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Abstract

Rheological characterization of polymer melts with bimodal distributions

Shadrach kwakye-Nimo, Ph.D.
Concordia University, 2022

Polymer melt exhibits complex relaxation and flow behaviors when subject to some
form of deformation. The ensued stress experienced by the melt depends on the entire de-
formation history and not just the deformation rate or the magnitude. To better anticipate
the response of melts to deformations, an understanding of their molecular structure is
essential. This understanding helps not only in optimizing the process conditions, which
turn to be big cost savers, but also enables the production of end-products with controlled
and desirable properties.

The research presented here establishes correlations between the features of the molec-
ular weight distributions (MWD) and the rheological behavior of broadly distributed bi-
modal HDPE and well tailored distributions of polybutadiene. We start by characterizing
a set of high-density polyethylene (HDPE) materials which possess very high levels of
polydispersity. Then, using statistical learning, the most important features influencing
the rheological behavior are identified. We show that by using just the shape features of
the MWD the relaxation behavior of the melt can be inferred. We proceed to investigate
the behavior of polymer melt at the interface. Using the simple shear flow experimen-
tal setting, we eliminate the possibility of contributions from flow induced fractionation
and show for the first time that surface segregation could occur in the absence of bulk
shear gradient. We additionally show that apart from the surface enrichment being shear-
rate dependent, the enrichment-depletion transition point also occurs at a much lower
molecular weight value than predicted in literature. We then proceed to show the key
role played by the short chain in surface fraction. By using bi-disperse polybutadiene
designed to vary in both short chain length and volume, an enhanced relaxation of the
melt was shown to positively improve the polymer surface fraction.
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Chapter 1

Introduction

Rheology describes and assesses the deformation and flow behavior of all kinds of

deformable materials. Its focus is on materials that do not obey Newton’s law of viscos-

ity; in other words, non-Newtonian fluids. Newtonian fluids are defined as fluids whose

viscosity is unaffected by a change in shear rate, water serves as a perfect example. Non-

Newtonian fluids however exhibit a wide range of behaviors referred to as viscoelastic

behaviors ranging from, i.e. the theoretical sense, ideal viscous to ideal elastic.

Rheology serves as a useful tool in several domains. For example, in paint manufac-

turing it helps determine whether a wall paint would dry up too quickly thereby leaving

behind traces of the brush or dry up too slowing thereby showing sagging. In the food

industry, it is used to ensure that food and beverages maintain their consistency; that a

yoghurt for instance would not sediments into its component after a while on the super-

market shelves. In this study however, focus would be on polymer melts.

In polymer processing a good understanding of rheological processes is key in de-

termining not only the processability of the polymer but also in predicting the physical

properties of the end-product. In fact, choosing the right shear-rate at which a melt is

1



extruded saves the enterprise a lot of money. The plastic industry is an integral compo-

nent of the manufacturing sector, with a total revenue of $27.7B in 2019 according to

Statistics Canada (StatisticsCanada, 2022). In this research the two polymer materials

that were used are high density polyethylene (HDPE) and Polybutadiene.

1.1 Scope of study

The scope of this study was to highlight the important information contained in the

features of the MWD when investigating the rheological behavior of polymer melts and

to also study polymer fractionation at the interface. The structure of the thesis is as

follows: the materials were first characterized and the influence of the features of their

distributions on the rheological behavior was determined. The focus in this part was

on linear viscoelastic properties of the material with the aim of obtaining information

about the molecular structure of the material (Article I). The flow behaviour of the melt

at the interface was next studied and the effect of the shear rate on the material’s ability

to have a surface enriched by short chains was established (Article II). The effect of

both short chain length and their volume on a polymer’s ability to enrich the surface

was then determined and the effect of the MWD on the enrichment-depletion transition

was investigated (Manuscript III). Finally, non-linear rheological studies were carried out

with the influence of the features of the bimodality investigated (Manuscript IV). This

thesis touches on different aspects of rheology and highlights the important role it plays

in understanding the behavior of polymers.
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Chapter 2

Polymer rheology: an overview

This chapter discusses the fundamental rheological principles, experimental methods

upon which subsequent chapters are based and briefly reviews literature.

2.1 Basics

Polymer melts are composed of macromolecules which are made up of atoms linked

through covalent bonding (Krevelen and Te, 2009). Those molecules could be composed

of chains that are either linear, branched or even forming networks and greatly influence

the rheological properties of the melt such as the viscosity. Polymers are mostly charac-

terized by their molecular weights and that can be done by either their number average

molecular weight (MN ) or their weight average molecular weight (MW ). There are also

higher moments such as the z-average of the molecular weight (MZ). The distribution

of molecular weights in a polymer is referred to as the molecular weight distribution

(MWD) and its breath is classified by the polydispersity index (PI) parameter defined

as the ratio of two consecutive moments, expressed in a form such as PI = MW /MN .

3



The distribution of the molecular weights of the chains could be monodisperse or com-

posed by a mixture of two monodisperse distributions which would then be referred to

as bimodal distributions. In this study all our MWD are bimodally distributed.

The properties exhibited by a polymer greatly depends on its molecular weight dis-

tribution and the presence of branched chains. The effect that the presence of branches

would have on the properties of the polymer would depend on both the length and quan-

tity of branches in the material. Short chain branches are considered to have approxi-

mately 40 or less carbon atoms. Their presence in a melt influences the mechanical and

thermal properties of the material. Long chain branches on the other hand are considered

to have more than 40 carbon atoms and are known to greatly affect the melt’s rheological

behavior especially during processing.

In a polymer melt, the chains are entangled among themselves by varying extents.

This results in an internal resistance when subjected to flow which is caused by the en-

suing internal friction. Viscosity is a quantitative measure of that internal friction and

is expressed as the force per unit area resisting the flow between adjacent layers of the

fluid.

There are a lot of variables which affects the viscosity of a material- namely: tem-

perature, pressure and shear rate. The higher the temperature, the lower the resistance

to flow. Viscosity is extremely sensitive to temperature, hence when comparing different

materials and to also have reproducible experimental results it is of greater importance

to have the experimental temperature well under control. Viscosity also increases with

increasing pressure, since a rise in pressure results in an increase in internal friction. For

most practical purposes, the effect of pressure is not given much attention since most ex-

periments are assumed to be performed under atmospheric conditions. With an increase

in shear rate, a decrease in viscosity is observed. The shear rate dependence of viscosity

is so crucial from a practical perspective as it dictates the energy required in processing
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a melt.

The complex viscosity function is another measure of the viscoelastic flow resistance

of a sample. Its absolute value is of importance since it can directly be related to the

steady shear viscosity curve through the well-known Cox-Merz rule. The Cox-Merz rule

states that the shear rate dependent viscosity function which is obtained from a rotational

test would have an identical shape of curve to the complex viscosity curve obtained

through an oscillatory test over a broad range of values. That is:

η(γ̇) = |η∗(ω)| (1)

In Fig. 2.1, a shear-rate dependent viscosity curve is illustrated, it highlights two

important regions:

(i) one in which the viscosity is observed to be independent of shear-rate which is

the zone-referred to as the Newtonian plateau, the zone from which the zero-shear

viscosity [discussed in subsection 2.1.1] is evaluated and

(ii) a part which is shear rate dependent.

The structure of the polymer has a great influence on the linear viscoelastic behavior

of the melt and is discussed next.

2.1.1 Linear viscoelasticity

Determining the linear viscoelastic (LVE) behavior of a material is extremely useful in

providing molecular details about the material. A test performed in the linear viscoelastic

range entails subjecting the material to a form of disturbance; a disturbance small enough

as to only disturb the molecules from their equilibrium position to a negligible extent.

Test performed in the LVE thus serves as a probing technique. Such tests are based on
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Figure 2.1: Viscosity curve (Laun et al., 2014)

the linearity principle which considers the stress experienced by a material at a current

time as only depending on the strain at the corresponding time and those at previous

times in an additive manner. This means that the longer the time elapsed between the

current and past, the smaller the effect of the strains contributed from past times. This

principle is referred to as Boltzmann superposition principle and it highlights the concept

of “fading memory”. The Boltzmann superposition principle holds not only for small

deformations but also for very slow deformation. The following expression is one way

of mathematically describing this principle:

σ(t) =

∫ t

−∞
G(t− t

′
)dγ(t

′
) (2)

where γ is the strain input, σ is the linear viscoelastic stress response and G is the re-

laxation Modulus (Tanner, 2000; Dealy and Larson, 2006). A corresponding expression
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exists where σ is the stress input and γ is the linear viscoelastic response. The response of

the viscoelastic materials to any form of deformation can be modeled by making use of a

simple mechanical spring-dashpot analogies. Here the spring component represents the

material’s elastic response to the deformation while the dashpot component represents

the viscous part.

There exist two models based on this analogy, the Maxwell and Kelvin model. The

Maxwell model has the dashpot and springs connected in series and serves as a simple

model in describing viscoelastic fluids, i.e. fluids which can be deformed indefinitely

with no possibility of crosslinking. The Kelvin model on the other hand describes vis-

coelastic solids and is represented by a parallel connection of the dashpot and spring. By

making use of several combinations of the above mentioned two models it is sometimes

possible to estimate the expected response of a polymer melt under certain experimental

conditions such as creep and small amplitude oscillatory shear (SAOS). The next section

discusses the behavior of polymer melt in the LVE region.

Zero-Shear viscosity

As mentioned earlier, the viscosity of a melt changes with shear rate. A melt will flow

readily at higher shear rate than at a lower value. As the shear rate approaches zero, the

viscosity becomes independent of the shear rate; that is in the Newtonian plateau zone.

The value of the viscosity in that zone is called the zero-shear viscosity (η0) which is a

material constant and serves as a useful indicator of the polymer molecular weight. There

are two main factors affecting the zero-shear viscosity of a material, they are long chain

branching and the weight average molecular weight. They both have significant impacts

on the zero-shear viscosity, it is therefore empirical in the evaluation of the zero-shear

viscosity of a material to ensure that the melt does not contain long chain branching, and

this can be achieved through a size exclusion chromatograph equipped with a multi angle
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light scattering (SEC-MALS). To obtain the zero-shear viscosity one has to extrapolate

the complex viscosity curve, a method which is mostly not reliable, or perform a creep

experiment until a steady state is reached and evaluated it from its slope in the steady

state region.

The expected relation between the zero-shear viscosity and the weight average molec-

ular weight is given by η0 = KMα
W , with α = 3.5±0.2. Any upward deviation of α from

that range is mostly assumed to be due to the presence of long chain branching. Wasser-

man and Graessley (1996) indicated that such upward deviation could also be attributed

to high level of polydispersity; an observation which has later been made by several other

researchers (Ansari et al., 2011; Szántó et al., 2019; Kwakye-Nimo et al., 2022a).

Crossover modulus

When a polymer is subjected to a form of oscillatory deformation, it is possible to

measure its elastic and viscous response. The storage modulusG
′
(ω) measures the elastic

response while the loss modulus G
′′
(ω) measures the viscous response. The point where

G
′
(ω) = G

′′
(ω) is called the crossover modulus (Gc) and the frequency at which it occurs

is the crossover frequency (ωc). It separates the elastic portion from the viscous part.

The occurrence of ωc at a lower value can serves as an indication of a system with a

high molecular weight or a higher level of entanglements. The crossover modulus is also

influenced by the polydispersity of the melt, its magnitude decreases with increasing

polydispersity (Utracki, L. A., Schlund, 1987; Ansari et al., 2011) due to the effective

release of constraint associated with an increase in polydispersity. In chapter 3 of this

study, we show that the weight fractions of the two populations and the ratio of the peaks

of the high molecular weight (HMW) to that of the low molecular weight (LMW) could

also serve as good predictors of the evaluation of the crossover modulus (Kwakye-Nimo

et al., 2022a), a method which does require only knowledge of the MWD.
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Time-temperature superposition (TTS)

The experimental window within which a rheological behavior can be investigated

is limited, a limitation imposed by the instrument. A way to circumvent that limitation

is sometimes is by making use of the time-temperature superposition principle (Cho,

2016). Even though it is an empirical relation it has been very successful in predicting

viscoelastic responses at either the short-time or long-time portion in both linear and non-

linear viscoelastic regions. It is based on the phenomenon that the relaxation behavior

of a melt has the same temperature dependence. Hence by changing the temperature at

which a measurement is taken, it becomes possible to shift the data along the time or

frequency axis by a shift factor aT .

A material is termed as thermorheologically simple if the shifting results in an overlap

of the experimental data. Polymers containing branched chains usually do not exhibit

thermo-rheological simplicity, hence TTS can serve as a first step in ascertaining whether

the polymer has a linear architecture or not. This is a necessary step since as described in

earlier paragraphs, LCB and polydispersity both affects the zero-shear viscosity. Wood-

Adams and Costeux (2001) in their study of LCB materials, used multiple shift factors

at different time instead of a single one, a method which provided a better representation

of the effect of temperature.

Molecular modeling

Various molecular models have been developed to capture the behavior of polymers

at various length scale i.e., atomistic, macromolecular and mesoscopic scale. Examples

of such models are reptation dynamics, coarse-grained molecular dynamics, and self-

consistent field dynamics. This section will focus on reptation dynamics.

One of the greatest strengths of reptation based models is the ability to relate the

molecular weight distribution of polymers to their rheological behavior. This allows
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quantitative predictions of rheological behaviors. One such model is the tube model and

was first proposed by De Gennes (1971) and Doi and Edwards (1986). The tube model

describes the stress relaxation of a test chain. The test chain is restricted in its movement

by its surrounding, a surrounding which is considered to acts as a tube in which the test

chain finds itself. Thus, the test chain is considered as trapped in a tube, out of which

it would have to escape so as to relax the imposed stress on it. This phenomenon of

the presence of a tube allows the simplification of the topological interactions into a

single mean field approximation instead of a many-body problem. The lateral movement

of the tube is restricted to a characteristic diameter called the tube diameter which is

independent of the chain architecture and rather depends on the type of material being

considered.

The tube actively constrains a test chain at time scales larger than the equilibration

time (Van Ruymbeke et al., 2007) and as such the test chains is only able to undergo

lateral movements where its center of mass displaces itself through some back and forth

movements along the curvilinear axis of the tube in order to escape it. This kind of

mechanism is known as reptation (De Gennes, 1971) and is well captured by the diffu-

sion equation. Theoretically the longest reptation time scales with the molecular weight

through the expression τd ∝ M3; experimental observations however show a relatively

higher power law dependency of approximately 3.4. This difference in power law ex-

ponent indicated the existence of additional relaxation mechanism that needed to be ac-

counted for, such as contour length fluctuation (Milner and Mc Leish, 1998; Likhtman

et al., 2002) which captures the fluctuating movements of the end segments of the chains.

Another important mechanism is constraint release and tube dilation. In the initial

considerations the tube was considered immobile but in actual fact it is not. It also

moves relative to the moving test chain. When the motion of the tube is slower than

the lateral motion of its internal segments it enhances relaxation of the test chain, a
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mechanism known as constrain-release (Klein, 1986; Rubinstein et al., 1987; Masubuchi

et al., 2008). Constraint release is captured mathematically by implementing a double

reptation, that is by squaring the survival probability of the test chain. On the other

hand, if the tube’s motion is relatively faster than the test chain, it produces the effect

of widening the tube, leading to an acceleration of both reptation and contour length

fluctuation. This mechanism is referred to as tube dilation (Marrucci, 1985; Ball and

McLeish, 1989).

There are several versions of the tube model which were built upon the original ver-

sion of De Gennes and Doi and Edwards and accounts for these various additional mech-

anisms. In chapter 4 we employ the model as specified by Pattamaprom et al. (2000)

while in chapter 5 the basic version from De Gennes (1971) work is used.

In this work we show that both the relaxation behavior of a melt and its material con-

stants can be estimated from the shape features of their molecular weight distributions.

2.1.2 Non-linear viscoelasticity

In the non-linear viscoelastic range, neither the deformation rate nor its magnitude is

small enough to allow the elements of the fluid to return to their initial equilibrium state.

This makes the material’s response to the deformation a function of both the deformation

rate and amplitude. In this region of viscoelasticity, the deformation causes the chains

to stretch and orient themselves in the flow direction. Characterizing a melt in the non-

linear viscoelastic region has a lot of practical benefits since it is closer to industrial

processing conditions.

Works performed on investigating the non-linear viscoelastic behavior of polymers

have been diverse. Medium amplitude oscillatory shear (MAOS) and large amplitude

oscillatory shear (LAOS) studies on polymers have shown the possibility of generating

chain stretching using rotational rheometers (Wagner et al., 2011; Hoyle et al., 2014).
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The default option of generating chain stretching though is by extensional flow and in

this work, attention would be given to uniaxial extensional flow [see section B.3].

Polymers containing long chain branching are peculiarly known to exhibit strain hard-

ening behaviors in extensional flow (Münstedt and Laun, 1981) but their linear counter-

parts do not; especially if they have a unimodal molecular weight distribution. On the

other hand, distributions that were bimodally distributed with the HMW portion having

a high weight average under some circumstances showed strain hardening (Gabriel and

Münstedt, 2003; Szántó et al., 2021).

