement between the horizontal and vertical shift factors and the
scaling of the relevant rheological parameters, that is, the crossover time
and the elastic modulus. The time-concentration superposition principle
allowed to obtain master curves of UHMWPE samples from the terminal
relaxation up to the elastic plateau region. The rheological data were used
to extract the molecular weight distributions of the two melts according to
a double-reptation/diffusion based model. A satisfactory agreement was
found between the MWDs extracted from the model and those obtained
via GPC analysis, indicating that the followed method represents an effec-
tive and simple way to obtain molecular weight distributions of UHMWPE
samples from rheological measurements. The advantage of the proposed
method with respect to creep or stress relaxation experiments consists in




4.3. CONCLUSIONS

79

avoiding long experiments at high temperature, where degradation may
easily occur. As far as creep is concerned, it also avoids further complica-
tions related to creep conversion into dynamic moduli. On the other hand,
the solution method described here relies on obtaining homogeneous solu-
tions, which might be a limit for samples with M,, above one million as
they would be extremely difficult to dissolve in oligomers.







Chapter

Evaluating the Molecular
Weight Distribution of

UltraHigh Molecular Weight
Polyproprylene through

rheology

The methodology developed in Chapter 4 for PE is applied here to ul-
trahigh molecular weight polypropylene (PP). We obtained three isotactic
polypropylene (iPP) samples with relatively narrow MWD, synthesized by
prof. Rieger’s group at the Technical University of Munchen (Germany).
Furthermore, two commercial PP samples with broad MWD were provided
by Reliance Industries (India). The linear viscoelastic (LVE) properties of
the samples are evaluated over the largest possible range of time-scales,
from the terminal relaxation to the elastic plateau region. To this end,
a combination of dynamic measurements at different temperatures and
creep measurements is used. Regarding the sample with the largest molec-
ular weight, it is diluted in oligo-propylene to make two solutions at 30%
and 40%. The rheology of the solutions is then measured, and a time-
temperature-concentration superposition principle is applied to extract the
mastercurve of the pure melt. Once the LVE spectra of the samples are
established, we validate a mixing rule approach to extract the molecular
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weight distribution of UHMWPP via rheology. As literature studies on
UHMWPP are rather scarce, the three iPPs are used as a benchmark to
obtain the necessary material parameters to apply the mixing rule. Then,
based on such parameters, the MWD of the two commercial UHMWPPs
is assessed.

5.1 Introduction

Polyolefins are one of the most widespread class of polymers, with
many applications ranging from construction to electronics. Among them,
polyethylene (PE) and polypropylene (PP) are the most produced ones.
The possibility to achieve ultrahigh molecular weight (UHMW) polyolefins
favored the design of tough materials, with high impact strength, tensile
strength, and resistance to corrosion.

A major challenge regarding the characterization of UHMW polyolefins is
the determination of their molecular weight distribution (MWD). As the
latter is closely related to their mechanical properties, its evaluation is of
primary importance for processing and applications.

Modern analysis routinely employs chromatographic techniques in the lig-
uid state to ascertain the MWD or possible heterogeneities based on chain
length, tacticity, and chemical composition [140]. Gel-permeation chro-
matography (GPC), is a technique for separating molecules based on their
size. In particular, polymer molecules of different dimensions can be frac-
tionated due to a pore-size distribution of the stationary phase in the
packing column [141]. The pore distribution affects the elution time of
molecules of different size.

Liquid chromatographic methods can be considered reliable up to molec-
ular weight of 10° g/mol. Beyond this threshold, the determination of the
elution volume can be affected by relevant error [142, 143, 144, 145].

In the last decades, chromatographic techniques underwent several refine-
ments. In particular, it is possible to couple the standard SEC with other
techniques, e.g. optical methods (IR, mass spectrometry) to better charac-
terize the architecture of polymer systems. However, a standard procedure
to measure the MWD of ultra high molecular weight polymers is currently
missing.

Rheology is a useful tool to improve the characterization of macromolecular
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distribution of UHMW polymers, as the rheological behavior of polymeric
systems is strongly influenced by their macromolecular structure. For ex-
ample, the linear viscoelastic response is more sensitive to the presence
of high molecular weight chains than GPC [7]. Several approaches were
proposed to find the link between rheology and MWD, either based on the
viscosity or the relaxation modulus, G(¢) [146, 11]. Concerning the latter,
the dependence of molecular distribution on rheological properties can be
expressed in terms of a relation between the MWD and G(¢). A linear
mixing rule was proposed in [59], whereas a quadratic one was adopted in
[89, 72|. The presence of a quadratic relationship between the relaxation
modulus and the MWD stems from a constraint release effect, referred to
as double reptation [89, 147, 148].