2.1.3 Standard flow

Polymer flow can be broadly grouped under shear and elongational flow. Most often

a flow type can also be termed as viscometric if it attains some form of steady state as in

tests such as creep and start-up flow.

Viscometric Flows

For a flow to be classified as viscometric, the shear rate of each of its constituent

particles must be independent of time (Fridtjov Irgens, 2014). This type of flow is also

called steady flow, in effect, the distance between two particles finding themselves on

the same streamline remains unchanged throughout the deformation. Viscometric flow

can be grouped into drag flow and pressure driven flow. Drag flows are generated when

the fluid confined between two parallel surfaces is deformed by having only one of the

surfaces moving while the other is stationary. In pressure driven flow on the other hand,

the pressure gradient in the channel is the driving force in the shearing or deformation.

In pressure driven flow the velocity profile is parabolic if Newtonian, but the fluid would

exhibit a curved but non-parabolic profile if non-Newtonian. Drag flow on the other hand

has a linear velocity profile. In Fig. 2.2 a schematic of the velocity profile generated by
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drag (in simple shear) and pressure flow is shown respectively.

(a) (b)

Figure 2.2: velocity profile (a) drag flow (b) Pressure driven flow

A material’s response to deformations can be described by the measuring its stress.

For non-Newtonian fluids the in-built stress is not only in the direction of flow but also

in the perpendicular directions. Hence, three viscometric functions are used to fully de-

scribe a material’s response; namely - the viscosity, the first and second normal stress

coefficients. The first and second normal stress coefficients are used instead of the ab-

solute stresses because non-Newtonian fluids are incompressible and as a result exhibits

isotropic stress values thereby making the absolute stress values meaningless.

Extensional flows

In extensional flow the distance between particles that find themselves on the same

streamline changes with time. Extensional flow can be classified into uniaxial, biaxial

and planar extension. In uniaxial extension the material is elongated in a single direction.

This results in a contraction in the other two directions (Dealy and Wang, 2013). The

biaxial extension produces a flow type in which the material is stretched radially, and

this is achieved by ensuring that there is no expansion along the axis of symmetry. The

planar extension on the other hand generates a flow type in which the material is stretched

in one direction, allowed to extend in the second direction but compressed in the third
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direction. In Fig. 2.3 the schematic of the three extensional flow type is presented

Figure 2.3: Uniaxial, biaxial and plater extension flow (Aho, 2011).

In this work, drag flow and uniaxial extensional flow are used to study the broadly

distributed bimodal materials.

Material functions

Material functions are functions that relates the stress components to those of defor-

mation during flow. They are usually expressed in terms of parameters such as stress,

rate of stress, rate of deformation. An example of such functions is viscosity. Attention

would be given to small amplitude oscillatory shear (SAOS), creep and uniaxial exten-

sion in subsequent subsections.

Viscosity function: The viscosity function describes the change in internal resistance

during flow as a function of shear rate and it is given by the expression:
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η =
τ

γ̇
(3)

Creep compliance: Creep tests are very useful when studying the linear viscoelastic

long-time behavior of materials. Such tests involve subjecting a material which is ini-

tially at rest to a constant stress and monitoring its strain response over time. The material

function is called the creep compliance and it is defined as

J(t) =
γ(t)

τ
(4)

For a melt, over time the rate at which its strain changes become constant given a

slope which is equal to the inverse of the zero-shear viscosity. The creep compliance

could then be expressed as:

J(t) = J0
s + t/η0 (5)

Uniaxial Extension: Two material functions mostly used to describe extensional flow

are the tensile stress growth coefficient and the tensile creep compliance. The tensile

stress growth coefficient is obtained from a start-up of steady simple shear where a sam-

ple initially at rest is subjected to a constant Hencky strain rate (ε) and its stress response

(τE) is monitored over time. The stress growth coefficient (η+E ) is expressed as

η+E(t) = τE(t)/ε̇ (6)

The tensile creep compliance is also given by the expression

D(t) = J0
e /3 + t/3η0 (7)
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which is obtained by applying a constant stretching stress on the sample which was

initially in equilibrium and monitoring its Hencky strain response.

Small amplitude oscillatory shear (SAOS): In SAOS, the deformation is sinusoidal.

It involves dynamically loading the material at a predefined strain amplitude and a chang-

ing frequency. The amplitude is chosen to have a small value to keep the deformation

in the linear viscoelastic region. During the deformation of a viscoelastic material there

exist a phase lag between the applied stress and the strain response. If the strain is the

preset variable in the rheometer, then it would have the mathematical form

γ = γ0sin ωt (8)

with ω being the angular frequency, γ0 the strain amplitude. Differentiating Eqn. 8

with respect to time gives

γ̇ = γ̇0cos ωt (9)

The variable γ̇ is the strain rate and γ̇0 is the strain rate amplitude. The corresponding

stress response would have a lag since the material is viscoelastic. That lag is represented

as δ hence the stress would be of the form

τ = τosin(ωt+ δ) (10)

The above trigonometric function can be expanded to give

τ = τo(sin ωtcos δ + sin δcos ωt) = τ
′

osin ωt+ τ
′′

o cos ωt (11)

The first component is in-phase with the strain and relates to the elastic response
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while the out-of phase component relates to the viscous response. Dividing Eqn. 11 by

the strain amplitude gives us the material function for SAOS

τ

γ0
= G

′
cos ωt+G

′′
sin ωt (12)

The parameter G
′
(ω) is called the storage modulus and represents the amount of en-

ergy stored in the material andG
′′
(ω) is called the loss modulus and represent the amount

of energy dissipated. The relationship between the two viscoelastic moduli is called the

loss factor expressed as

tanδ =
G

′′

G
′ (13)

The complex viscosity can also be derived from the storage and loss modulus using

the expression

|η∗| =

√√√√[(G′

ω

)2

+

(
G

′′

ω

)2
]

(14)

2.1.4 Flow related instabilities in rheometry

Rheological data can sometimes be marred by flow related perturbations such as slip,

migration, melt fracture. To correctly interpret rheological data, one would have to con-

sider such factors. The subsequent two subsections would discuss two of such phenom-

ena: slip and migration.

Wall slip

Slipping between sample and the wall is known to occur under almost all circum-

stances (Hatzikiriakos, 2012). For smooth surfaces, i.e. surfaces with a lower value of

surface energy, the chains detached themselves directly from the surface to join the flow.
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This is known as true slip or an adhesive slip failure. On a high energy surface on the

other hand, the chains prefer to detach themselves from a layer close to the surface rather

than the surface itself and is referred to as apparent slip or cohesive failure. The slip zone

is a layer of thickness relatively smaller when compared to the bulk fluid. In our work

we show that it is a layer which is relatively rich in short chains as compared to the bulk

(Kwakye-Nimo et al., 2022b). Wall slip affects the velocity profile given an impression

of the existence of a discontinuity in speed especially at higher shear rate.

Studies involving slip has touched on several aspects. The effect of the molecular

weight and molecular weight distribution on wall slip was studied by Ansari et al. (2013).

They found slip to strongly depend on both the weight average molecular weight (MW )

and the molecular weight distribution. An increase in MW had the effect of decreasing

the slip velocity while an increase in polydispersity had the converse effect on the slip

velocity.

Using tracer particle velocimetry in a simple shear flow experiment to investigate the

effect of short chains content on slip, Sabzevari et al. (2014b) worked on binary blends

materials with varying short chain contents incorporated in highly entangled monodis-

perse melts of polybutadiene. They observed a substantial increase in slip velocity for

blends whose short chains component had length smaller than that of the molecular

weight between entanglement.

Inn (2015) studied wall slip and melt fracture and the relation they had to flow induced

fractionation. By comparing unimodal samples to bimodal sample of similar molecular

characteristics, the slip velocity of the bimodal samples was observed to be higher than

that of the unimodal samples in the regions just before slip-stick sets in. The authors

attributed this observation to the high level of short chain content in the bimodal samples.

By accounting for entropic contributions to surface fractionation in a capillary flow
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system, Ebrahimi et al. (2016) used the double reptation model to predict the slip be-

havior of both unimodal and bimodal samples. This resulted in predictions that were

closer to experimental observations, thereby highlighting the possible effect that slip has

on molecular fractionation. Najm and Hatzikiriakos (2020) improved the model by in-

corporating the effect of shear rate.

Sattari et al. (2022) used HDPE materials tailored to show a systematic change in their

molecular weight distribution with the aim of studying wall slip in bimodal HDPE with

a sliding plate rheometer (SPR). Slip velocity is known to be independent of the MWD

at higher stress values (Ansari et al., 2013). In their work, Sattari et al. (2022) observed

that, the stress value from which slip velocity is independent of the molecular weight

distribution was a function of short chain content and the value lowered by higher short

chain content.

In our work, we sought to understand the relationship between surface migration and

slip and in chapter 4 it will be shown that wall slip suppresses surface migration.

Migration

Migration effects could occur in a fluid when the elements of the fluids are exposed to

some form of force imbalances. In suspension for example the constituent elements of

the fluid would not have the same density, and this could lead to migration when the fluid

is deformed. In polymer melts, especially in the case of pressure driven flows, migration

is driven by disparity in chain length (Van der Gucht et al., 2002a) coupled with the fact

that the shear rate at the wall is relatively lower than that in the mainstream flow. This

disparity in shear rate results in a flow-induced fractionation where chains of smaller

sizes migrate towards the wall (Hariharan et al., 1991). It is believed that in the absence

of bulk shear gradient, surface migration is not expected to occur (Dorgan and Rorrer,

2015).
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A system is said to be in thermodynamic equilibrium if there is no net macroscopic

flow of either matter or energy within itself or between it and the external environment.

This is hardly the case during polymer processing, especially for materials with longer

relaxation times or for processing conditions that are carried out at elevated temperature.

In our work, our system was not in thermodynamic equilibrium; yet useful information

could still be obtained as shown in previous studies (Ebrahimi et al., 2016).

Entropic segregation is another factor which drives surface segregation at the inter-

face. Shorter chains will preferentially adsorb themselves to the surface since they do

possess more chain end segments per unit volume which allows them to easily compen-

sate for the entropic penalty (Van der Gucht et al., 2002a). The thickness of the segre-

gated region was shown not to be constant but to depends on the width of the surface

profile and increases with the chain stiffness (Mahmoudi and Matsen, 2016, 2017).

The pioneering works of Tanaka et al. (1997) involved using a scanning force mi-

croscope to investigate the surface mobility of binary, ternary blends and polydisperse

polystyrene films. They observed in all cases that, the surface of their materials was in

the glass-rubber transition state even at room temperature. This they attributed to the

excess free volume which according to them was induced by the surface segregation of

the chain end groups. They later on made similar observation by developing another

technique to investigate the surface mobility which did not require chemical labeling

but instead employed the Gordon-Taylor mixing rule (Tanaka et al., 2002). The surface

enrichment observed in this second study was higher than what has been theoretically

predicted by Van der Gucht et al.

Another study involved the use of surface layer matrix-assisted laser deposition time

of flight technique to study surface fractionation, performed by Hill et al. (2018). This

technique also helped them distinguish species with no need of chemical labelling. Their
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study was performed on polystyrene and poly(methyl methacryalate) with low polydis-

persity. They did also observe an entropically driven surface enrichment of short chains

after sample annealing.

Musil and Zatloukal (2011) studied die drool of linear HDPE. The collected drool

was observed to comprise of relatively shorter chains and was narrowly distributed as

compared to the bulk distribution. This, they attributed to flow induced fractionation

which they believed occur only at a region near the die wall. They further observed

that, the onset of drool and its magnitude correlated with the onset and intensity of slip.

Inn (2015) observed that the mid-plane section of a melt from a capillary extrusion was

composed of high molecular weight chains while the section near the wall had much

shorter chains. Flow induced fractionation was proposed as a key contributing factor to

such observations.

Most of the experimental works were carried out using a capillary rheometer, which

had flow induced contributions as a result of the shear rate gradient; nevertheless in all

those studies, surface enriched by short chains was observed (Schreiber and Storey, 1965;

Schreiber et al., 1966; Shelby and Caflisch, 2004; Inn, 2015; Ebrahimi et al., 2016). Ac-

cessing the interfacial layer has been challenging, attempts were made using a microtome

to slice out a thin layer of the extrudate of a melt from an extruder (Schreiber and Storey,

1965; Schreiber et al., 1966; Shelby and Caflisch, 2004; Inn, 2015; Ebrahimi et al., 2016).

By using a microtome to cut a thin sample of the extrudate, the section of the melt which

was obtained and analyzed was the layer close to the bulk at the plane of failure and not

the layer on the surface. In this work we circumvented these challenges by obtaining

debris from a simple shear flow experiment and collected the resulting debris directly on

glass substrates.

One of the specific contributions to knowledge of this work was not only to obtain
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reliable experimental data on surface segregation but also showing that, contrary to the-

oretical predictions surface fractionation still occurs with slip even in the absence of a

bulk shear induced gradient. This is addressed in chapter 4 and 5.

2.1.5 Experimental methods

Rheometers are instruments design to measure the viscoelastic responses of materials

and can be broadly grouped into three categories: pressure flow (e.g. capillary rheome-

ter), drag flow such as in a rotational rheometer (e.g. parallel plate fixture), rectilinear

flow (e.g. SPR) and extensional flow (e.g. SER fixture). This section would focus on

shear and drag flow since pressure flow-based instruments were not used.

Drag flow-based instruments

Drag flow-based instruments have the advantage of providing a high torque resolution

and accurate temperature control. Their limitation is in the maximum deformation rate

that can be attained. The two drag flow types of interest to this study are those generated

with a parallel-plate of a rotational rheometer and the sliding plate rheometer.

Parallel plate rheometry The parallel-plate fixture was used for three major exper-

iments in this work, creep, SAOS and the preliminary test for the linearity region. A

schematic of the parallel-plate fixture is shown in Fig. 2.4.

In the parallel plate fixture the strain rate varies along the distance from the rotation

axis. The shear rate is obtained from the expression:

γ̇ =
Γr

H
(15)

The parameter Γ is the angular speed, r the location of any point on the disk and H
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Figure 2.4: Parallel-plate rheometer geometry (Philippe, 2014)

the gap between the plates. The stress is given by the expression:

τ =
3M

2πR3
(16)

with M being the torque and R the radius of the plate. With the stress and shear-rate,

most other material functions can be obtained.

Rectilinear flow

The sliding plate rheometer comprises of two parallel plates between which the sam-

ple is placed [see Fig. 2.5]. One of the plates (8) would move relative to the other one

fixed (4) to subject the sample to rectilinear flow.

At the center of the fixed plate is attached a transducer (7) which records the local

stress as the material is deformed. With the stress measured at the center of the sample,

the SPR provides the benefit of producing experimental results that are free from edge

effects. The moving part is equipped with Teflon rails which not only prevents secondary
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Figure 2.5: Schematic representation of the sliding plate rheometer (Xu et al., 2007)

flow but also helps reduce the possibility of oxidative degradation.

In the sliding plate rheometer, the nominal shear rate is obtained from the velocity

of the moving plate (V ) and the gap between the two plates (h) through the following

relation:

γ̇n = V/h (17)

The actual deformation experienced by the melt happens to be different from the

nominal shear rate since polymer melts slip when flowing over surfaces. To obtain the

true shear rate, the effect of slip is subtracted for the nominal shear rate to give the

expression:

γ̇ = γ̇n −
2us
h

(18)

24



with us being the slip velocity. The slip velocity is assumed to be the same for both

plates. From the above expression a plot of the nominal shear rate versus the gap between

the plates taken at different values gives a straight line with a slope of equal to 2us.

The sliding plate rheometer was original design to measure the shear stress during

experiments which required a large and rapid shear deformation of polymer melts. This

made it an ideal instrument to measure non-linear viscoelastic properties of polymer

melts and has been used extensively in studies involving wall slip (Hatzikiriakos and

Dealy, 1991; Park et al., 2008; Sabzevari et al., 2014b; Sattari et al., 2022) and even in

the determination of the normal stress differences (Xu et al., 2007). In this study, the SPR

was used to generate rectilinear flow from which the debris left behind was collected and

analyzed and detailed in chapter 4 and 5.

Extensional flow

Uniaxial extensional experiment There are several types of fixtures available, design

to carry out elongation measurement. The fixture is mounted in the heating chamber

of a rotational rheometer. In this work we used the Sentmanat extensional Rheometer

(SER). SER can be used to carry out experiments such as start-up of steady shear, simple

extension, creep and stress relaxation.

The SER comprises of two drums with either one of them rotating or both counter

rotating. The generated force in the sample is calculated from the torque. The test

specimen is molded as in the form of a thin rectangular strip and attached to the drum

through clamps [see Fig. 2.6].

A limitation of the SER is in attaining steady state flow during experimental measure-

ments, since upon one full rotation of the drum the test sample would start winding up

upon the clamp thereby introducing unexpected results. Hence most extensional rheo-

logical measurements are performed using unsteady start-up extension. Upon stretching
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Figure 2.6: SER fixture. Sample attached to counter rotating drums (Sentmanat et al.,
2005)

the material, the strain rate called the Hencky strain rate is giving by the expression:

ε̇H =
2ΩR

Lo
(19)

with R being the drum radius, Lo the initial length and Ω the drum rotation speed.