The mixing rule implies that each molecular weight fraction, w(M), of
the distribution contributes to the relaxation modulus of the polydisperse
polymer through the Kernel function, namely the relaxation function of
a monodisperse polymer of mass M. The Kernel function depends on
the specific chemistry and chain architecture. Different approaches were
adopted to define the Kernel function of linear polymers,involving either
two parameters [89] or a single parameter [88].

When the MWD of a polymer is known a priori, the mixing rule can be
used to predict the G(¢) of a polymer. Conversely, if the MWD is un-
known, then G(t) can be used to extract MWD. However, the latter is
an ill-posed problem as more than one distribution w(M) can satisfy the
mixing rule. In this case, assumptions need to be made about w(M), and
the different mathematical approaches used for its evaluation can lead to
different results. In both cases, an estimate of the material parameters to
define the Kernel function is required.

The relaxation modulus was largely used to evaluate the MWD of UHMW-
PE [146, 149]. For this material, it is difficult to measure the dynamic linear
viscoelastic properties in a large interval of frequencies, therefore superpo-
sition methods were proposed to extend the range of probed time scales
[146, 149]. The material properties of UHMWPP are less explored, with
only few studies available about the effect of a UHMW tail on the rheology
and mechanical properties [150]. Furthermore, the evaluation of MWD of
UHMWPP from rheology is a virtually uncharted territory as the material
parameters required for the Kernel function are yet to be estimated.
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In this chapter we investigate the possibility to extract the MWD of
UHMWPP from rheological properties. To obtain the linear viscoelastic
response of UHMWPP over the largest frequency range, we use a time-
concentration superposition principle successfully adopted for UHMWPE
in Chapter 4 [149]. We adopt the mixing rule for evaluating the MWD
from the relaxation modulus. First, we obtain an estimate of the material
parameters of PP from a set of three lab-made isotactic samples with rel-
atively narrow molecular weight distribution. Then, we use such values to
validate the mixing rule approach for commercial UHMWPPs with broad
MWD. We also discuss the possibility to use rheology to detect artifacts
from GPC measurements.

5.2 Summary of the materials

Table 5.1 summarizes the MWD parameters of the five PP samples
used in this work.

Code Source M,, |g/mol| PDI

UHMWPPr Reliance Ind.  1.37-10%  10.7
RIL202PP  Reliance Ind. 9.1-10° 10.6

nl9 Rieger’s Lab 7.93-10° 1.53
n31 Rieger’s Lab  1.15-10%  1.26
n70 Rieger’s Lab ~ 1.27-10%  1.67

Table 5.1. Summary of the samples used in this chapter.

5.3 Results and Discussion

5.3.1 Linear Viscoelasticity

Applying the method reported in Chapter 4, the LVE spectrum of the
UHMWPPr sample was obtained from time-temperature-concentration su-
perposition. To this end, two solutions were prepared by dissolving a
proper amount of UHMWPPr in PP12k at a weight concentration of 30%
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and 40%. The master curves of the two solutions were obtained by apply-
ing TTS (Figure 5.1a) and, then, they were superimposed to the LVE data
of the UHMWPPr melt (Figure 5.1b).

00 G, G (pure melt)

(e Ca
- o )
(- 0 op
Qa UB:S:OO oo
10} 8 © 8o 006,G" @o%w) | |
ao 2 00 G, G" (30%
- ) b wt)
100F o {

104 10% 102 10" 100 10" 102 10%

by-b-G', G"byb,

104 10° 102 107 10° 107 102 10°

o-a; [rad/s] ®-ar-a,

Figure 5.1. (a) Mastercurves of solutions and melt of UHMWPPr dissolved
in iPP12k at T,y = 200°C; (b) extrapolated behavior of UHMWPPr from
solutions

The insert in Figure 5.1b reports the horizontal and vertical shift fac-
tors resulting from the superposition procedure.
The linear viscoelastic spectra of n19, n31, n70 and RIL202PP were mea-
sured directly in the pure melt state. Figure 5.2a depicts the mastercurves
of the samples with the narrow MWD whereas Figure 5.2b reports those
of UHMWPPr and RIL202PP. All mastercurves are at a reference temper-
ature of 200 °C. The horizontal shift factors to build the mastercurves of
the melts follow an Arrhenius-like dependence on the inverse of tempera-
ture and the flow activation energy is 45 kJ/mol. The value of the flow
activation energy is consistent with the values reported in literature for
polypropylene [151, 152]. For all melts, we measured the terminal relax-
ation by performing a creep test at the highest temperature (200°C) and
converting the creep compliance to the dynamic moduli.
Measurements below 130 °C were forbidden by incipient crystallization.
For this reason, the high frequency data do not allow to detect the mini-
mum of the loss modulus, from which the plateau modulus, G(])V, could be
extrapolated |7, 6]. Therefore, we applied the integral method reported in
[6] to obtain G%,. This method allows to extrapolate the value of plateau
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Figure 5.2. (a) Mastercurves of nl9 (dark red symbols), n31 (dark blue
symbols), n70 (dark green symbols); (b) Mastercurves of RIL202PP (blue
symbols) and UHMWPPr (red symbols). All mastercurves are reported at
Tye = 200°C.

modulus from the maximum of G” (see Equation 5.1).

a =4 / " G (w)dinw (5.1)

™ —00

The extrapolated average value of the plateau modulus is 5 - 10° Pa, in
agreement with values reported in literature {152, 153, 154]. According to
Equation 2.39, the value of the plateau modulus leads to the evaluation
of the molecular weight between entanglement (M,) for iPP. Such value
results to be 6200 g/mol.

5.3.2 Evaluation of material parameters

In order to apply the rheological models to extrapolate MWD from
linear rheology, it is necessary to know the values of the material constants
kiqq, M*, and 7. for PP (see Chapter 3). To this aim, the known MWDs
of n19, n31, n70 obtained from GPC are discretized, and Equation 2.49 is
solved directly to obtain the LVE spectra. The parameters of the Kernel
function are optimized to achieve the best simultaneous fit of the LVE
spectra. First we use the Kernel function with two parameters [17, 18]
and then the one with a single parameter [88]. The results of the fitting
procedure are reported in Figure 5.3.
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Figure 5.3. On the left, the MWD from GPC of n19 (al), n31 (bl) and n70
(c1). On the right, comparison between the measured linear rheology and the

solution of the direct problem of the mixing rule with 2 parameters approach
(solid line) and 1 parameter approach (dashed line)
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Overall, the agreement between experimental and predicted rheologi-
cal data can be considered satisfactory. We note that the two-parameters
Kernel function provides a better fit with respect to the single-parameter
one. However, in both cases, the predicted G’ deviates from the experi-
mental value at low frequencies, especially for the samples n19 and n70.
More precisely, the predictions indicate a faster relaxation compared to
the experimental data. We attribute this discrepancy to the presence of a
small fraction of sparsely long branched chains, which delay the onset of
the terminal regime.

Based on the work of Trinkle at al. [155], we compared the phase angle
(6) as a function of the reduced complex modulus (|G*|/GY;) for the three
samples.

Duml T T T |
'.".,
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104 103 102 10 100

IG*|/G°,, [Pal]

Figure 5.4. Reduced van Gurp-Palmen plot for the three nearly monodisperse
UHMWPP.

The presence of LCB should result in a bump at higher values of the
reduced modulus, as proposed in [155]. Such a bump does not clearly
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appear in the curves of Figure 5.4, suggesting that, if branches are present,
they are most likely sparse. The optimization of the fitting procedure
allowed to estimate the values of the material parameters for PP. Such
values are reported in Table 5.2.

kead x 1021 [s/((g/mol)®)] | M* x 1077 |g/mol| || . - 108 [s]]
3.5 3-8 1.23

Table 5.2. Material parameters used in both models

Regarding the parameter M™*, we observed that a variation within the
range [3 - 10°, 8- 10°] does not affect the final results. Furthermore,
for both approaches, we used the experimental exponent to describe the
reptation mechanism. In both kernel functions, the longest relaxation time
scales with respect to the molecular weight with an exponent of 3.6 instead
of 3.0. As reported in Chapter 2, the theory predicts an exponent of 3.4.

5.3.3 Determination of the MWD of the commercial UHMW-

PPs

Once the constants have been estimated, the direct problem of obtain-
ing the viscoleastic moduli from the MWD could be solved for the broadly
disperse commerical samples UHMWPPr and RIL202PP. To this end, the
GPC curves were discretized and Equation 2.49 was solved numerically
to obtain the LVE spectra. The comparison between the calculated and
experimental LVE spectra is reported in Figure 5.5.

The predictions obtained with the two-parameters approach are verti-
cally shifted toward lower values with respect to the measured spectrum.
This issue can be solved by decreasing the value of M*. The M™* parameter
is associated with relaxation via CLF. As reported in [60], the CLF mech-
anism depends on M,,. In this study, we estimated the material constants
from samples with a narrow MWD to investigate samples with high poly-
dispersity. Therefore, the value of M* could be overestimated. A similar
trend is observed in literature for PE, where M™ results higher for narrow
MWD polyethylenes with respect to broad MWD ones [18, 136]. For this
reason, we lowered the value of M* by one order of magnitude. The effect
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Figure 5.5. Comparison between the measured dynamic moduli and the
response obtained from GPC by applying 2-parameters model (black solid
line) and 1-parameter model (dark gray dashed line)

of M* is reported in subsubsection 5.3.3. This sufficed to obtain reason-
able predictions in the high frequency range also with the two-parameters
approach, as shown in Figure 5.6,
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Figure 5.6. Comparison between the measured dynamic moduli and the
response obtained from GPC by applying 2-parameters model (black solid
line) and 1-parameter model (dark gray dashed line)