At very low Hencky strain rate, that is under conditions in which the deformation rate is

small, the material is being probed in the LVE. The curve obtained in that zone is called

the linear viscoelastic envelop and is used as a reference from which an upward deviation

is understood as an exhibition of strain hardening by the material while a downward

deviation is an exhibition of strain softening.

2.2 Literature review

Research works involving polymers has touch on different aspects of the field of rheol-

ogy. A few are discussed next. Zang et al. (1987) calculated the recoverable compliance
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of blends by making use of a blending law which was based on knowledge of the re-

spective recoverable compliance of its components, their zero-shear viscosities and its

power law dependence on the respective weight average molecular weight. The blend-

ing law was in good agreement with experimental data and was extended to account for

polydisperse samples.

Creep experiments are very useful in revealing relaxation features that can escape dy-

namic tests. Gabriel et al. (1998) made use of creep recovery in shear to observe the

influence that the molecular structure of the melt has on the rheological behavior. Their

materials were composed of LDPE which had long chain branches and LLDPE which

had short chains. The LCB that were contain in LDPE were observed to be respon-

sible for the relative low melt elasticity and short relaxation times. A striking differ-

ence observed between LDPE and LLDPE was that LDPE unlike LLDPE obeyed the

time-temperature superposition in both creep and recoverable compliance. Further in-

vestigation using DSC revealed that the non-superposition behavior of LLDPE could be

attributed to the immiscibility of the linear molar mass components with the short chain

contents resulting in two separate relaxation mechanisms.

The effect the weight average molecular weight and the polydispersity of a MWD

had independently on the rheological behavior of a melt was studied by Kazatchkov

et al. (1999). They used two sets of LLDPE materials. The first set was made of nine

materials which were designed to have the breadth of their MWD varying from 3.3 to

12.7 while the MW remained approximately constant. In the second set, the materials

had their polydispersity constant at an approximate value of 4 while their MW varied.

They observed that an increase in polydispersity resulted in an increase in the zero-shear

viscosity, flow activation energy, degree of shear thinning and extrudate melt swell. The

melt fracture performance was rather deteriorated by an increase in polydispersity. A

critical polydispersity value was observed to give an optimal processing conditions for
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the materials they studied. The influence that increasing the value of MW had on the

rheological behavior was to increase the zero-shear viscosity and extrudate swell while

resulting in a decrease of the shear rate value for the onset of melt fracture.

Vega et al. (2003) showed that the physical entanglement of a melt can be affected by

the polymerization processes during synthesis. Using twelve materials made of metal-

locene polyethylene (m-PE) and metallocene-Polypropylene (m-PP) havingMW ranging

from 25-185 kg/mol with confirmed linear architectures, they calculated the material’s

respective plateau modulus using the expression:

G0
N =

2

π

∫ +∞

−∞
G

′′
(ω)dlnω (20)

The values of G0
N obtained for m-PP fell within the expected range specified in lit-

erature while those of m-PE were lower than expected. The tube model was used to

ascertain the validity of the experimental data before reaching to the conclusion that the

physical entanglement of the melt can be affected by the polymerization processes during

synthesis.

The effect of MZ on the linear viscoelastic behavior of a melt was illustrated by Vega

et al. (2012). Making use of polymers with MZ/MW two order of magnitude higher than

MW /MN enabled them to study the effect of having chains of higher molecular weight

at the tail end of the MWD on rheological behaviors. Their results were compared with

narrowly distributed MWD polymers with the same MW . They observed that even at a

constant MW value the zero-shear viscosity of a melt is greatly influenced by the third

moment of the molecular weight distribution.

In another related study, the influence of incorporating small amount of very high

MW tails on the melt’s linear viscoelasticity was studied by Otegui et al. (2013). They

remarked that the polydispersity in terms of MW /MN is not enough to judge the effect
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of MWD on the zero-shear viscosity. They observed an increase in both the Newtonian

viscosity and steady state recoverable compliance when compared to predictions for lin-

ear chains. They concluded that, not only was the width of the distribution of importance

when it comes to the elastic properties of a melt but also the third (MZ) and fourth mo-

ment (MZ+1).

Szántó et al. (2019) studied the linear viscoelasticity of HDPE materials which had up

to 50% of its distribution composed of ultra-high molecular weights and polydispersity

as high as 1000. The expected power law dependence of the zero-shear viscosity with

MW for linear polymers which is 3.6 was recovered when the data was corrected for

polydispersity. Additionally, the tube model was able to recover the MWD from dynamic

measurements for even this type of materials with extremely high polydispersity index.

A lot of work has also been done in quantitatively predicting rheological behaviors.

Those studies can be grouped into two: direct and inverse problem. In the direct ap-

proach, the linear viscoelastic property of a melt is predicted by using parameters such

as the plateau modulus, the value of the molecular weight between entanglement and the

scaling law for the zero-shear viscosity. These parameters can mostly be obtained from

literature and with the addition of knowledge of the molecular weight distribution, linear

viscoelastic properties can be inferred. In the inverse problem on the other hand, the

MWD is predicted from the rheological parameters.

Several researched were conducted which involve the use of the direct approach to

predict rheological responses of material. Cloizeaux (1990) provided a solution to the

diffusion equation representing the motion of the chain in the tube that accounted for

contributions from fluctuations. It was of the form:

F (t,M) =
8

π2

∑
podd

1

p2
exp(−p2U(t)) (21)
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where U(t) is given by

U(t) =
t

τrept
+

1

H
g

(
Ht

τrept

)
(22)

The first term in U(t) represents the relaxation by reptation as specified by Doi and

Edwards and the second term accounts for the contributions of fluctuations. An empirical

modification to the solution provided by Cloizeaux was provided by Van Ruymbeke et al.

(2002a) to slow down the relaxation of short chains; chains of length lower than four

times the value of the molecular weight between entanglement so as to improve the

quantitative prediction of the linear viscoelastic response.

Vega et al. (2004) used the reptation model to investigate the dynamics of a melt hav-

ing ultra-high molecular weights. The model accurately predicted the linear viscoelastic

response in the contour length fluctuation region which is the region where the theoretical

number of entanglement in the material is less than 100 (Mr/Mc = 100). The experi-

mental values of Mr/Mc for their materials were in the range of 15-220, out of which the

calculated value for the molecular weight at which pure reptation (Mr) is expected for

polyethylene was obtained to be 800,000. This Mr value was higher than theoretical pre-

dictions for polybutadiene and polystyrene. The authors concluded that existing model

needs modification to be able to account for differences in chemical composition.

den Doelder (2006) tested the single exponential double reptation (DRSE) (Doi and

Edwards, 1986) and the modified time-dependent diffusion (DRmTDD) double repta-

tion model (Van Ruymbeke et al., 2002a) on a set of simulated MWD with the aim of

determining how the zero-shear viscosity and the recoverable compliances were related

to the moments of the MWDs. The observations made based on the application of the

DRSE model was that for the zero-shear viscosity apart from its dependence on MW

had an additional slight dependence on MZ/MW while in the case of the DRmTDD
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the dependence of the zero-shear viscosity on MW was different for different MW with

the strongest dependence observed to be at 100000 g/mol. Regarding the steady state

compliance, the DRSE model was found to depend on the combination of both the first

(MZ/MW ) and second polydispersity index (MZ+1/MZ) while being constant in MW

whereas the DRmTDD showed some dependence on MW . He therefore recommended

that for full analysis the use of the DRSE was preferable.

Several other works involved the use of the inverse approach, some of which are

discussed next. Carrot and Guillet (1997) predicted the average molecular weights and

polydispersity index of several materials by provided a solution to the “inverse” problem.

They made use of a simplified molecular dynamic method. They avoided getting an ill-

posed solution by limiting their analysis to distributions that had bell-shaped Wesslau

MWD. They stated that at least 3 to 4 decades of data from dynamic measurements was

needed for an optimal performance of the model. This would enable the model to fully

account for tube renewal process and constraint release. Additionally, they proposed

that the ratio of the minimum frequency attainable in a dynamic test to the crossover

frequency need to have a value lower than 10−3.

Van Ruymbeke et al. (2002b) modified Cloizeaux model in finding solution to the

inverse problem. They dealt with the ill-poisedness of the problem by using a non-

parametric approach. Their MWD function were specified by using the generalized ex-

ponential function (GEX) unlike the Wesslau function used by Carrot and Guillet (1997).

The GEX function had the advantage of being able to represent bimodal distributions.

Van Ruymbeke et al. (2002b) remarked that the minimum range criterion specified by

Carrot and Guillet (1997) did not under all circumstances represent their data well and

that the ratio of the minimum frequency attained in a dynamic test to the crossover fre-

quency as specified by Carrot and Guillet seemed to be a decreasing function of the

polydispersity of the material. They also remarked that the high frequency range limits
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of the dynamic test cannot be neglected especially in cases were the MWD contains a siz-

able number of short chains so as not to ignore the region of tube fluctuation dominated

frequencies which had a greater contribution coming from the short chains.

Pattamaprom et al. (2008) also provided a solution to the inverse problem from a dual-

constraint inversion scheme. Their model had the advantage of providing solutions for

both linear and branched chains.

A whole lot of works also focused on polymers with different architectures. Wood-

Adams et al. (2000) worked on both linear and branched m-PE. They investigated the

effect of MW , MWD and short chain branch (SCB) on the linear viscoelastic behavior

of their materials. They reported that with an increase MW , there was an increase in the

zero-shear viscosity and a decrease in the shear rate value at which shear thinning started.

An increase in the breadth of distribution led to a broadening of the transition region

between the Newtonian plateau and the shear thinning zone. Also, an increase in LCB

content resulted in an increase in the zero-shear viscosity, the breadth of the relaxation

spectrum, the level of shear thinning and a broadening of the zone between the Newtonian

plateau and the power law. It can be said from their study that the effect of LCB on

rheological behavior were the same as those of MW and polydispersity combined. SCB

however had no effect on the linear viscoelastic properties.

Trinkle and Freidrich (2001) showed the effectiveness of the use of Van Gurp-Palmen

plot in determining polydispersity and distinguishing between molecular architectures.

For linear polymers with narrow MWD, the Van Gurp-Palmen plot superposed irrespec-

tive of the MW of the material but with an increase in the Polydispersity then, the com-

plex modulus (G∗) decreased linearly for δ ≤ 60. Garcı́a-Franco et al. (2008) showed

however that the above mentioned relation does not hold for LCB because of the com-

bined effect of the LCB and polydispersity.

Hussein et al. (2006) made observations similar to those of Wood-Adams et al. (2000).
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They studied the influence of the molecular structure on both rheology and thermorheol-

ogy of m-PE. They additionally observed that the flow activation energy was sensitive to

both the weight average molecular weight and branching content.

Morelly and Alvarez (2020) Studied four HDPE materials with unknown polydisper-

sity and level of branching. They investigated the sensitivity of extensional flow behavior

to polydispersity and LCB. Using Van Gurp-Palmen plot they related trends observed

in extensional viscosity to the polydispersity and LCB of the materials. Their results

showed that Van Gurp-Palmen plot was sensitive enough to LCB and was able to quan-

titatively distinguish the degree of LCB in industrial polymer. They concluded that LCB

has a much greater effect on non-rheological behavior than polydispersity.

Musil and Zatloukal (2011) studied die drool from two materials with identical MN

and MW and were interested in investigating the effect of long chain branching, shear

viscosity and melt elasticity on die drool. They observed that with an increase in LCB,

shear viscosity, MW and melt elasticity came an increase in the formation of drool. The

drool sample for all the materials studied was observed to be composed of lower MW

as compared to their respective bulk distribution leading to the conclusion that die drool

represents low Molecular weight fractions of their bulk. As shear rate increased, the drool

specimen had their MN and MZ+1 parameter moving to lower values while MW and

MZ remained unchanged implying that the amount of short chains polymer fractionated

increased as the flow intensity increased. Die drool was also observed to correlate with

slip. The onset of drool occurred at the transition slip-stick region and the higher the

slip-stick intensity the higher the amount of drool produced.

While a lot of work has been done on the rheological behavior of melts. The influence

that the features of the molecular weight distribution have on the rheological behavior of

melts is yet to be addressed. Additionally, no experimental data on polymers fractiona-

tion near a surface has ever been produced for simple shear flow systems. In this study
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we address that.

We show in chapter 3 that the linear viscoelastic response of a melt can be inferred

from the features of its molecular weight distribution.

In chapter 4 the interfacial layer is accessed for the first time. We show that surface

fractionation has some shear rate dependency, that the enrichment-depletion transition

point occurs at a value lower than theoretical predictions. We also show that contrary to

the long-standing believe of having a single slip mechanism based on the surface energy

of the wall, that both adhesive and cohesive slip could occur at the same time.

In chapter 5 we further show that polymers relaxation influences surface fractiona-

tion and hint on the possibility of the enrichment-depletion transition point not to being

constant as initially expected but being a function of the MWD.

2.3 Objectives of this study

The objectives of this work are as follows:

(1) to show that, the shape features of the MWD can be used to infer both rheological

and relaxation behaviors of melts

(2) to show that, surface fractionation occurs in simple shear with slip even in the

absence of bulk shear rate gradient

(3) to show that, during surface fractionation, contributions from the intermediate

chains are the most significant.
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Chapter 3

Linear viscoelastic behavior of

bimodal polyethylene

In this chapter we characterized all the bimodal high-density polyethylene studied.

The influence of the breadth of the distribution on the value of the zero-shear viscosity

is shown. We also introduce ways of characterizing the bimodality of the molecular

weight distributions and show that features of the distributions could be used to predict

rheological behaviors of melts.

The chapter is based on the following publication: Kwakye-Nimo, S. et al. Linear

Viscoelastic Behavior of Bimodal Polyethylene. Rheol. Acta 2022, 61 (6), 373–386

3.1 Introduction

Linear viscoelasticity (LVE) is an important tool in characterizing the rheological be-

havior of polymer melts (Ferry, 1980; Dealy and Larson, 2006). It has been used in

that regard in several different ways. A few examples are: obtaining insight into the

branching structure and the effect that long chain branching (LCB) has on both the zero
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shear viscosity and the breadth of the relaxation spectra (Wood-Adams et al., 2000) or

even determining the molecular weight distribution of a polymer from knowledge of its

LVE properties (Ramkumar and Wiest, 1996; Van Ruymbeke et al., 2002a; Pattamaprom

et al., 2008). Experiments performed in the LVE range probe the rheological response

of the material without disturbing its internal structure retaining useful structural infor-

mation (Dealy and Larson, 2006). This non-invasive probing approach of the molecular

structure is possible due to the linearity principle. The linearity principle states that the

stress in a material at a current time, depends not only on the strain at that time but also

on those at previous times in an additive manner. An underlining assumption here is that

the longer the time elapsed between the current and past times, the smaller the effect

of the strains contributed from past times. This principle is referred to as Boltzmann

superposition principle and it highlights the concept of “fading memory”.

The most used LVE experiment is oscillatory shear, due to its straightforward imple-

mentation. But to access the LVE properties of materials having high molecular weights

with very broad molecular weight distributions (MWD), i.e. materials having very long

relaxation times, creep experiments become very helpful (Inn and Rohlfing, 2012). Every

LVE experimental techniques has its inherent limitation (Morrison, 2001). It is there-

fore a common practice to interconvert material responses using known mathematical

formulas (Ferry, 1980); or to perform a test repeatedly at different temperatures and

shift the output to a reference temperature of interest. This technique is known as time-

temperature superposition (TTS) and it is very useful in extending experimental data

past the frequency limit of the instrument. LVE can be used to investigate the molecu-

lar structure because it relates to the dynamics of the polymer chains. For the materials

used in this study which have high molecular weights and very broad, bimodal MWDs,

both creep experiment and oscillatory shear experiments are used to probe the material’s

response.
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The distribution of relaxation times after a polymer melt is subjected to a step shear

strain is captured in its relaxation modulus (Ferry, 1980) and can be described in terms of

the relaxation spectrum H(λ). There exists also the retardation spectrum which is linked

to the creep compliance (Dealy and Larson, 2006; Cho, 2016). In effect, the relaxation

and retardation spectra can be described as fundamental characteristics which generalize

the viscoelastic properties of a polymer and can be used as an alternative way of visu-

alizing the LVE behavior of polymer melts (Briedis and Faitel’son, 1976; Ferry, 1980;

Gramespacher and Meissner, 1992; Dealy and Larson, 2006; Stadler, 2010). An advan-

tage of characterizing a melt using its relaxation spectra is that experiments performed

under different flow conditions can be combined through their spectra enabling an LVE

investigation spanning over a much broader range.

The relaxation spectrum has been used to effectively investigate different rheologi-

cal aspects of many different types of polymeric materials. Apart from linear polymers,

star polymer melts of varying functionality and arm molecular weights have been charac-

terised in this way (Hatzikiriakos, 2000). It has been also observed in randomly branched

chains that an increase in LCB leads to a rise in the slow relaxation modes (Stadler and

Mahmoudi, 2013). It has also been successfully applied in the study of interfacial phe-

nomenon (Gramespacher and Meissner, 1992; Shaayegan et al., 2012), and in more chal-

lenging materials such as clay suspensions (Shukla et al., 2020). The use of the spectra

as a means of characterizing a wide range of materials is thus very robust. Here we use

the relaxation spectra to characterize the LVE properties of the polyethylene with very

broad MWDs.

Polyethylene comprises a major portion of the plastics market due to its relative low

cost, good processability and excellent physical properties. A 2019 market research

on plastic production, which involved 17 different categories of plastics, estimated a

yearly global production of 359 million tonnes with polyethylene making up 27% of
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that market; highlighting the important role polyethylene plays in the plastic industry

(Senet, 2021). There are several different types of polyethylene, each type presenting

different molecular characteristics and structures (Liu et al., 2002; Stadler et al., 2007;

Szántó et al., 2019) . Here we are concerned with linear, bimodal HDPE which has

specific behaviors associated with the breadth of the molecular weight distribution and

the bimodality.

Bimodal HDPE is known to show peculiar rheological properties (Ansari et al., 2013;

Inn, 2013). Such as a stronger power law dependency of the zero shear viscosity on the

weight average molecular weight (Munoz-Escalona et al., 1999; Ansari et al., 2011) and

longer relaxation times than their unimodal counterparts (Munoz-Escalona et al., 1999;

Inn and Rohlfing, 2012).

The effect of the breadth and shape of the MWD of a polymer on the relaxation be-

havior is enormous. The effect of the breadth of the distribution is seen in the transition

between the plateau and terminal region of the relaxation modulus. Narrowly distributed

unimodal distributions have narrower relaxation time distributions resulting in a well

defined and distinguishable plateau region (Graessley, 1974) and they show a shorter

characteristic relaxation time. Their zero-shear viscosity plateau will extend to higher

frequencies for lower MW . As the breadth of the distribution increases, the plateau mod-

ulus region becomes less pronounced, the characteristic times shift to higher values and

the zero-shear viscosity plateau ends at a lower frequency (Kazatchkov et al., 1999). Ad-

ditionally, a broader MWD is known to generally have the following effects: it leads to

a decrease in the crossover modulus which is the point separating the viscous from the

elastic time scale of a melt. Coupled with the influence of the molecular weight it leads to

higher zero-shear viscosity (Kazatchkov et al., 1999; Hatzikiriakos, 2000; Szántó et al.,

2019). In the viscosity curve, the transition zone from the Newtonian to power law be-

havior smears out (Hua-feng et al., 2016) and the optimum processing performance of
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a polymer melt is also known to be a function of the breadth of the MWD (Kazatchkov

et al., 1999). There are however few experimental studies looking in detail at the effect

of very broad MWDs and particularly bimodal MWDs of polyethylene on the relaxation

spectrum.

While studies involving the relaxation spectra of polymers have touched on several

aspects, none has yet addressed the influence of the features of a bimodal distribution

on the relaxation behaviors of HDPE. In this article, the linear viscoelastic properties

of a set of broadly distributed bimodal metallocene HDPE are studied. We establish

correlations between features of the MWD both in terms of the moments and the bimodal

parameters to those of the relaxation spectra. This approach of probing the rheological

response of different materials by making use of the shape features of the molecular

weight distribution, could be useful during the material designing process and could

serve as a first step before running computationally expensive simulations.

3.2 Materials and Methods

All materials were supplied by Chevron Phillips Chemical Company (CPChem). Two

types of HDPEs are used in this study. The first type is a set of metallocene HDPE, all

bimodally distributed and are referred to as HDPE-1 to HDPE-9. These materials were

synthesized through a dual-metallocene catalyst system in a single loop-slurry reactor at

CPChem and possess a very broad polydispersity index (MW /MN ) ranging from 7.1 to

32.8 in addition to having large weight-average molecular weights (MW ). Their number-

average molecular weights (MN ) also vary from 8.6 to 35.7 kg/mol, a range far broader

than those studied by Ansari et al. (2011) whose samples were tailored to have MN

essentially constant. The second type is a unimodally distributed material and is referred

to as HDPE-10. It was produced using CPChem’s proprietary MarTECH®Loop Slurry
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Process technology with Cr-catalyst at CPChem. HDPE-10 is broadly distributed and

is used in this study for comparison with its bimodal counterparts. These materials are

hexene-ethylene copolymers with densities ranging from 0.935 to 0.957 g/cm3. For the

materials with bimodal MWDs, their HMW components have higher SCB level than

their LMW components by a factor ranging from 3 to 6.

Our bimodal materials can be grouped into three different sets. In the first set we

have 2 materials: one with predominantly a single large mode of low molecular weight

(LMW) chains with a very small fraction of high molecular weight (HMW) chains while

the second material has an approximate equal population of LMW and HMW chains

[Fig.3.1a]. In the second set, the breadth of the MW distributions is constant with only

the peak heights changing [Fig.3.1b]. In the last set the materials have distributions with

the LMW component decreasing with a corresponding increase in HMW component

[Fig.3.1c]. This affords us the opportunity to explore in more detail how the MWD

influences the relaxation behavior of the polymers. Table 3.1 lists the various molecular

parameters of the samples used in this study, and the graphs of the MWDs are presented

in Fig.3.1.

The measurement of MWD of our bulk and debris samples were obtained using a

SEC-MALS system following the method described by Yu et al. (2005). The SEC-MALS

system was equipped with a GPC system, an IR-5 infrared detector (Polymer Characteri-

sation SA, Spain) and a multi-angle light scattering photometer detector, DAWN®(Wyatt

Technology, CA). The DAWN® MALS detector is an eighteen-angle light scattering pho-

tometer that is attached to the GPC-IR® system through a hot-transfer line controlled at

150oC. Polyethylene solution with a nominal concentration of 1.5mg/mL was prepared

by the auto-sampler at 150oC for 5 hours before injection. Degassed TCB mobile phase

containing 0.5 wt.% BHT was pumped through an inline filter before going through the

SEC columns in an oven set at 150oC. The fractionated polymer solution was first eluted
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through the MALS photometer where its light scattering signal was recorded before pass-

ing through the IR-5 detector where its concentration was quantified.

The DAWN ® MALS detector was calibrated using neat toluene that had passed

through a 0.02 µm Whatman filter (Sigma Aldrich) at room temperature. The system

was normalized using narrow MWD polystyrene (PS) standard (American Polymer Stan-

dards) of a MW of 30 kg/mol with a concentration of 5-10 mg/mL in TCB; at the given

chromatographic conditions, the radius of gyration (Rg) of the PS standard was ca. 5.6

nm using the Fox-Flory equation coupled with its Mark-Houwink exponent under the

chromatographic conditions (Flory and Fox, 1951) . Refractive index increments dn/dc

used in this study was 0.097 mL/g for PE dissolved in TCB at 135oC. At each chro-

matographic slice, both the absolute molecular weight (MW ) and the radius of gyration

were obtained from the Debye plots (Wyatt, 1993). A high-density PE with broad MWD,

MarlexTM HiD9640 (Chevron Phillips Chemical, TX) was used as the linear PE control.

Table 3.1: Molecular parameters of polymers studied

Sample MN MW MZ MW /MN MZ/MW Density Modality *
(kg/mol) (kg/mol) (kg/mol) g/cc

HDPE-1 35.7 352.6 1932.3 9.9 5.5 0.956 B
HDPE-2 11.09 266.1 998.7 24.0 3.75 0.953 B
HDPE-3 25.9 202.6 624.2 7.8 3.1 0.943 B
HDPE-4 25.8 203.1 547.3 7.9 2.7 0.936 B
HDPE-5 27.2 192.7 517.3 7.1 2.7 0.935 B
HDPE-6 8.6 283.2 1034.9 32.8 3.7 0.952 B
HDPE-7 9.5 211.0 901.8 22.2 4.3 0.956 B
HDPE-8 9.5 225.5 827.2 23.8 3.7 0.953 B
HDPE-9 10.8 202.0 922.0 18.6 4.6 0.957 B
HDPE-10 15.18 232.10 1733.0 15.3 7.5 0.950 U

*B refers to bimodal samples and U refer to unimodal samples.

The Zimm-Stockmayer approach (Zimm and Stockmayer, 1949; Zimm and KILB,

1969) was used to determine the amount of LCB in ethylene homopolymers. The curves
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(a) (b)

(c)

Figure 3.1: Molecular weight distributions of the materials studied
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in Fig.3.2 show no negative deviation from the linear control resin, therefore we conclude

that no detectable long chain branching is present in our materials.

(a) (b)

Figure 3.2: Plot of Rg versus MW for all experimental materials showing no negative
deviation from the linear control.

LVE properties of the bimodal materials were measured using Anton-Paar’s MC502

rheometer with a plate-plate geometry of 25 mm diameter at a 1 mm gap. Our speci-

mens were prepared by compression molding at a pressure of 15 tons and temperature

of 190oC for 4 minutes, they were then allowed to melt for an extra 2 minutes after

which they were quenched. All rheological measurements were carried out in nitrogen

atmosphere after a 45-minute period for stress relaxation after sample loading. Time

sweeps experiments were performed at an angular frequency value of 0.1 rad/s and a

strain value of 1% for hours ranging from 8 to 28 hours depending on the material, to en-

sure no change in material functions during the creep experimental window. No thermal

degradation was observed. The LVE properties of the unimodal sample was measured

at CPChem, using Anton Paar’s MCR 501 rheometer at a temperature of 190oC with 25

mm diameter and a 1.6 mm gap.
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To ensure the shear oscillation experiments were performed in the linear viscoelas-

tic region, strain sweep experiments were performed on all the materials to enable us

to choose an appropriate strain amplitude under which the shear oscillation experiments

would be performed. The shear oscillation experiments were performed at temperatures

ranging from 170oC to 210oC and the data was shifted to a reference temperature of

190oC following the G
′

method present previously (Wood-Adams and Costeux, 2001).

All the samples were thermo-rheologically simple [see section A.2] and the flow activa-

tion energies in Table 3.3.

Preliminary creep experiments were performed to determine the stress level that will

keep the experiment in the linear viscoelastic region. That was achieved by performing

the creep experiment at different stresses (40, 60 and 80 Pa) for between 8 to 28 hours.

The creep compliance curves from these experiments superposed indicating linearity.

Therefore, for all the materials studied, the creep experiments were performed at a stress

level of 40 Pa for time durations ranging from 8 to 28 hours, that is, until steady state was

reached, as determined by a constant slope of the creep compliance curve at long times.

We note that this does not correspond to reaching the terminal zone in the SAOS behavior.

The creep experiments were carried out under nitrogen atmosphere at a temperature of

190oC. The data used for our analysis is the average of 5 repeated experiments using

different specimens.

3.3 Determination of the relaxation spectra

There are several experimental methods for determining the relaxation spectra. One

of them is by the use of stress relaxation after cessation of incomplete constant shear rate

flow, a technique especially useful when material stability is an issue (Meissner, 1978). It

can also be obtained indirectly from a creep experiment (Kaschta and Schwarzl, 1994a,b;
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Kraft et al., 1999), or from the complex modulus measured under small amplitude oscil-

latory shear (SAOS) (Marin et al., 1975; Montfort et al., 1984; Vega et al., 1996). The

measured LVE properties are linked to the relaxation H(λ) and retardation L(λ) spectra

with the following expressions:

J(t) = Jg +

∫ +∞

−∞
L(λ)

[
−e−t/λ

]
dln(λ) + t/ηo (23)

G
′
(ω) =

∫ +∞

−∞
H(λ)

ω2λ2

1 + ω2λ2
dln(λ) (24)

G
′′
(ω) =

∫ +∞

−∞
H(λ)

ωλ

1 + ω2λ2
dln(λ) (25)

Jg is taken as zero for polymer melts.

Inverting the integral in the above equations to obtain the spectra from experimen-

tal data is an ill-posed problem, meaning that any small experimental errors can greatly

deteriorate the physical meaningfulness of the spectra (Stadler and Mahmoudi, 2013).

Several techniques exist to deal with the ill-posed nature in obtaining the spectra (Ramku-

mar et al., 1997; Kraft et al., 1999; Kontogiorgos, 2010; Stadler, 2010; Shaayegan et al.,

2012). In this study we use the methods and software developed by Honerkamp and

Weese (1993) and follow the approach of He et al. (2004), to infer the continuous spectra

from experimental data.

Melts of HDPE are known to have long relaxation times (Vega et al., 1996; Kraft et al.,

1999; Inn and Rohlfing, 2012) making it difficult or impossible to rely only on SAOS to

give us access to a broad enough range of time scales to capture all the material structure

information. For this reason it is useful to combine SAOS data with creep data in order

to access the full range of relaxation behavior (Ramkumar et al., 1997; Kraft et al., 1999;
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Stadler, 2010; Shaayegan et al., 2012). This involves the following steps.

(i) The SAOS and creep experiments are performed. In Fig.3.3 we present such data

for one of the materials.

(ii) Both the creep compliance and the complex modulus are converted into retardation

spectra [shown by open symbols in Fig.3.4a].

(iii) The combined spectrum is obtained by using the creep data-derived spectrum for

the long-time and that derived from the complex modulus for the short-time [rep-

resented by the solid line in Fig.3.4a]. The overlap between the SAOS and creep

derived spectra tells us that both experiments were performed in the LVE region

and also serves as a first indication that the spectra obtained are likely physically

meaningful.

(iv) The range of validity from the spectrum derived from the SAOS data used in this

study is as specified by Davies and Anderssen (1997); their long time limit is taken

as the switching point to the spectrum derived from creep. An alternative approach

is determining the reliability of the spectrum in certain time domain using relevant

factors as indicated by Stadler (2010).

(v) Using the combined retardatation spectrum obtained at a temperature of 190oC,

we then converted it into a combined relaxation spectrum (Ferry, 1980; Dealy and

Larson, 2006). In Fig.3.4b we present the weighted relaxation spectra of selected

materials.
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(a) (b)

Figure 3.3: Storage and loss modulus as function of frequency and (b) creep compliance
curve of HDPE-3

(a) (b)

Figure 3.4: Retardation and relaxation spectra: (a) retardation spectra of HDPE3 showing
good overlap between spectra obtained from creep and oscillatory shear experiments; and
(b) weighted relaxation spectra of selected materials showing different shape features
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3.4 Bimodal parameters

The concept of bimodal distributions occurs in many areas of natural sciences occur-

ring mostly as a result of the mixture of two unimodal distributions (Gezeck et al., 1997;

Sambrook Smith et al., 1997). A bimodal MWD can be expressed by the equation:

w(logM) = φLMw(logM)LM + (1− φLM )w(logM)HM (26)

with φ being the weight fraction and w(logM) the probability distribution of each

population. Several statistical indices exist designed to describe bimodal distributions.

In this study, we quantify the bimodality of the MWD using two of the known indices:

the bimodal separation (SB) and the bimodal ratio (RB) (Zhang et al., 2003).

The variable SB is defined as the distance between the means of two log normal

distributions, i.e. in this case the LMW and HMW populations, taking the breadth of

the individual distributions into account. An SB > 1 means that the two distributions

do not overlap. For the materials studied here, all SB were less than 1, indicating that

the two distributions overlap. This implies that the interaction effects between the two

distributions will also have to be accounted for in our analyses, especially in terms of the

relaxation mechanisms. SB is expressed mathematically as:

SB =
logM̄p,H − logM̄p,L

2(σp,H − σp,L)
(27)

where M̄p, is the respective mean value (i.e. the peak MW ) of each population and σp

is the standard deviation defined as

σ =

√√√√ 1

N − 1

N∑
i=1

(
logM̄i − logM̄p

)2 (28)

The bimodal ratio, RB , on the other hand is the ratio of the amplitude of the peak of
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the HMW to that of the LMW:

RB =
Ap,H
Ap,L

(29)

where Ap,H and Ap,L are the amplitudes of the HMW and LMW peaks respectively.

The dominant chain population in the bimodal distribution is indicated byRB . A bimodal

distribution with RB < 1 represents a LMW dominated bimodality while RB > 1 rep-

resents a bimodality dominated by HMW. To obtain the indices of interest, the bimodal

distributions were resolved into unimodal Gaussian distributions and the six parameters:

the two means, standard deviations and amplitudes were determined. The values of the

bimodal parameters for our materials are listed in Table 3.2 and the resolved peaks used

in their estimations are presented in the supplementary information [A.3]

Table 3.2: Bimodal parameters of the experimental materials

Sample SB RB

HDPE-1 0.97 0.23
HDPE-2 0.75 0.90
HDPE-3 0.71 0.50
HDPE-4 0.63 0.76
HDPE-5 0.64 0.68
HDPE-6 0.73 1.37
HDPE-7 0.85 0.67
HDPE-8 0.83 0.91
HDPE-9 0.86 0.54

3.5 Results and Discussion
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3.5.1 Linear viscoelasticity

Using the combined relaxation spectra, the dynamic material functions were back

calculated over a frequency range equivalent to the inverse of the maximum creep exper-

iment time to the maximum frequency values attainable in the SAOS tests. This helped

us extend the dynamic properties into a lower frequency range which is of interest to us

due to the fact that it possesses molecular structural information.