However, a large deviation around the cross-over between predicted
and experimental LVE moduli remains.
The large discrepancy between data and predictions in Figure 5.6 raises
questions about the reliability of the GPC results. We remark the fact
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that we solved for the viscoelastic response by discretizing GPC results,
hence no artifacts due to ill-posed problems arise. The measured LVE
spectra of both samples indicate a much faster relaxation compared to the
predictions, suggesting that the high molecular weight tail of the MWD
curves might be questionable. To exclude such a part of the curve, we
fitted both GPC results with a GEX function. The results of the fitting
procedure are reported in Figure 5.7.

0.016

7\
- O GPC ( ) ] o cprc -~ ( ) ]
.

0.012
0.010 f
0.008 f
0.006 f

w(M,) [-]

0.004 |
0.002

103 10 105 105 107  10° 103 104 105 105 107  10°
M,, [g/mol] M,, [g/mol]

Figure 5.7. Hypothesized distributions for UHMWPPr and RIL202PP

The GEX fit excludes the high molecular weight tail of the distribution
for both samples. By inverting the distributions reported in Figure 5.7 in
dark gray dashed lines, we obtain the results of Figure 5.8.

The agreement between the model and the measured rheological be-
havior in Figure 5.8 indicates that the shoulder of the distribution is most
likely a GPC artifact.

Effect of M*

The use of the time-dependent diffusion double reptation model to esti-
mate F, requires the values of the parameters k;y; and M™, which depend
on the longest relaxation time and contour length fluctuations, respec-
tively. By optimizing the mixing rule in Equation 2.49 for UHMWiPPs
with narrow and broad dispersity, we found that the value of kg does not
change whereas M* needs to be reduced. This discrepancy is related the
effect of polydispersity on the contour length fluctuations.
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Figure 5.8. Comparison betwwen the measured dynamic moduli and
the response obtained by hypothesizing different MWD for UHMWPPr and
RIL202PP

The optimization of M* for the broad polypropylene is reported in Fig-
ure 5.9.
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Figure 5.9. Comparison between experimental rheology of UHMWPPr (red
symbols) and theoretical response (lines). The plot is parametric in M*.

Decreasing the value of M* from 8 - 10° to 8 - 10%, the experimental
and theoretical G’ and G” are matched. The plot also demonstrates that
variations of M* within the same order of magnitude are negligible.
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If we use the best M* found for broad polypropylenes to model the rhe-
ological response of the narrow ones, the agreement reported in the main
text in Figure 5.3 is lost, as reported in Figure 5.10.

5.3.4 Inverse Problem

We have demonstrated how to optimize the material parameters for PP
in order to establish the link between rheological properties and MWD, and
highlighted possible artifacts from GPC measurements. In both cases, we
employed the mixing rule in the direct way, that is, we calculated the rhe-
ological quantities from the MWD. On the other hand, practical problems
deal with the inverse situation: the viscoelastic properties are measured
with the aim of inferring the unknown MWD. As mentioned above, this
task implies the solution of an ill-posed problem. In this section, we ana-
lyze this possibility for the commercial UHMWPPs, addressing drawbacks
and caveats associated with the inverse routine.

GEX approach

To solve the inverse problem, the functional form of the unknown MWD

must be hypothesized. We fixed the functional form of w(M) to a gener-
alized exponential function (GEX, see Equation 3.7).
Another problem related to the inversion of Equation 2.49 is the choice of
the starting values of the parameters of the GEX function, namely a, b,
and Mj. Depending on the initial values, the algorithm may converge to
different stable solutions. We underline that the aim of this work is not to
investigate the stability of Equation 2.49 but to provide a method to find
the most likely MWD. To this end, the choice of the starting values in this
work is based on empirical correlations from rheology. In particular, we
used the empirical scaling law (see Equation 5.2) reported in [156] to ex-
timate an average molecular weight from the zero shear viscosity, whereas
Equation 5.3 reported in [154, 157, 158, 159] was used to estimate the po-
lidispersity index from the value of the crossover modulus, Geross:

logn? = —15.2 + 3.47 - log M,, (5.2)
10°

Cross

PDI =

(5.3)
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Figure 5.10. comparison between the measured linear rheology and the
solution of the direct problem of the mixing rule with 2 parameters approach
by using the material parameters for UHMWPPr and RIL202PP for n19 (a),
n31 (b) and n70 (c)




5.3. ReEesurrs AND DiscussioN 95

Once M,, and PDI are known, M, is also determined. The relations
between the GEX-parameters, M,, and M,, are reported below |17, 18, 160]:

M, = M, <a_g 1) iy (%) (5.4)

M,, = Myl (anr2) /T <‘“brl> (5.5)

Based on Equation 5.4 and 5.5, we fixed the starting values to invert
the integral in Equation 2.49, by considering My ~ M,,. The evaluation of
GEX-parameters is based on the objective function to minimize x? defined
in Equation 3.9.

Figure 5.11 shows the comparison between the experimental and calculated
LVE and GPC data. We used both two parameters approach and one
parameter approach for the kernel function.
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Figure 5.11. Inverse problem for UHMWPPr (red symbols) and RIL202PP
(blue symbols) with 2-parameters model (solid black line) and 1-parameter
model (dashed dark gray line)

The agreement between the experimental GPC and the calculated one
is satisfactory, albeit worse with respect to the direct problem where the
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GEX parameters were evaluated by direct fitting of the experimental GPC
curve. This gives confidence in using the inverse approach with the es-
timated material parameters for PP in order to evaluate the MWD of
UHMW commercial samples with high polydispersity.

Tikhonov regularization

In this paragraph, we examine an alternative mathematical method to
evaluate the MWD from linear rheological behavior without any assump-
tion about the functional form of the GPC curve. This method is based
on the Tikhonov regularization. The mathematical details of the method
are reported in Chapter 3. The material parameters used for applying
Tikhonov regularization are the same as those estimated in the previous
section. The results of the inversion from rheology to MWD are reported
in Figure 5.12.

The results are very similar, irrespective of the type of kernel function
used. It is clear that, although no hyphothesis on the functional form of
the MWD is needed, this methodology does not guarantee reliable results
like the GEX approach. Furthermore, the MWD of both samples features
a low M,, cut-off. This issue can be also appreciated in [91] and can be
associated to a mere machine accuracy issue.

5.4 Conclusions

The aim of this work was to evaluate the molecular weight distribution
of ultra-high molecular weight polypropylene samples from rheology. A
first challenge associated with this task was to estimate the values of the
material parameters needed to implement a mixing rule based on the relax-
ation modulus. To this end, we tested three nearly monodisperse lab-made
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UHMWPP samples with a well-known MWD from GPC. Once the values
of the parameters were established, we demonstrated the applicability of
the proposed methodology to UHMWiPPs with broad polydispersity. Our
work supports the reliability of the rheological method to extract the MWD
of UHMWiPPs, and provides a robust estimate of the values of the material
parameters reported in the two used approaches to implement the mixing
rule. Another results is the evaluation of the entanglement relaxation time
(1e) for isotactic polypropylene which experimentally unattainable due to
the occurrence of crystallization at higher temperatures (140 °C). From
an experimental standpoint, we also demonstrated the possibility to adopt
a time-temperature-concentration superposition approach for UHMWPP,
where experimental issues limit the frequency range of the mastercurves of
the melt. Finally, the results suggest that rheology can be used as a tool
to detect possible experimental artefacts of MWD obtained via GPC.




Chapter

Conclusions and Outlook

This thesis work was motivated by the necessity to control the macro-
scopic properties of ultrahigh molecular weight polyolefins, which highly
depend on molecular weight and polydispersity. In the last few decades,
rheology has emerged as a powerful tool to evaluate the MWD of poly-
meric systems, as it can link the macroscopic viscoelastic response of poly-
mer systems to the molecular architecture. Furthermore, it is particularly
sensitive to the presence of long chains with high molecular weights. This
represents an advantage over standard techniques such as gel permeation
chromatography to evaluate the molecular weight distribution.

The study of macromolecular dynamics is often based on model systems,
with reduced polydispersity and relatively low molecular weight. This
makes the work of experimentalists relatively easy. On the other hand,
industry is interested in polymer melts with broad molecular weight dis-
tributions and complex structures, which are hard to handle because of
their large viscosity and elasticity. A valid alternative to circumvent the
above difficulties is to work with concentrated polymer solutions. The
addition of a solvent may have several beneficial effects. It serves as a
plasticizer, lowering the levels of viscoelasticity, speeding up the dynam-
ics and avoiding or delaying elastic instabilities. Furthermore, it allows
working at lower temperatures, thus minimizing thermal degradation. A
polymer solution would also be less prone to crystallization, thus allowing
for a wider temperature range of viscoelastic characterization.

The rheological characterization of polymer solutions instead of melts has
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many advantages. However, the choice of appropriate solvents can be
problematic because, as reported in literature, most polyolefin solvents
are toxic, flammable, and difficult to handle [28]. In recent years, the
correlation between melts and solutions has been studied by dissolving
a pure melt in oligomers of the same chemical nature. In particular, in
[161, 162, 163, 64| polystyrenes with different molecular weights are dis-
solved in oligo-styrenes with molecular weights lower than the molecular
weight between entanglements.