In Fig.3.5, the dynamic properties of selected materials are presented. The symbols

represent experimental data and the lines were obtained from the combined spectra. We

note that the dynamic properties do not reach the terminal zone within our window even

though our creep experiments did reach steady state [see Fig A.1 in supplementary in-

formation]. A closer look at the storage [Fig.3.5b] and loss modulus curves [Fig.3.5c] in

the frequency range 10−2 − 10−4 reveals a relaxation mode [small bump] which was not

captured by the SAOS experiment alone but was captured by the creep experiment.

All measured linear viscoelastic constants are presented in Table 3.3. The zero-shear

viscosity for the bimodal materials was obtained from experimental creep compliance

data by taking the inverse of the slope of the creep compliance curve at long times when

steady state was reached [see section A.1]. For the unimodal materials on the other hand

the zero-shear viscosity was obtained by fitting Carreau–Yasuda model to the SAOS data.

The crossover modulus was determined from SAOS data at the point where G
′
(ω) =

G
′′
(ω). The flow activation energies were determined from the G

′
dependent shift factors

as detailed by Wood-Adams and Costeux (2001). The need for a vertical shift along the

modulus axis was assessed using the Cole-Cole plot (Hatzikiriakos, 2000) indicating that

vertical shifts were not needed as is typical for linear polyethylene (Otegui et al., 2013;

Derakhshandeh et al., 2017). The materials were also confirmed to be thermo-rheological

simple [see Fig. A.4]. Viscoelastic constants are discussed in the following sections.
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(a) (b)

(c)

Figure 3.5: Dynamic linear viscoelastic properties of HDPE-6 and HDPE-9. Symbols are
from experimental data obtained at 190oC, lines are calculated from combined relaxation
spectra: (a) complex viscosity curve as a function of frequency, (b) Storage modulus as
a function of frequency, and (c) loss modulus as a function of frequency
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Table 3.3: Linear viscoelastic constants of the experimental materials

Sample Ea (kJ/mol) ηo(kPa.s) Gc(kPa) ωc[rad/s]

HDPE-1 29.02 4575 10.5 0.0352
HDPE-2 29.16 397 49.4 1.2053
HDPE-3 27.56 236 49.6 1.9847
HDPE-4 29.15 231 73.9 2.6309
HDPE-5 30.21 175 64.5 2.8693
HDPE-6 30.64 694 73.3 1.1052
HDPE-7 31.44 311 37.2 0.9292
HDPE-8 30.66 540 53.4 0.9916
HDPE-9 27.94 279 29.1 0.8707
HDPE-10 —– 2293 32 1.3600

3.5.2 Zero Shear Viscosity

The zero-shear viscosity, which is related to the number of entanglements, is of

course strongly dependant on the chain length. The dependence of the zero-shear vis-

cosity on MW is generally accepted to obey a power law relation expressed in the form

ηo = KMα
W , with an α value usually ranging between 3.4 to 3.7 (Ferry, 1980; Dealy and

Larson, 2006) for linear chains. The dependency of the zero-shear viscosity on polydis-

persity or higher moments of the MWD is a topic with no clear answer in the literature.

In some studies it has been shown that the breadth of the MWD increases the values of

the zero-shear viscosity (Wasserman and Graessley, 1996; Kazatchkov et al., 1999; Vega

et al., 2012; Szántó et al., 2019). Wasserman and Graessley (1996) established the fol-

lowing relation for the zero-shear viscosity using MZ/MW as a measure of the breadth

of the MWD:

ηo = KMα
W

(
Mz

Mw

)
(30)
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In previous studies involving bimodal m-HDPE, a stronger dependence of the zero-

shear viscosity on MW from that expected for more narrowly dispersed chains has been

reported (Vega et al., 1996; Ansari et al., 2011). Ansari et al. (2011) for instance, re-

ported an exponent value of 4.5 while Vega et al. (1996) reported a value of 4.2. In

this study, when not correcting for polydispersity, we find a power-law exponent of 4.7

characteristic of very broad MWD (Hepperle et al., 2005). A good agreement between

the evaluation of zero shear viscosity from creep experiment and through the relaxation

spectra was obtained [see Fig. A.2].

For linear chains of HDPE with very broad MWD, the flow activation energy can be

expected to fall within the range 25.10 – 35.56 kJ/mol (Hatzikiriakos, 2000). Our flow

activation energies values [27.56 - 31.44 kJ/mol], fell within this range and are com-

parable to those obtained by Derakhshandeh et al. (2017) who obtained values ranging

from 27.2-31.9 kJ/mol with their HDPE materials evaluated by shifting the entire curve

using time-temperature superposition (Dealy and Larson, 2006) and those of Ansari et al.

(2011) [22.97 – 29.41 kJ/mol], who worked on m-HDPE with different molecular char-

acteristics than the ones used in this study.

To account for the influence of the breadth of the MWD on the zero-shear viscosity,

Eqn. 30 is used as specified by Wasserman and Graessley (1996) and our results are

plotted in Fig. 3.6.

In Fig. 3.6 we compare our values to those of the linear polyethylene materials studied

by Stadler et al. (2006) and the unimodal HDPE of Wood-Adams et al. (2000) , and

we find a good agreement between their data and ours. Once the effect of MZ/MW is

accounted for, the η0 vs MW power law exponent is 3.6 as expected for linear HDPE (see

Fig. 3.6). Note that the data from our study has been shifted to a reference temperature

of 150oC before making the comparison. It is also worth noting that in other studies

Eqn. 31 was found to give a better representation for the influence of the MWD on the
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Figure 3.6: Zero-shear viscosity at 150oC as a function of molecular weight accounting
for polydispersity (MZ/MW ). A comparison of our data with those from the literature
showing good agreement. Correlation was generated using all data plotted in the graph.
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zero-shear viscosity.

ηo = KMα
W

(
MW

MN

)a(
Mz

Mw

)b
(31)

For instance Szántó et al. (2019) accounted for polydispersity in their zero-shear vis-

cosity values with the exponents a and b equal to -0.12 and 0.68 respectively, while den

Doelder (2006) proposed 0 and 0.9.

Stadler et al. (2006) on the other hand argued that the zero-shear viscosity does not

depend on MWD, since correcting η0 for polydispersity in their study did not lead to

a more accurate correlation and the power law exponent on MW was 3.6 independent

of the correction. This is likely related to the narrow range of MZ/MW values in their

study: 1.6 to 3.8 with a spread of 0.5 around the mean of 2.3 in terms of the interquartile

range (IQR)]. This can be compared to an IQR of 1.15 in our study for values ranging

from 2.7 to 5.5 and a mean of 3.8. In our study, if we fit our zero shear viscosity versus

MW without the correction, we find a power law exponent of 4.7. Similarly Ansari et al.

(2011) observed a more accurate correlation for η0 when correcting for MZ/MW , with

a change in power law exponent moving from 4.5 to 3.6. The zero-shear viscosity was

found not to significantly correlate with any of the bimodal parameters defined in our

experimental methods section (Fig. A.8).

3.5.3 Crossover Modulus

The crossover modulus (Gc) is the point at which the polymer transitions from pri-

marily viscous behaviour to primarily elastic behaviour. The frequency at which the

crossover modulus occurs, and the magnitude of the crossover modulus are greatly influ-

enced by the molecular structure, i.e., the molecular weight averages and the breadth of

the MWD. An increase in the breadth of the MWD results in a lowering of the crossover
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modulus due to the release of the constraints imposed by the LMW chains. It also leads

to an increase in the characteristic time which is defined as the inverse of the crossover

frequency (Kazatchkov et al., 1999); the characteristic time dependence on MW is very

similar to that of the zero-shear viscosity. Such observations made with unimodal MWD

were also observed for our bimodal distributions with broad MWD.

The features of the distributions with greater impact on the crossover modulus were

determined through statistical analysis. A total of 9 different features from the MWD

were considered, which included the moments of the MWD, the ratio of the area under

each curve, the various polydispersity indices and the bimodality features. The data

are then scaled and transformed by taking its logarithm, a step necessary to, not only

linearize the relationships but also to bring the values within the same order of magnitude.

A filter method based on statistical correlation (Pearson’s correlation) from supervised

machine learning is then used to score and return the most correlated MWD features in

relation to the target variable (i.e. the crossover modulus, see Fig. A.9). To account for

confounding effects the Generalized Linear Model (GLM) technique is used to determine

the influence of the most correlated parameters obtained from the feature selection on the

crossover modulus. The number of features used in the model was based on the impact

their addition had on the performance of the model, which was determined by observing

the adjusted R-squared when new features are added to the model and the associated

p-values of the selected features [see Table A.1]. The obtained expression is given by:

Gc = KΦ−10.69R8
B (32)

where Φ is the weight fraction of HMW population. From Eqn. 32, the crossover

modulus is negatively correlated with Φ. This can be understood as a reduction in

crossover modulus as the breadth of the HMW portion increases. A similar decrease
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in crossover modulus with other measures of the breadth of distribution is reported in

literature (Utracki, L. A., Schlund, 1987; Vega et al., 1996; Ansari et al., 2011).The trend

observed for the materials we studied is plotted in Fig. 3.7.

(a) (b)

Figure 3.7: The crossover modulus as a function of the breadth of the molecular weight
distribution. (a) crossover modulus vs MZ/MW (b) crossover modulus vs the bimodal
separation. Lines are to guide the eye

In Fig. 3.7a the crossover modulus is seen to exhibit a power law dependence on the

breadth of the MWD as represented by (MZ/MW ). In that figure, we also plot, for com-

parison, the values obtained by Ansari et al. (2011) and Wood-Adams et al. (2000) and

our unimodal sample HDPE-10. Interestingly the unimodal samples appear to follow a

different trend from the bimodal samples. The trend observed for the bimodal samples

agrees with results of Ansari et al. (2011). While in our work and that of Ansari et al.

(2011), no significant dependency of the crossover modulus on MW /MN was obtained,

in other works such a dependence was observed (Utracki, L. A., Schlund, 1987). In

Fig. 3.7b, the crossover modulus is plotted as a function of SB for the sole purpose of

highlighting how the shape features of the distribution are able to also accurately capture

rheological responses. The trend observed in Fig. 3.7b supports the observations made
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in Fig. 3.7a. Both parameters MZ/MW and SB represent an aspect of the breadth of the

distribution. It is worth nothing that, the negative correlation of SB with the crossover

modulus signifies that with a wider difference between the two peaks in the MWD, con-

straint release due to the relaxation of the LMW component is enhanced resulting in the

lowering of the crossover modulus. The power law correlation here is very useful es-

pecially in comparing qualitatively the rheological response of two different materials

during the material design process.

RB is a measures of the high molecular weight end of the MWD. An increase in

HMW content, RB , results in an increase in the degree of entanglement leading to slower

relaxation and thus an increase in the crossover modulus. This behavior is accurately

captured in Eqn. 32.

3.5.4 Relaxation Processes

The relaxation mechanisms can be observed by plotting the weighted relaxation spec-

tra as a function of the relaxation time. For bimodal distributions at-least two relaxation

peaks can be expected. The first peak at low values of λ corresponds to the relaxation of

the LMW population and the second peak at higher values of λ corresponds to the relax-

ation of the HMW population. Simply put, the LMW population chains reptate releasing

their constraints on the HMW population and thus speeding up their reptation.

In the following analyses, we use the bimodal parameters to explore this phenomenon.

We begin by normalizing both the MWD [Fig. 3.8a] and the relaxation spectra [Fig. 3.8b]

placing all distributions within the same order of magnitude. From Fig. 3.8 we note that

not only do all the distributions exhibit 2 peaks but also, they present different shape

properties such as peak location, peak size, and full width at half maximum (FWHM).

For the relaxation spectra it can be described in terms of the moments of its distribu-

tions (Graessley, 1974; Wasserman et al., 1998). The first (λI), second (λII) and third
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(a) (b)

Figure 3.8: Normalized MWD distributions and spectra of selected samples (a) molec-
ular weight distributions (b) relaxation spectra: dashed line indicates regions where the
validity of the spectra has been exceeded. Note that HDPE-1 has the broadest long-time
portion in its spectrum out of all experimental materials.

(λIII) moment of the spectra can be expressed as:

λI =

∫ +∞
−∞ H(λ)dlnλ∫ +∞

−∞ [H(λ)/λ] dlnλ
(33)

λII =

∫ +∞
−∞ λH(λ)dlnλ∫ +∞
−∞ H(λ)dlnλ

=
η0
G0
N

(34)

λIII =

∫ +∞
−∞ λ2H(λ)dlnλ∫ +∞
−∞ λH(λ)dlnλ

= J0
s η0 (35)

Using those moments, two measures of the polydispersity of the relaxation spectra

can be defined:

RSII =
λII
λI

(36)
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RSIII =
λIII
λII

(37)

whereRSII (Wasserman et al., 1998) andRSIII (Graessley, 1974) are polydispersity

indices. In the terminal zone, the moments of the relaxation spectra can be related to the

LVE constants such as the steady state compliance and plateau modulus [see Eqns. 34

and 35]. For our samples, the plateau modulus could not be determined since the maxima

in the loss modulus curve needed for its estimation could not be reached experimentally

and using the mathematical relation provided in Eqns. 24 and 25 require extrapolation

pass the range of validity of the underlining technique (Dealy and Larson, 2006; Stadler,

2010). We instead use these moments for the sole purpose of calculating the breadth of

the relaxation spectra of our materials.

Values of RSII and RSIII for the materials we studied are listed in Table 3.4, along

with other previously reported values of RSII (Wasserman et al., 1998). Looking at the

RSII values, we can clearly see that our materials represent broader relaxation spectra

than those previously studied. This leads to the difficulties in obtaining reliable values

for the steady state compliance, hence it was excluded from this study.

We also define a new parameter RSIIII which is the separation between the two

relaxation modes; expressed as the ratio of the mean positions of the two-relaxation

peaks in the spectrum given by:

RSIIII =
λp,H
λp,L

(38)

This parameter also captures information about the breadth of the relaxation spectra

but uses distinct features rather than the integral of the entire distribution. In some in-

stances, this might be useful, for example, when it is not possible to obtain a reliable
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Table 3.4: Relaxation Spectra Indices

Values obtained for our materials
Materials RSII RSIII × 104

HDPE-1 2005 377.6
HDPE-2 210 1.303
HDPE-3 1069 64.11
HDPE-4 2489 50.20
HDPE-5 901 61.46
HDPE-6 1655 1.246
HDPE-7 1278 25.01
HDPE-8 2469 0.7714
HDPE-9 6162 2.642
RSII Literature values (Wasserman et al., 1998)
LLDPE 3-5
HDPE 3-30
mLLDPE (linear) 1.5-2.4
mLLDPE (small level of LCB) 25-100
LDPE (high pressure) 13-126

relaxation spectrum over the entire range. We proceed by making use of the feature se-

lection method described previously but this time measuring the correlation between the

polydispersity of the spectra and the features of the MWD. The 2 most important fea-

tures as dictated by the summary statistics were the bimodal separation and MZ/MW ,

both being measures of the breadth of the molecular weight distribution [see Fig. A.10].

In Fig. 3.9a,RSIII andRSIIII are plotted as a function ofMZ/MW . RSIIII is found

to negatively correlate with MZ/MW , while RSIII is not correlated with MZ/MW . We

also note here that for broad MWDs, higher moments of MWD provide better correlation

with the relaxation spectrum breadth as can be seen from the feature selection scoring in

Fig. A.10. RSIII has been reported to increase with the breadth of MWD (Graessley,

1974), however we observed the opposite. To further investigate this behavior RSIIII

will be used to examine its relationship with the features of the MWD since it provided
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a better correlation with the MWD than did RSIII .

(a) (b)

Figure 3.9: Relaxation spectra indices (a) as a function of MZ/MW and (b) as a function
of SB . Line is to guide the eye.

Using Generalized Linear Modelling the relationship between RSIIII and the se-

lected features is determined to be:

RSIIII = K · S−3.91B ·
(
MZ

MW

)0.38

(39)

From Eqn. 39, RSIIII is negatively correlated to SB while its correlation with

MZ/MW is positive in agreement with that described by (Graessley, 1974) . The trend

shown in Fig. 3.9 byMZ/MW is due to the confounding effects which must be accounted

for when analyzing such correlations from experimental data. Otherwise, we risk pre-

senting interpretations that may not present the complete picture. These observations

illustrate the importance of the approach used to determine Eqn. 39.

In Fig. 3.9b, RSIIII is plotted as a function of the shape features of the distribution.

The decrease in breadth of the relaxation spectra with an increase in the polydispersity

of the material is explained as follows, polymer chains have characteristic times within
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which they impose constraints on their environment (Struglinski and Graessley, 1985).

For short chains, the characteristic time is denoted by TS and for long chains by TL. At

time scales below TS the system is in a sort of frozen state with respect to coordinated

main chain movements. As the time scale approaches TS , the short chains begin to

reptate thereby removing the constraint they imposed on their surroundings leading to

the acceleration of the relaxation of the long chains. A bimodality with a larger value of

SB indicates a distribution with long chains that are much longer than the short chains.

In such a situation the time required for a single segment of a long chain to diffuse is far

greater than TS , hence the long chains only fully relax once the short chains have already

relaxed. Hence, the breadth of the relaxation spectrum will decrease with an increase in

bimodal separation [Fig. 3.9b] if the fraction of long chains is less than the fraction of

short chains. In Table 3.2, eight out of nine materials studied have RB < 1 , meaning

that they meet these criteria.

We note that whenRB < 1, broadening the HMW peak also accelerates the relaxation

of the melt, because it provides the HMW population an additional range of characteristic

times and thus constraint release. The feature that results in a greater decrease in breadth

of the relaxation spectrum for the materials we studied is SB . Note that if RB is higher

than the values we studied (max. 1.37) then the correlations and observations that we

have presented will not necessarily hold.

3.6 Conclusion

It was shown that the LVE behavior of a polymer with a bimodal, broad MWD can

be probed in an approximate manner by making use of the MWD shape features. The

correlations using the bimodality features yield trends that agree with analyses involv-

ing relaxation mechanisms. The distribution of relaxation times of broadly distributed
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bimodal materials was found to decrease with an increase in the breadth of the MWD

highlighting the important role played by the LMW chains in accelerating the relax-

ation process via constraint release. For our materials a strong correlation between the

zero-shear viscosity and the weight average molecular weight was observed. When this

correlation is corrected for the effect of breadth of MWD using (MZ/MW ) we find the

expected power law dependency on MW of 3.6. The crossover modulus was found to

be influenced by MZ/MW as previously reported, but more closely correlated with the

bimodal ratio and weight fraction of the HMW population. The crossover modulus was

negatively correlated with weight fraction of the HMW while showing a positive cor-

relation with the bimodal ratio. The breadth of the relaxation spectra was found to be

strongly influenced by the separation distance between the two populations of the MWD

and MZ/MW .
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Chapter 4

Polymer fractionation at an

interface in simple shear with

slip

In this chapter, we investigate the surface fractionation of HDPE by using simple shear

flow. We show for the first time that surface fractionation could occur even in the absence

of bulk shear gradient and further observe that surface fractionation shows a shear rate

dependency.

The chapter is based on the following publication: Kwakye-Nimo, S. et al. Poly-

mer fractionation at an interface in simple shear with slip, macromolecules 2022,55,

66096619
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4.1 Introduction

The flow of polymer melts near surfaces is of considerable interest to both theorists

and experimentalists. An understanding of the polymer’s behaviour at the interface is es-

sential in producing materials with desirable properties in various fields of research such

as lubricants, coating, adhesives and composite materials (Anastasiadis and Hatzikiri-

akos, 1998; Hadaeghnia et al., 2020; Zhao et al., 2022). It also helps in suppressing pro-

cessing related problems such as die drool and melt fracture (Inn, 2013). This of course

requires knowledge of the chain length distributions at the interface and the nature and

type of the surface (Van der Gucht et al., 2002a).

The wall over which a polymer melt flows introduces anisotropic behaviour on the

chains close to it, both structurally and in terms of their dynamics (De Virgiliis et al.,

2012). The disturbance created by the solid wall in the melt is complex because of the

broad range of chain length scales and the resulting wide range in relaxation time scales

(Varnik and Binder, 2009). The amount of material adsorbed onto the wall for monodis-

perse systems, has theoretically been predicted to depend on the degree of polymerization

(Scheutjens and Fleer, 1980; Allal and Vergnes, 2009; De Virgiliis et al., 2012) and on

the width of the interface as compared to the thickness (Mahmoudi and Matsen, 2017;

Mahmoudi et al., 2018) but to a negligible extent on the adsorption strength (Van der

Gucht et al., 2002a). This signifies that for polydisperse polymers the thickness of the

adsorbed layer may vary.

A prime contributing factor to anisotropic behaviour at the interface is entropic segre-

gation. Entropic enrichment of short chains at the surface occurs because they have more

chain ends per unit volume thus diminishing the entropic penalty (Bouchaud and Daoud,

1987). Van der Gucht et al. (2002b) proposed a simple relation which accounts for the

surface excess in terms of the bulk concentration and the chain length for a polydisperse
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system. The expression is as follows:

φexN
φbN

= A

(
1− N

Nw

)
(40)

where φexN is the integrated surface excess of chain of length N, φbN is the bulk com-

position, NW is the weight average chain length and the prefactor, A is the amplitude of

segregation which was shown to have a constant value of 0.195 for polymer melts. It is

worth nothing that in recent studies, the amplitude of segregation was found not to be a

constant parameter but to be influenced by the chain’s stiffness (Blaber et al., 2019). This

model predicts surface enrichment only for chains shorter than the weight average chain

length.

For flow systems involving capillary extrusion, the long chains close to the wall ac-

quire higher elastic energy in comparison to the shorter chains counterparts propelling the

longer chains away from the wall leaving the wall enriched with shorter chains (Busse,

1964). Dorgan and Rorrer (2015), provided a model which accounts for the entropic bal-

ance of a polydisperse melt in capillary flow. In their work, they described two essential

driving forces for segregation which are:

(i) the concentration gradient which is present even in the absence of flow and

(ii) a contribution resulting from the shear gradient during flow.

In this work, we will be comparing our results to the model predicted by Van der Gucht

et al. (2002b) since in the simple shear flow system used, there is no shear gradient.

The enrichment of the surface by short chains has been confirmed experimentally in

several studies involving different materials and different flows. The skin of a capillary

extrudate was found to be highly concentrated in low molecular weight (LMW) chains in

several studies (Schreiber and Storey, 1965; Schreiber et al., 1966; Shelby and Caflisch,
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2004; Ebrahimi et al., 2016), with a possible suggestion that flow induced fractionation

occurs only at a very thin layer near the die exit (Musil and Zatloukal, 2011). In two

phase polymer flow systems, the less viscous component moved to the outer layer of the

extrudate circumference (Schreiber and Storey, 1965; Schreiber et al., 1966). Molecular

scale simulation of cross flow migration of polymer melt under various conditions also

confirms enrichment of surface by short chains (Rorrer and Dorgan, 2014). Thus, surface

enrichment by short chains is observed practically in all situations in which polymer

flows over a surface. We note that there is a lack of experimental data for segregation in

simple shear. Here we address this issue.

While the entropic contribution to fractionation is thought to have a negligible effect

on slip when it comes to narrowly distributed polymers, its effect on polymers with broad

molecular weight distribution (MWD) is considerable. By accounting for the ensuing ef-

fective MWD at the interface, predictions where presented using a double reptation slip

model produced results that were very close to experimental data (Ebrahimi et al., 2016).

The double reptation slip model prediction was further enhanced by accounting for flow

induced fractionation (Najm and Hatzikiriakos, 2020). In a nutshell the chain composi-

tion at the interfacial layer is influenced by both entropic and flow induced segregation,

which in turns has a bearing on the manner in which the polymer slips at the wall or

vice-versa.

Polymers are known to slip over the surface on which they flow under essentially

all circumstances (Wise et al., 2000; Kalyon and Gevgilili, 2003; Hatzikiriakos, 2015;

Gustafson and Morse, 2016). In the case of polymer melts, within the first few layers the

chains adsorb to the surface resulting in the formation of tails, loops and trains (Scheut-

jens and Fleer, 1980; De Virgiliis et al., 2012; Sgouros and Theodorou, 2020) which are

in turn entangled to various degrees and at multiple sites with the bulk. When subjected to

flow, adhesive slip occurs when the polymer chains detach/desorb themselves completely
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from the wall. This is typically expected to occur on low energy surfaces. Alternatively,

on high energy surfaces, the flowing chains are believed to disentangle from a monolayer

close to the wall and is referred to as cohesive failure or apparent slip.

There have been several attempts in the past to experimentally measure both entropic

segregation and flow induced segregation. Attempts have been made too measure en-

tropic segregation using neutron reflectivity (Zhao et al., 1993), a method that is known

to result in artificial results due to the effect of deuterations on chain fractionation (Hari-

haran et al., 1993). Experimentally measuring surface segregation has been challenging.

Our goal in this study is to provide experimental data on the extent to which a surface

could be enriched by short chains in simple flow involving slip. This, we carry out

using the sliding plate rheometer (SPR) (Dealy and Giacomin, 1988). After subjecting

the polymer to simple shear at a higher enough rate for slip to occur, a thin layer of

debris of polymer remains on the substrate, which we collect and analyze using GPC.

We subsequently study the surface profile of the obtained films.

The Couette flow geometry gives us the opportunity to eliminate the possible contri-

bution of flow induced segregation since the gradient in shear required to drive migration

is absent at constant shear rate in simple shear flow (Dorgan and Rorrer, 2015). We note

that the model of Dorgan and Rorrer (2015) indicates that once slip commences in sim-

ple shear, there exists a gradient in shear rate. Our results show not only the occurrence

of surface fractionation but also that it occurs with a dependence on the shear rate. We

further establish a relationship between slip, fractionation and the surface properties of

the films.

4.2 Experimental section
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4.2.1 Materials and sample preparation

The bimodal metallocene high density polyethylene (HDPE) used in this study and re-

ferred to as “bulk sample” was supplied by Chevron Phillips Chemical Company (CPChem).

It was synthesized through a dual-metallocene catalyst system in a single loop-slurry re-

actor at CPChem and has the molecular characteristics listed in Table 4.1. This material

has been described in our previous work (Kwakye-Nimo et al., 2022a) where it was re-

ferred to as HDPE 6.

Table 4.1: Molecular weight parameters of the distributions Shear rates

MN MW MZ MW/MN Rg,w

[kg/mol] [kg/mol] [kg/mol] [nm]
Bulk 10.93 357.55 1426.3 32.67 26.8
3 s−1 11.48 310.40 1335.6 27.03 24.4
5 s−1 11.67 306.90 1306.3 26.31 24.3
7 s−1 11.62 304.00 1302.7 26.16 24.1
9 s−1 11.97 325.90 1277.5 27.23 25.0

The specimens used for simple shear, slip experiments were prepared by compression

molding for 4 minutes at a temperature of 190oC and a pressure of 15 tons. They were

subsequently allowed to melt for an extra 2 minutes before being quenched. Specimens

were of dimensions 75 mm x 50 mm x 1.2 mm

4.2.2 Gel Permeation Chromatography (GPC)

The molecular weight distribution of all our specimens were obtained by using an

Agilent 1260 Infinity II High-Temperature GPC System (Agilent Scientific, Santa Clara,

CA), equipped with an IR4 infrared detector (Polymer Char, Spain). The GPC system

was calibrated using the broad calibration method and a broad polyethylene standard,

Marlex® BHB 5003 (CPChem, The Woodlands, TX). The Mark–Houwink constants for
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the universal calibration are K = 3.95 × 10−4 dL/g and a = 0.726 for polyethylene

(PE). All GPC measurements were performed at 145oC. The samples were dissolved in

a Blue-M oven set at a temperature of 150o C for nominally 5 hours before they were

transferred to the GPC instrument for analysis. To prevent degradation, 2 g of BHT was

added to one gallon of 1,2,4-trichlorobenzene as the mobile phase. At a flowrate of 1.0

mL/min, 400 µl of the polymer solution were then injected into a set of three (3) Waters

HMW6E SEC columns (Waters, MA). In Fig. 4.1, we present the molecular weight

distribution of the bulk sample before and after subjecting it to simple shear with slip.

We note that the distribution of the bulk is not affected by the shear flow. This indicates

that thermal degradation did not occur during the experimental time in the sliding plate

rheometer.

Figure 4.1: Molecular weight distribution of the material studied. A comparison between
pre and post-sheared MWD.
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4.2.3 Linear viscoelastic properties

In Fig. 4.2, we present the linear viscoelastic properties of the material (Kwakye-

Nimo et al., 2022a). In Fig. 4.2a, the storage and loss modulus as a function of frequency

from experiment is plotted in symbols, while in Fig. 4.2b, the weighted relaxation spec-

tra as a function of time is plotted. We note here that this material exhibits very long

relaxation times.

(a) (b)

Figure 4.2: Linear viscoelastic properties: (a) dynamic linear viscoelastic curves (points
are experimental data from Kwakye-Nimo et al. (2022a) and (b) combined weighted
relaxation spectra Kwakye-Nimo et al. (2022a)

4.2.4 Extensional viscosity properties

Extensional transient viscosity measurement was carried out in order to determine the

maximum stress required for the bulk material to break when stretched. These results are

compared to the stress experienced by the polymer during the simple shear flow experi-

ment and are discussed in subsequent paragraphs. The test was carried out at CPChem by

using an Anton-Paar MCR-500 device which was equipped with an extensional viscosity
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fixture, a Sentmanat Extensional Rheometer (model SER-3 universal testing platform,

Xpansion Instruments). The specimen was compression molded at 182o C into dimen-

sions of 12.77 x 18 mm and subsequently cut out of the molded plaque. Its thickness

was subsequently measured. A 30 seconds wait was allowed for the specimen to attain

thermal equilibrium prior to carrying out the experiments at a temperature of 190o C.

The following Hencky strain rates were used : 0.1, 0.3, 1, 3, 10 in a nitrogen atmosphere.

4.2.5 Molecular modeling

We extract the tube model parameters (τd, τR, L) for the material studied using the

dual constraint model (Pattamaprom et al., 2000). These parameters are used later to

relate the behaviour of chains in the bulk flow to the tethered chains at the surface.

The unusual motion a chain undergoes to relax in a polymer melt can be described

by the diffusion equation (De Gennes, 1971; Doi and Edwards, 1978b,a). The chain’s

surrounding imposes on it constraints which is referred to as a tube, out of which it has

to escape through various mechanisms. The diffusion equation is of the form:

∂

∂t
ψ∗(s, t) =

1

π2τd

∂2

∂s2
ψ∗(s, t)− 1

τ∗(s)
ψ∗(s, t) (41)

where ψ∗ is the probability that the chain will survive the tube, τd the reptation time, τ∗

is the relaxation time for the contour length fluctuations. The above equation was solved

using crank-Nicolson finite-difference method over a space grid s ∈ [0, 1] in 5 × 10−3

steps intervals and a logarithm time stepping. We adopted as boundary conditions those

proposed by Stephanou et al. (2010), who using atomistic simulation, argued that the

survival probability of the ends of the chains in the tube have some time dependency,

hence should not be zero (Stephanou et al., 2011; Stephanou and Mavrantzas, 2013).

Thus, the boundary conditions used in this work are as followed:
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ψ∗(s, t = 0) =1

ψ∗(s = 0, t) =ψ∗(s = 1, t) = exp(−t/τe)
(42)

where τe the equilibration time. The dual constraint model is solved in 2 steps. In

the first step the solution of the PDE gives us the overall probability that the chain will

survive the tube. A Rouse process is subsequently activated to ensure that the survival

probability of the chain does not decrease at a rate faster than the Rouse process. In the

second stage the output from step 1 is used to account for constraint release through the

late portion of the relaxation time for contour length fluctuation and then the diffusion

equation is solved a second time. The Rouse process is again activated to serve the same

purpose [see Pattamaprom et al. (2000) for details]

The total relaxation modulus, accounts for both fast and slow processes and is given

by the expression

Gtotal(t) = G(t) +
∑
i

wiGR,i(t) (43)

The solutions of the diffusion equation enter Gtotal(t) through G(t) by the relation

G(t) = GNψ(t)ψ
′
(t). In Eqn. 43,GR,i is the contribution from the high frequency Rouse

processes. The complex modulus, G∗ is then obtained from Gtotal(t) using Schwarzl

approximation (Schwarzl, 1971).

The parameters required for the simulation are the molecular weight between en-

tanglement, Me and the equilibration time, τe. The values of Me reported in litera-

ture for polyethylene varies from 1035 to 2340 g/mol (Pattamaprom and Larson, 2001;

Van Ruymbeke et al., 2002a; Vega et al., 2003; Touloupidis et al., 2016; Szántó et al.,

2019). In this work, we adopt the value of 1250 g/mol (Wasserman and Graessley,

1996). Therefore, τe = 5.7 ns is the only parameter that was obtained by fitting to
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the experimental data. This value falls within the range of values reported in the lit-

erature for HDPE at 190o C (Balzano et al., 2008; Pattamaprom et al., 2008). Having

obtained τe, the reptation time (τd) was calculated through the relation τd = 3Z3τe where

Z = MW /Me , while the Rouse time (τR) was obtained from the relation τR = Z2τe.

The average contour length of the tube was obtained through the expression L = (Nb2)/a

with N being the weight average chain length, b the effective polymer statistical segment

length and a the tube diameter. The linear viscoelastic prediction of the dual constraint

model on broadly distributed commercial materials is quite remarkable [see Fig. 4.2a].

We note that, to the best of our knowledge, this is the first time that the dual constraint

model has been applied to this kind of material.