The use of an oligomeric solvent represents an advantage. Indeed, it avoids
the use of organic solvents which may evaporate leading to thermal stability
problems during long-time measurements. In this work, polyolefin-based
materials such as ultra high molecular weight polyethylene and polypropy-
lene with a broad macromolecular dispersity have been used. All samples
were kindly provided by Dutch Polymer Institute partners such as Sabic,
Reliance, Borealis and the University of Munich. Depending on the chem-
ical nature, the corresponding oligomer was used as a solvent. Due to the
same chemical nature it represents a #-solvent for the pure melt within
the temperature range in which the system can be investigated. Omnce
the solutions have been characterized, it is necessary to select an appro-
priate rheological model in order to describe the relaxation dynamics of
the system. Polymer architecture determines the model to use. Chapter 4
presents the procedure used to characterize from a rheological point of view
UHMWPE kindly provided by Sabic. Specifically, pure melt was dissolved
in an oligoethylene at different concentrations. By measuring the linear vis-
coelastic properties of the solutions, the rheological response of pure melt
can be extrapolated by applying the time-Termperature-concentration su-
perposition. At this point, a molecular model was used to extrapolate
the distribution function of molecular weights. The function was, then,
compared with the GPC measurement. The results confirmed the GPC
measurements provided by the company, validating our rheological ap-
proach to obtain the MWD of UHMW polymers

Because of the high viscoelasticity of polyethylene, a comparison between
direct measurement on the melt and the extrapolated behavior from so-
lutions is not possible in the frequency range from the elastic plateau
modulus down to the terminal regime. Due to the lower viscoelasticity,
Polypropylene can be used for this purpose, as it is possible to measure
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the pure melt. Consequently, a comparison between the linear viscoelastic
response of the pure melt with that obtained by extrapolation is possible.
In Chapter 5, the methodology used for polyethylenes was applied to two
industrial polypropylenes kindly supplied by Reliance. The aim of the
work is to rheologically verify the consistency of the molecular weight dis-
tributions obtained via GPC. In order to apply the rheological models
which link the rheological behavior to the molecular weight distribution,
the knowledge of some constants linked to the chemical nature of the poly-
mer is necessary. Conversely to UHMWPE, ultra high molecular weight
polypropylene received less attention from a scientific point of view. For
example, the material parameters of PP were not available in literature.
Therefore, three UHMW-iPPs provided by the University of Munich were
used to evaluate the constants for the models related to polypropylene.
Then, the approach proposed for PE, was successfully applied to PP. This
confirmed that the proposed approach is a valid route to obtain the MWD
of UHMW polymers.

However, it is important to emphasize that the models used can be applied
only to polymers with linear architecture and a wide relaxation spectrum
is needed. As reported in the previous chapters, linear viscoelastic proper-
ties are very sensitive to micro-structural details of a polymer system. The
investigation requires the description of a wide relaxation spectrum, which
covers the relaxation of the longest chain in the low frequencies domain to
the local phenomena in the high frequencies domain. From an experimental
point of view, the typical approach is the time-temperature superposition
to obtain a relaxation spectrum in widest time-domain. However, the oc-
curring of crystallization hinders information in the high frequencies range
and alternative methods are required to extend the range. In this work,
we extended the frequencies domain by applying the time-concentration
superposition. The applicability of such methods can be limited in some
cases as reported in Chapter 4. In order to extend the frequency range from
the tTs, other techniques have been proposed in literature. The use of tor-
sional resonators, diffusive wave spectroscopy (DWS), and Brillouin light
scattering lead to investigate the shear rheology in the frequency range of
GHz [164, 165, 166, 167]. Another approach is the use of a piezo-rheometer
which allows to investigate the shear properties in the frequency range up
to kHz [164, 168, 167].
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While the original reptation theory was devised for linear chains only, it
was later proven that more complex structures relax in peculiar ways.
For example, reptation in star polymers is hindered, and they can only
relax via arm retraction [169]. As a more general result, the linear vis-
coelastic response of linear polymers is markedly different from that of
branched-like architectures [170]. The rheological response, therefore, can
be seen as a fingerprint of the molecular architecture. Besides the more
"exotic" star architecture, the family of branched systems involves many
other topologies. Comb polymers, for example, are made of linear chains
with loosely-grafted short branches. Their viscoelastic response is char-
acterized by two main relaxation modes, due to branch withdrawal and
backbone relaxation, respectively [171, 172]. The rheological fingerprint of
other complex architectures such as bottlebrush, wedge and dendronized
polymers is the absence of an entanglement plateau in the intermediate
frequency range, and the onset of a low-frequency elastic plateau of the
order of 1kPa [173, 174, 175, 176, 177].