4.2.6 Simple shear flow experiment with slip

Prior to collecting the debris, a time sweep experiment was performed using an Anton

Paar MCR502 rotational rheometer at an angular frequency of 0.1 rad/s and a strain

value of 1% under air atmosphere for a period of 1 hour to assess stability. No degrada-

tion was observed. This was further confirmed by GPC testing of the bulk after shearing

(Fig. 4.1).

Glass slides, 75 mm x 50 mm x 1 mm, are used for the collection of the debris in the

SPR experiments. The glass slides are cleaned with tap water and soap and then subjected

to a 10 minutes sonification in deionized water and another 10 minutes in acetone. The

glass slide is loaded into a specially machined groove in the moving plate of the SPR at

the testing temperature (190o C). The specimen is then loaded into the SPR by placing

it on the glass substrate, and closing the plates to press the sample by 0.2 mm for a final

thickness of 1 mm. After this, 45 minutes is allowed for thermal equilibration and stress

relaxation before subjecting the polymer to simple shear flow. Fig. 4.3 shows an example

of debris collected on a glass slide.
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Figure 4.3: Debris on glass substrate collected at a shear-rate of 9 s−1 in a simple shear
flow experiment using the SPR.

At the end of the simple shear flow experiment which generally last under 25 seconds,

the glass slide is quickly offloaded and exposed to liquid nitrogen to prevent oxidative

degradation. A test for oxidative degradation is performed on the debris using Fourier

transform infrared spectroscopy (FTIR) [Nicolet1S10 in ATR mode]. In Fig. 4.4, the

results from the degradation tests are presented. Fig. 4.4a presents the time sweep data

which shows no change in material properties over the testing period and in Fig. 4.4b the

FTIR data is shown which shows no sign of oxidative degradation which is expected to

manifest itself as a peak at a wavelength of 1700 cm−1. Note that the FTIR spectrum of

the virgin material is the same as those of the debris shown in Fig. 4.4b.

The experiment is carried out at 4 different shear rates, 3, 5, 7, 9 s−1, with multiple

repeats (with different specimens) per shear-rate. The harvesting of the debris from the

glass slides was performed by scraping the film off of the glass substrate with a blade.

For both GPC studies and profilometry studies, 5 repeats were performed.

The tensile strength values of the bulk sample, measured at 190oC and at extensional

strain rates 3 and 10 s−1, was in the range of 0.58 to 0.73 MPa. Data are presented
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(a) (b)

Figure 4.4: Degradation checks (a) time sweep showing no change in material properties
(b) FTIR showing no oxidation peak at around 1700 cm−1

in Fig. B.6. The maximum stress employed during our simple shear experiment was

0.1178MPa, which is clearly lower than the ultimate tensile strength of the bulk sample.

Therefore, the force experience by the chains during flow is not enough to cause a break

in C − C hence the enrichment observed can not be attributed to chain scission (Dorgan

and Rorrer, 2015).

4.2.7 Surface Profile

The surface profile of the films is measured with a Veeco Dektar 150 stylus surface

profilometer. The advantage of using the stylus profilometer in contrast to the optical

alternative is that it provides direct contact between the instrument and the surface being

measured. The stylus tip was of dimension 12.5 µm and exerted a force of 10−5 N during

a 30 seconds scan over a distance of 2 mm. For each glass slide, 4 measurements of the

surface profile are taken in the flow direction. The average of the 20 measurements of

the surface profile per shear rate is used for subsequent analysis. In Fig. 4.5, the surface
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roughness taking over an area of 1 mm x 1 mm on one of specimens sheared at 9 s−1 is

presented. The blue section of the graph is a cut made in the film to serve as a reference

from which the thickness of the film was measured. We note that the interfacial layer is

not smooth.

Figure 4.5: Surface roughness of debris obtained from simple shear flow experiment
performed at a shear rate of 9 s−1.

4.3 Results and Discussion

The MWD of the debris obtained from the simple shear with slip experiments, per-

formed at different shear rates is presented in Fig. 4.6. The experimental data were very

reproducible with an average margin of error in dw/dlogM of ±0.0021.

From Fig. 4.6, three observations can be made.

(i) Surface fractionation in simple shear flow with slip shows a clear shear-rate depen-

dency.
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Figure 4.6: MWD of the debris obtained from simple shear flow with slip experiments
performed at different shear rates as compared to that of the bulk material.

(ii) Surface enrichment of short chains is higher at lower shear rates. This observation

is in sharp contrast to assumptions used in similar studies involving capillary flow

(Najm and Hatzikiriakos, 2020).

(iii) The debris MWD approaches that of the parent distribution at higher shear rates.

With regard to the counter-intuitive nature of observation in (ii) and (iii), we remark

that the large thickness of the debris [to be discussed in later paragraphs] cannot be

ruled out as a possible contributing factor. Before interpreting our results, we ascertain

ourselves of two important things:

(i) that the debris MWD is indeed different from that of the bulk and not as a result of

experimental artifacts and

(ii) that the debris is indeed shear rate dependent.
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This we carry out using statistical tests of significance. With regard to the first point,

we perform a permutation test (Boik, 1987) with the following hypothesis:

H0: there is no significant difference between the bulk sample and debris

H1: there is a significant difference between the bulk and the debris

We make use of the number average molecular weight (MN ) of the distributions as

our test statistic and employ a non-parametric test method. The sample size used for the

simulation is 10000, from which the fraction of observations with MN values less than

or equal to that of the bulk distribution gives us the p-value. In Fig. 4.7, we present the

outputs of the statistical tests. In Fig. 4.7a, the result of the permutation test is presented.

The distribution of our test statistics is clearly normal i.e. the central limit theorem was

obeyed. The distribution ofMN values are shown to be no where near the threshold value

of the MN of the bulk [dash line in Fig. 4.7a]. A p-value of 0.00 was obtained from the

simulation, which signifies that the probability that our observation was due to random

chance is completely zero, hence we fail to accept the null hypothesis. Therefore, we

conclude that the MWDs of the debris are indeed different from that of the bulk.

We proceed to test the statistical significance of the shear rate dependency of our

experimental results. From the experimental data at each shear rate, we draw 10000

bootstrap samples, perform peak deconvolution on them and use the area under the curve

of each population as our test metric. From the standard error of the mean, we calculate

the confidence interval at a 95% confidence level. In Fig. 4.7b, the non-overlapping error

bars is a confirmation of the shear rate dependency of the distributions. This margin of

error is consistent with the evaluation made from experimental data [see section B.1.1].

From the summary statistics of the distributions [See section B.1.2] the median chain

length of the debris for all the shear-rates, was observed to be higher than that of the bulk

sample. This suggests the loss of short chains in the debris MWD. To investigate this
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(a) (b)

Figure 4.7: Statistical tests: (a) permutation test showing distribution of test statistic (b)
deconvoluted peaks vs shear rates, non-overlapping error bars are an indication of shear
rate dependence.

further, we account for the entropic contribution to segregation using Van der Gucht et al.

(2002b) model while acknowledging that we are not in thermodynamic equilibrium, yet

useful information could still be obtained as shown in previous studies (Ebrahimi et al.,

2016).

Using Eqn. 40 to evaluate the surface composition, we follow the steps taken by

Ebrahimi et al. (2016) by assuming constant density. We divide the distribution into

20 bins, return the ratio of the area under the curve of the debris to the bulk as the

surface excess. A bin size of 20 gave the minimal sampling fluctuation and was based

on the square root choice of bin width (Ng et al., 2013). In Fig. 4.8a, we plot the surface

composition as predicted by the model, and in Fig. 4.8b, we present the evaluated surface

excess in the debris as a function of the molecular weight.

From Fig. 4.8b we make four observations:

(i) Depletion of chains with M < Me in the debris
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(a) (b)

Figure 4.8: Surface segregation: MWDs (a) of bulk (experimental) and surface as pre-
dicted by the Van der Gucht et al. (2002b) model. (b) Surface excess as a function of
molecular weight for debris (experimental) and Van der Gucht et al. (2002b) model.

(ii) The enrichment/depletion transition point of the debris occurs at a chain length

M < MW

(iii) The enrichment section (above the horizontal dashed line) has a different shape

from the model prediction.

(iv) An enrichment which decreases with increasing shear rate.

The higher median chain length of the debris as compared to that of the bulk can be

attributed to the depletion of chains whose molecular weights were lower than Me as

seen from Fig. 4.8b. Considering the depletion of unentangled chains, we propose the

following. During flow, the bulk chains would have to slide over the tethered chain by a

distance equivalent to its tube length (Adjari et al., 1994). The required friction force per

sliding chain is given by fv = ζNγ̇D, with ζ,N, γ̇,D being the monomeric coefficient,

the number of monomers per chain, the shear rate and the Pincus blob size respectively

(Brochard-Wyart et al., 1996; Colby et al., 2007). When N > Ne, fv can be expressed
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in the form fv = ηoaP (P/Ne)
2V (Brochard-Wyart et al., 1996), where P is the mobile

chain of molecular size a having a monomer viscosity ηo, travelling at a speed V . This

latter expression makes evident the increase in force required to pull entangled chains

along with the flow. Therefore, for unentangled chains at the interface, a much lower

force is required to pull them past the tethered chains. This implies that unentangled

chains that are not directly adsorbed onto the surface are pulled along with the bulk flow.

Hence the observed depletion of chains smaller than Me.

With regard to the enrichment/depletion transition, a zero surface-excess is predicted

by Van der Gucht et al. to occur at molecular weight equal to MW . We however observe

this transition point at a much smaller molecular weight for this particular material. Ac-

knowledging the fact that the enrichment/depletion transition point is independent of the

polymer-surface interaction (Van der Gucht et al., 2002a) coupled with the simple shear

experimental setting used in this study, leaves us with the nature of the cohesive failure

as the only possible reason for this observation. The influence of cohesive failure on

segregation will be discussed in later paragraphs.

The ability of a chain to adsorb itself on the surface depends on its ability to compen-

sate for conformational loss at the wall, (Van der Gucht et al., 2002a) which decreases

as chain length increases. The possible number of adsorption sites occupied by the chain

on the other hand increases with the chain length. For chains of intermediate length that

are able to compensate for conformational loss, adsorption to multiple sites is highly

probable (Bouchaud and Daoud, 1987). In this regard, the area under the curve of the

enrichment section could be viewed as the overall probability that chains would directly

adsorb themselves to the wall and be able to resist the force applied by the bulk flow.

Ebrahimi et al. (2016) used a microtome to collect a thin surface layer of polymer

from an extrudate exiting a capillary. GPC analysis showed not only an enrichment in

short chains but also a high molecular weight (HMW) fraction enriched relative to the
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bulk. Their technique provides useful information on the thin layer of polymer adjacent

to the debris, which is in effect the layer closer to the bulk and not the debris itself since

the debris remained in the die. Hence the enrichment observed in HMW relative to the

bulk is an indication that the layer adjacent to it, that is the layer at the wall was depleted

of moderately long chains. In Fig. 4.9, we plot the surface excess of the thin layer of

segregated polymer accessed by Ebrahimi et al. (2016) as a function of molecular weight.

A depletion of moderately long chains is observed. The thickness of the layer accessed

by their method is of approximate magnitude as ours. A clear opposite trend as compared

to our debris is observed: a depletion of moderately long chains while chains that were

relatively shorter or longer were enriched. This is for the layer of chains closer to the bulk

than the debris, in other words, at the other side of the plane of failure. This remarkably

serves not only as a validation of our results but also highlights the effectiveness of our

method in accessing directly the chains adsorbed to the surface.

Besides looking at the MWD of the debris, we also perform an analysis of the mor-

phology of the film. There are several parameters used to describe the morphology of

a surface (Sadowski et al., 2016; Abbott and Zhu, 2019). In this study we use the fol-

lowing: the average height of the film (Hav); the root-mean square roughness of the film

(Rq) which quantifies the deviation of the roughness profile from the mean line; the am-

plitude of the waviness of the surface (Wp) and the skewness (Ssk) which measures the

symmetry of the surface profile about the mean. A positive skewness indicates a surface

profile with much more peaks than valleys while a negative value is an indication of the

converse. Table 4.2 lists the shear rate dependent values of those parameters.

We remark that apart from the surface being made of peaks and valleys [see Fig. 4.5],

there were also regions that seemed to be bare glass. A visual inspection of the debris is

presented in Fig. 4.10. The top row, taken with a Canon Camera, highlights the presence

of holes in the thin film while the row beneath is an optical micrograph obtained at a 5X
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Figure 4.9: Surface excess as a function of molecular weight for debris with MW=212
kg/mol (LogM = 5.3). Data from Ebrahimi et al. (2016) were digitized and analyzed
following our approach

Table 4.2: Surface parameters describing thin films

Shear rates Rq(nm) Ssk Wp(nm) Hav(nm)

3 s−1 144.7± 94 1.05± 0.3 258.1± 164 786.4 ± 108
5 s−1 16.1± 60 0.92± 0.4 71.3± 31 995.1 ± 149
7 s−1 4.3± 0.40 0.76± 0.5 18.3± 2.6 1287.5 ± 237
9 s−1 6.5± 1.10 1.38± 0.4 32.8± 6.5 1571.0 ± 391

magnification using a Zeiss Axioplan fluorescence microscope, which gives us a close-

up view of the holes. The spatial distribution of the holes at any given shear rate was

random on the glass slide but their frequency and size decreased at higher shear rates

[see section Fig. B.2].

The occurrence of holes in thin molten films can sometimes be attributed to dewetting.

Dewetting could potentially occur after slip but before the temperature is cooled as a
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Figure 4.10: Visual depiction of holes in the thin film. Top row is a photograph and
bottom row is depiction using optical microscopy.

result of interfacial instabilities. These instabilities typically result in the rupture of the

film creating holes at locations where the film is thinner. These holes eventually grow

laterally over time resulting in the formation of rims around them (Müller-Buschbaum

and Stamm, 1998; Geoghegan and Krausch, 2003; Janiszewska et al., 2020). We rule out

dewetting as a possible reason for the holes observed on the films in our study for the

following 3 reasons:

(i) the films produced in this study are stabilized by gravity due to their large thickness

[Table 4.2] (Xue and Han, 2011);

(ii) the amplitude of modulation of the surface of the film is not equal in magnitude to

the thickness of the film, which is required for rupture (Xie et al., 1998); and

(iii) the kinetics of dewetting of a material is influenced by its molecular weight and the
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distribution of relaxation times (Liu et al., 2002).

So, in the unlikely event of the rupture of the film due to surface instability, the lateral

growth of the holes to form rims would be very slow. Therefore, dewetting is unlikely

and a more plausible reason for the observation of holes in our films would be the pulling

of chains from the surface during flow.

On a high energy surface, tethered or adsorbed chains are believed to preferentially

disentangle themselves from the bulk polymer rather than desorb from the wall. The

surface energy of the glass slides used in this study is 50 mJ/m2 (Sattari et al., 2022),

classifying it as high energy (Kuang et al., 2014). We remark that holes were also ob-

served in the debris even on steel plates which has higher surface energy value of 60

mJ/m2 (Sattari et al., 2022) [See Fig. B.4]. The micrographs suggest that those holes

could really be bare glass, and FTIR performed at those regions did not contain peaks

expected for HDPE [See Fig. B.5]. The presence of these holes could have an implica-

tion on the possible slip mechanism as discussed later. We do however acknowledge the

limitation in terms of the resolution of the FTIR device used to confirm that those regions

are indeed bare glass, hence the possibility of a very thin undetected layer of polymer at

those regions is not ruled out.

The polymer chains adsorbed on the wall have been shown to form tails, loops, and

trains. This has been shown theoretically (Scheutjens and Fleer, 1979, 1980), confirmed

through simulations (De Virgiliis et al., 2012; Sgouros and Theodorou, 2020) and in-

ferred experimentally (Lyklema and Van Vliet, 1978). The adsorbed amount of chains

on the surface, for a monodisperse system, was shown to scale with
√
N where N is

the chain length (Scheutjens and Fleer, 1980; De Virgiliis et al., 2012); hence variations

in amount of material adsorbed on a surface could be expected for polydisperse system

(Lyklema and Van Vliet, 1978) .

In most experimental studies involving thin films, the adsorption of the polymer onto
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the substrate was achieved through careful deposition of the polymer by various means

such as spin-coating. In those systems the formation of tails, loops and trains by the

chains were also observed (Cosgrove and Griffiths, 1992; Coppée et al., 2011). Our films

by contrast were obtained as a consequence of failure at a plane near the wall hence the

interface could be expected to be rough. The value of the skewness parameter listed in

Table 4.2 indicates a surface dominated by peaks. Considering the scale, the observed

thickness of our films, is unlikely to be influenced by contributions from tails, loops and

trains. The roughness of the surface of the film (Table 4.2) is however of macromolecular

scale. This is likely related to the probability of whether a particular entangled chain

would join the bulk flow or not as determined by the side of the plane of failure on which

its center of mass is located. The trend in Table 4.2 clearly shows an increase in thickness

and a decrease in roughness with shear rate.