More complex dynamics, especially related to branched architectures, were
not examined in the previous chapters. In this case, the relaxation dynam-
ics involves the backbone and the arms via a hierarchical mechanism. On
short time scales (or high frequencies) the arms relax via CLF. Subse-
quently, the central backbone relaxes via retraction of the arms and repta-
tion on longer time scales (or low frequencies). This mechanism leads to an
increase in the longer relaxation time compared to the linear counterpart.
In Chapter 5, it is emphasized how the presence of few arms can affect the
rheological response compared to a linear architecture.

The presence of arms has a large effect on the viscosity. In particular,
above the molecular weight between entanglements, it can be observed
experimentally that increasing the molecular weight, viscosity follows an
exponential dependence on the molecular weight, losing the typical power-
law dependence. Figure 6.1 shows that the higher molecular weight of the
arms the larger effect on the deviation from linear behavior occurs.

As reported in the previous chapter, rheology is very sensitive to differ-
ent types of branching. Figure 6.2 shows the linear viscoelastic responses
of different architectures.

From an industrial point of view, however, a branched system is char-
acterized by a variety of branched structures with a specific distribution.
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Figure 6.2. Rheological fingerprint of different macromolecular architectures
[180]




104 CHAPTER 6. CONCLUSIONS AND OUTLOOK

The presence of a distribution of architectures makes the macromolecular
characterization more complicated. In addition, depending on the mode
of synthesis, operating conditions, reactor used, a variety of products with
different characteristics can be obtained. The variety of products can also
differ among the batches. From a rheological point of view, on the other
hand, the presence of a branching distribution leads to a broader molecular
weight distribution. Consequently, the effect of branching on the rheolog-
ical response can be hindered by the polydispersity effect.

From a modeling point of view, a starting point can be the model proposed
by Milner and McLeish [181]. In this case, the description of molecular
dynamics can be unified for branching and linear chains, considering the
latter as 2-arms star. Based on energetic considerations, van Ruymbeke
proposed a different approach of solving the mixing rule that included
all relaxation mechanisms [182, 183]. The resolution of the problem was
based on the so-called "Time Marching Algorithm" (TMA). The advantage
of TMA is represented by the possibility to treat all relaxation mechanisms
simultaneously without separating time scales. The proposed mixing rule
is reported in Equation 6.1:

1
G(t) = G(]JV <Z Spi/o (p’f(ipt(xivt) bcLF (xi;t) PCRr («Tz‘;t)) d.l:,) (61)

where p(z;,t) is the survival probability of a molecular segment which
can relax by reptation, contour length fluctuations and constraint release.
In the case of branched system, Equation 6.1 must take into account the
survival probabilities of the arms to relax via CLF and CR and the back-
bone via reptation, CLF, CR and DTD.

The next step in the advanced rheological characterization of the MWD
of polyolefins is to work on long-chain branched architectures. The method
adopted for linear architectures has been tested for branched polymers with
encouraging results. In this part, preliminary results on a LCB-iPP pro-
vided by Borealis are reported. In the previous chapters, the theoretical
scaling laws for polymeric solutions were verified with the main rheologi-
cal parameters. Since the architectures investigated are linear, the scaling
laws follow power laws (linear in a log-log plot). In the case of branched
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polymers, however, solution rheology could be useful to discriminate dif-
ferent architectures that follow predominantly exponential scaling laws.
In this perspective, Borealis provided a LCB-iPP (coded HMS) with an
average molecular weight of 6.32 - 10° and a polydispersity of 13.7. The
latter was, first, measured in the melt state and later dissolved in a 12k
oligopropylene following the same procedure as reported in Chapter 3. Re-
garding the pure melt, the linear viscoelastic behavior was measured and
the terminal regime has been reached by performing a creep test.
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Figure 6.3. (a) Mastercurve of HMS at a reference temperature of 160 °C.
(b) the horizontal shift factors used to superimpose the dynamic response at
different temperatures.

The horizontal shift factors reported in Figure 6.3b were fitted with an
Arrhenius-like equation. The flow activation energy estimated from the
fit is 88k.J/mol, which is consistent with the typical values reported for
branched polypropylene in literature [151]. In addition, stress relaxations
were performed at the lowest investigated temperature to attempt extend-
ing the viscoelastic behavior at higher frequencies.

In Figure 6.4a, the relaxation modulus is obtained for an applied strain

of 15%. The reduced signal torque during the relaxtion, hinder the pos-
sibility to reach the terminal regime with a stress relaxation test. In Fig-
ure 6.4b, the stress relaxation test is useless to extend the behavior at
higher frequency.
So far, we only dealt with linear rheology. However, nonlinear rheology
could be a valid characterization tool for determining the degree of branch-
ing of industrial samples. In particular, branching strongly affects the ex-
tensional rheological respose of polymers.
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Figure 6.4. (a) Stress relaxation test at T=160 °C. (b) Comparison between
the dynamic response and the moduli obtained from a stress relaxation trans-
formation

To provide an example, once the characterization in the linear viscoelas-
tic regime of the melt is completed, the extensional behavior was also
measured. Tests were performed on an Ares rotational rheometer with
Senmanat’s kit. This kit allows to measure the uniaxal extensional viscos-
ity by means of a rotational rheometer. Measurements in the extensional
regime at a temperature of 150 °C are shown in Figure 6.5.

In Figure 6.5, the linear viscoelastic envelope (LVE) was obtained from
the shear tests at the same temperature. From the same figure, the rheo-
logical fingerprint of branched polymers can be observed, which show the
typical Strain Hardening phenomenon. This phenomenon can be discrim-
inated from the flow-induced crystallization phenomenon by introducing
the dimensionless Weissenberg number mentioned in Chapter 2. In this
case, the characteristic time of the test is much less than the characteristic
time of the material (the longest relaxation time, 74 ~ 2.4 - 10%). Con-
sequently, Wi >> 1 implies that the phenomenon observed is related to
nonlinear properties of the polymer, ruling out the flow-induced crystal-
lization.

Following the approach reported for linear architecture discussed in
Chapter 4 and 5, solutions of HMS were prepared in the concentrated
regime and measured. In Figure 6.6 the mastercurves at a reference tem-
perature of 160 °C from a concentration of 30%,,: up to the pure melt are
reported.
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By applying the time-T-concentration superposition principle, the fi-
nal mastercurve is obtained. From an empirical point of view, it can be
observed that, by shifting horizontally and vertically the curves, they per-
fectly follow the behavior of the measured pure melt.
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Figure 6.7. (a) Superposition of all concentrations on the pure melt. (b)
Shift factors to apply the concentration superposition

Moreover, considering the shift factors obtained, the horizontal shift
factors scale with an exponential with respect to the concentration. How-
ever, the "quasi-randomic" dependence of vertical shifts needs to be inves-
tigated more deeply.

Regarding the modeling, a first proposed attempt was made in collab-
oration with Prof. van Ruymbeke. The followed approach was proposed
in [184]. The goal is to determine a possible composition of branched
structures in the system. To this aim, the knowledge of MWD obtained
via GPC is necessary. The problem can be simplified by decomposing
the starting MWD as a sum of n-lognormal distributions. Following this
approach, the problem turns out to be ill-posed, since there are infinite
combinations that decompose the curve. One possible decomposition is
shown in Figure 6.8.

Table 6.1 reports the properties of each log-normal distribution de-
picted in Figure 6.8.

The choice of the gray distribution in Table 6.1 can be rationalized
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Figure 6.8. A possible decomposition of the MWD provided by the company
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blue 9 21 2.5
gray 60 185 3

dark yellow 20 920 1.8

yellow 11 3300 14

Table 6.1. Properties of the MWDs reported in Figure 6.8
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considering that, in order to capture the sample relaxation at high fre-
quencies, we need to hypothesize a M,, around 190 kg/mol. Each curve
can be associated to a specific macromolecular architecture. The mixing
rule in Equation 6.1 can be solved in a direct way for each architecture by
considering the relaxation mechanisms that distinguish the different archi-
tectures. The sum of all rheological responses can be compared with the
measured one. In Figure 6.9, two possible distributions of architectures in
the polymer system are reported based on the assumptions of decomposi-
tion and architectures in the system.
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Figure 6.9. Possible architecture distributions in the system. The green
symbols refer to the experimental results

The effect of branches leads to an increase in the relaxation time ac-
cording to the hierarchical relaxation mechanism. Based on this, we con-
sidered architectures which retard the relaxation of the whole polymer
system. The composition of possible architectures are summarized below:

e the dynamic moduli in red dashed line come from the presence of:
9 % of short linear chains (M,,=21 kg/mol), 60 % of linear chains
(M;,=185 kg/mol and PDI=3) and 31 % of dangling arms (M,,=185
kg/mol and PDI=3). The resulting rheological behavior is reported
with red dashed lines in Figure 6.9;

e the dynamic moduli in black dashed line come from the presence of:
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9 % of short linear chains (M,=21 kg/mol), 60 % of linear chains
(M,=185 kg/mol and PDI=3), 30.8 % of dangling arms (M,,—=185
kg/mol and PDI=3) and 0.2 % of very slow relaxing molecules, stars-
like with a M, = 1250kg/mol (black dashed lines in Figure 6.9).

As mentioned above, the investigation of this sample represents only
a starting point. A combination of linear and nonlinear rheology, the op-
timization of the algorithm and information from chemical synthesis may
be useful to improve the quality of the assumptions made about decom-
position and refine the rheological method to extract relevant information
about the molecular distribution of branched industrial samples.
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