The manner in which the materials slips depends on the shear rate and can be broadly

categorized into a weak slip followed by a transition zone and then strong slip (Hatzikiri-

akos, 2012). In each of those regions, one or more dominant relaxation mechanisms of

the tethered chains could occur (Mhetar et al., 1998; Joshi et al., 2001). The slip be-

haviour of the bulk sample was studied by Sattari et al. (2022) and is presented in Fig.

4.11. The red circles are interpolated values corresponding to our experiments. The

tube-model parameters calculated for our material are used to calculate the Weissenberg

number shown in Table 4.3 and to define the slip regions in which the shear flow experi-

ment was performed as specified by Mhetar et al. (1998) and added as line to Fig. 4.11,

which serves as a theoretical demarcation between the transition zone and the strong slip

region for this material. Experimental studies have shown that strong slip is independent

of the MWD (Ansari et al., 2013; Sattari et al., 2022). We note that the experimental

point at 111.35 kPa (Fig. 4.11) falls exactly on at the theoretical boundary between the

transition and strong slip zones. In the experimental slip study (Sattari et al., 2022) this
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point was identified as the last point in the transition zone; a truly remarkable agreement

between theory and experiment considering the very broad MWDs that we are working

with.

Table 4.3: Weissenberg number at experimental shear rates

Shearrate Wi,τrep = γ̇aτrep Wi,τrouse = γ̇aτrouse
3 s−1 0.959 0.00121
5 s−1 1.60 0.00201
7 s−1 2.24 0.00281
9 s−1 2.88 0.00365

The polymer is subjected to strong flow at Wi,τrep ∼ 1 (Kirk et al., 2018; Sgouros and

Theodorou, 2020). From Table 4.3, the experimental conditions under which the simple

shear experiment were performed caused the chains in the system to experience more of

stretching than chain orientation (Robertson et al., 2022) as indicated by the magnitude of

Wi,τrep relative to Wi,τrouse and reflected by the continuous decrease in surface roughness,

Rq.

The relaxation mechanism experienced by the tethered chains can be inferred from

the slip region in which the experiment was carried out (Mhetar et al., 1998; Joshi et al.,

2001). In the transition zone, that is below the horizontal line in Fig. 4.11, the flow of the

bulk chains causes the tethered chains to align in the direction of flow [see Fig. 4.10(ii &

iii)]. The tethered chains in this region relax through convective constraint release. In the

strong slip region on the other hand, a sudden disentanglement of the layer attached to

the wall from the bulk chains is expected to occur once the critical stress for the onset of

strong slip is exceeded. Therefore, tethered chains in the strong slip region relax through

a combination of fluctuation and retraction. Fig. 4.12a presents the root-mean square of

the debris surface roughness as a function of the slip velocity. The exponential reduction

in the debris roughness with increasing slip velocity is consistent with the increased
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Figure 4.11: Slip velocity as a function of stress. Red circles are interpolated values
corresponding to this study and blue symbols are original experimental data from Sattari
et al. (2022).

alignment of the tethered chains with the flow in agreement with theoretical predictions

(Mhetar et al., 1998; Joshi et al., 2001).

The occurrence of holes on a high energy surface during flow as observed in our ex-

periment suggests that using the surface energy of the substrate as a single indicator to

categorize a slip mechanism as either adhesive or cohesive can sometimes have limita-

tions especially at lower shear rates. The reduction and eventual disappearance of holes

with increasing slip velocity is as a result of “the chains of the skin being trapped above

a threshold slip velocity” as remarked by Brochard-Wyart et al. (1996). The trapping of

the tethered chains at higher slip velocity results not only in the MWD distribution of

the debris approaching that of the bulk distribution at higher shear rates [Fig. 4.6] but

also suppresses the enrichment/depletion process as seen from Fig. 4.12b where the area

under the normalized enrichment curve (Γ =
∫Mtr

Me
[θex/θb]dM ) from Fig. 4.8b is plotted
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as a function of the slip velocity. Note Mtr is the molecular weight at which the debris

becomes depleted relative to the bulk.

(a) (b)

(c)

Figure 4.12: Thin film’s properties as a function of slip velocity (a) Rq versus Vs (b)
normalized enrichment as a function of slip velocity (c) Hav versus Vs. Lines in (a) and
(b) are to guide the eye only.

Brochard-Wyart et al. (1996) observed a linear relationship between the density of

the grafted chains and the slip velocity. A similar relationship is observed in our study

[see Fig. 4.10(ii,iii,iv) & Fig. 4.12c]. In Fig. 4.12c, the film thickness is plotted as a
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function of the slip velocity showing a correlation of 0.99 as measured by the R-square

value. Even though the difference in order of magnitude between the thickness of our

films and those studied by Brochard-Wyart et al. is wide and may suggest the presence

of additional mechanism, the similarity is nevertheless remarkable. This finding also

aligns with observations made in previous studies in which die drool increases with slip

velocity (Musil and Zatloukal, 2011). Die drool is thus the capillary flow equivalent of

debris from slip in simple shear.

4.4 Conclusion

Surface fractionation was shown to occur even in a flow system without a bulk shear

gradient: simple shear flow with slip. The surface fractionation was observed to be

shear rate dependent. The enrichment/depletion transition occurs at a value lower than

MW highlighting the depletion of long chains occurring at a chain length lower than the

thermodynamically predicted MW due to slip. Unentangled chains were also observed

to be depleted. The root-mean square roughness of the debris film was observed to

decrease with increasing slip velocity while the debris thickness linearly increased with

slip velocity. The holes in the debris on a high energy surface observed during this study

suggests a possible combination of adhesive and cohesive slip mechanism at the shear

rates used in this study. Surface fractionation was suppressed at higher shear rates.
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Chapter 5

Effect of short chains content

and molecular weight on

polymer fractionation at the

interface in Simple Shear

5.1 Abstract

In chapter 4 it was shown that for short chains to enrich the surface, they must be

of length greater than Me. The role played by short chains in enriching the surface is

however undeniably important but the influence of their length and volume fraction in

the material is not well understood. In this chapter we address that by making use of

monodisperse short chains samples. During simple shear of polymer melts in sliding

plate rheometry with highly absorbing substrates, a thin debris of polymer remains on
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the substrate after the melt undergoes strong slip. We collect this debris and measure

its molecular weight distribution using gel permeation chromatography. Binary mixtures

of linear polybutadienes are investigated in a systematic manner. It is observed that the

molecular weight distribution of the debris is significantly enriched by short and inter-

mediate length chains with an equivalent depletion of long chains as compared to the

bulk. The results are in overall agreement with predictions from thermodynamic seg-

regation theories though the detail of the distribution is significantly different in some

cases. Also, since the flow geometry is simple shear, this low molecular weight enrich-

ment at the surface cannot be explained by the shear stress gradient induced fractionation

that is believed to occur in capillary flow. These findings are important for a better un-

derstating of many polymer flow related phenomena including wall slip, die drool, and

extrudate surface instabilities.

5.2 Introduction

Surface enrichment of short chains in polydisperse polymers (Hariharan et al., 1990,

1991; Van der Gucht et al., 2002b; Minnikanti et al., 2007; Inn, 2013; Matsen and Mah-

moudi, 2014), has extensive implications in polymer processing and end-product surface

characteristics. In polymer processing, wall slip, (Brochard-Wyart et al., 1996; Archer,

2005; Ansari et al., 2013; Sabzevari et al., 2014b,a; Ebrahimi et al., 2015, 2016) wet-

ting/dewetting (Redon et al., 1991; Jones and Richards, 1999; Reiter and Sharma, 2001;

Bäumchen et al., 2014; Sabzevari et al., 2015a, 2016) and extrudate surface instabilities

including die drool (Gander and Giacomin, 1997; Musil and Zatloukal, 2011) and melt

fracture (Denn, 2001) have been related to surface enrichment of low molecular weight

(MW ) species at the interface. Also affected are surface/interfacial properties such as
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surface tension (Minnikanti et al., 2007; Mahmoudi and Matsen, 2017) and thermal prop-

erties such as glass transition temperature (Tanaka et al., 2002) that are important specif-

ically for thin film polymer applications. Understanding of surface segregation hence

becomes crucial, specifically in polydisperse systems typical of industrial polymers.

Surface segregation in polymers can be driven by chain disparities due to a combina-

tion of entropic and enthalpic factors or by a shear stress gradient across the flow channel.

In linear polydisperse polymers, chains are chemically identical differing only in molec-

ular weight. Surface segregation is thus mainly induced from factors motived by chain

length disparities. These factors in both flow and static conditions can be entropically

driven by the reduced conformational entropy at the surface or enthalpically driven by

the surface attraction/repulsion of chain ends. The latter reflects the surface energy dif-

ference between the backbone and end groups of the chain (Van der Gucht et al., 2002b;

Minnikanti et al., 2007).

Shorter chains suffer less from entropy reduction at a surface than longer chains and

hence are thermodynamically driven to the surface (Hariharan et al., 1990; Stark et al.,

2007). Van der Gucht et al. (2002b) used a self-consistent field model to derive an equa-

tion for the entropically-driven integrated surface excess of each component in a mixture

of linear chains. In their model, the integrated surface excess of a chain of lengthN in the

debris relative to the bulk is expressed as: θexN = (φN,d − φN,b) where φN is the volume

fraction of chains of length N and the subscripts b and d represent the bulk and debris

materials, respectively. The integrated surface enrichment relative to the bulk compo-

sition is θexN /φN,b = A(1 − N/NW ) in which A is a pre-factor and NW is the weight

average chain length of the polydisperse polymer.

Energetic factors strongly enhance surface segregation when end segments are pref-

erentially attracted to the surface as compared to backbone units resulting in a change in

the pre-factor A in the Van der Gucht et al. relation. In a linear system, since all chains
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possess two ends, the number of backbone units determines which chains are more af-

fected by the energetic force. This means that the shorter chains are enriched or depleted

at the surface (Van der Gucht et al., 2002b; Minnikanti et al., 2007) depending on the

relative surface attraction of the chain ends and the backbones (Tanaka et al., 2002).

Under certain flow conditions such as capillary extrusion, surface segregation is be-

lieved to be also mechanically driven by the shear stress gradient across the flow channel:

this is called the shear induced fractionation (Shelby and Caflisch, 2004; Musil and Zat-

loukal, 2011; Inn, 2013). Theoretical work (Rorrer and Dorgan, 2014) has indicated

that surface segregation of low molecular weight chains occurs under capillary flow due

to the shear stress gradient, while in the case of simple shear without slip no such en-

hanced segregation occurs. It is important to note that slip and die drool in capillary flow

have also been linked both experimentally (Musil and Zatloukal, 2011) and theoretically

(Schmalzer and Jeffrey Giacomin, 2013).

We have previously studied wall slip of binary and ternary mixtures of short and long

chains of polybutadiene (PBD) (Sabzevari et al., 2014b,a) and polystyrene (Sabzevari

et al., 2015a, 2016) on different substrates and different flow conditions. We showed that

among samples with similar weight average molecular weight (MW ), slip is enhanced in

those with lower number average molecular weight (MN ). Also, for slip of polydisperse

systems, the size and the content of the largest chains in the mixture is the dominant factor

affecting slip when short chains with different content values are present. In accordance

with our previous studies, here we investigate the surface enrichment of short chains.

Characterizing the surface composition of a polymer of chemically identical chains

has been one of the most challenging aspects of surface segregation studies (Jones and

Richards, 1999; Tanaka et al., 2002). The use of molecular weight distribution (MWD)

analyses has been hindered by experimental difficulties in collecting samples: the depth

of the enrichment layer is so small that it is practically impossible to separate it from the
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bulk for Gel Permeation Chromatography (GPC) measurements. Spectroscopic charac-

terization techniques and neutron reflectivity, on the other hand, suffer from the lack of a

proper test probe to monitor the enrichment without inducing additional energetic effects,

e.g. labeling and deuterating chain (ends) changes its surface energy and induces an ener-

getic driving force (De Gennes, Pierre-Gilles Gennes, 1979; Hariharan et al., 1993; Zhao

et al., 1993; Tanaka et al., 2002).

Tanaka et al. (2002) were the first to measure the surface enrichment of short chains in

thin polystyrene PS films without chemical labeling. They measured the glass transition

temperature, Tg, of the air-polymer surface of binary and ternary mixtures of short and

long chains and compared those to the surface Tg of the pure constituents. By using

a typical Tg mixing rule, they inferred the surface composition. Their work is indeed

interesting, illustrating relative excess of short chains to more significant extents than the

maximum value predicted by Van der Gucht et al. (2002b) relation, which only considers

entropic effects. As the authors reported in their previous work (Tanaka et al., 2002),

preferential attraction of chain ends to the surface was clearly a contributing factor.

Hill et al. (2018) used surface layer matrix-assisted laser desorption ionization time-

of-flight mass spectrometry (SL-MALDI-ToF-MS), to distinguish surface species with-

out labeling. They showed that their method provides the entire MWD demonstrating

that entropically driven surface enrichment of short chains occurs even in low polydis-

persity polystyrene and poly(methyl methacryalate) after annealing.

The objective of the present study is to provide the first experimental data on the

extent of surface enrichment of short chains in simple shear flow with slip. Our choice

of materials affords us the opportunity to investigate the effect of short chain length

and content on fractionation. By using simple shear flow in a sliding plate rheometer

(SPR) we ensured that flow induced fractionation does not contribute to our observations.

During the SPR experiment, a thin debris of polymer remains on the substrate after the
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sample undergoes strong slip (Koran and Dealy, 1999; Park et al., 2008; Sabzevari et al.,

2015b). We collect this debris and measure its MWD using GPC. Binary mixtures of

linear PBDs are investigated in a systematic manner.

This work is the first presentation of the MWD of the interfacial layer at the polymer-

solid interface after slip in simple shear. Results indicate significant surface enrichment

of short chains at the polymer-solid interface. Findings in this work are important for

a better understating of interfacial properties of thin films and wall slip as well as poly-

mer processing issues such as die drool and melt fracture specifically in polydisperse

polymers typical of industrial applications.

5.3 Materials and experimental procedure

Two sets of linear 1,4-polybutadienes (PBD) were used, as listed in Table 5.1:

(i) one polydisperse PBD denoted as 336k purchased from Sigma Aldrich and

(ii) three monodisperse (narrowly distributed) polymers denoted as 10k, 44k, and 90k

purchased from Polymer Source Inc. Canada.

The molecular weight distribution of all polymers shown in Fig. 5.1 were character-

ized by GPC relative to linear polystyrene (Waters 1525; THF at 35oC with a flow rate

of 1 mL/min; Phenomenex column; refractive index detector). Debris and bulk material

of all blends listed in Table 5.2 were also subjected to the same GPC analysis. Bulk

specimens were collected and analyzed both before and after shear flow to evaluate the

impact of shearing on our observations.

Mixtures were prepared in solution (∼ 10% weight fraction (wt%) polymer) with

dichloromethane (DCM) by mixing for 3 days. The solvent was evaporated at room

temperature followed by further drying under ∼ 70 cmHg vacuum for 3 days.
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Table 5.1: Molecular weight characteristics of PBD samples used in this study

# Sym. MN (kg/mol) MW (kg/mol) PI

1 10k 9,533 9,959 1.04
2 44k 40,260 43,702 1.09
3 90k 81,648 90,071 1.10
4 336k 169,777 336,158 1.98

Figure 5.1: Molecular weight distribution of base polymers.

Seven materials were studied in total: the pure PBD 336k sample which was used

as the reference and 6 binary mixtures made up of the monodisperse polymers and the

reference PBD 336k material. For each monodisperse polymer, two binary mixtures

comprising 10 and 20 wt% were prepared with PBD 336k. Binary samples were labeled

for example as: 336k − 10k(90/10) for a blend of 10wt% PBD 10k in PBD 336k. Table

5.2 shows the list of binary mixtures. The radius of gyration was calculated from the

expression (Dealy and Larson, 2006) < R2
g >0= (C∞l

2j/6Mo)MW with the constants
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having as value (Strauch et al., 2009) C∞ = 4.61, j = 2,Mo = 54.09 g/mol and l =

1.34× 10−10m.

Table 5.2: List of PBD samples examined in the present work. All molecular weight
information obtained using GPC. Indices b and d represent bulk and debris, respectively.

# sym. MN,d MW,d PId Rg,b MN,b MW,b PIb Rg,b

(kg/mol) (kg/mol) (nm) (kg/mol) (kg/mol) (nm)

1 336k 125.0 264.1 2.11 11.6 169.8 336.2 1.98 13.1
2 336k-10k(90/10) 50.2 175.7 3.50 9.5 71.8 301.0 4.19 12.4
3 336k-10k(80/20) 33.1 179.4 5.41 9.6 37.1 212.7 5.73 10.4
4 336k-44k(90/10) 100.6 227.0 2.26 10.8 125.7 277.2 2.20 11.9
5 336k-44k(80/20) 75.0 165.2 2.20 9.2 97.3 236.3 2.43 11.0
6 336k-90k(90/10) 122.4 231.5 1.89 10.9 141.9 269.9 1.90 11.7
7 336k-90k(80/20) 104.6 207.5 1.98 10.3 131.9 241.1 1.83 11.1

All SPR experiments were carried out at room temperature. Specimens were prepared

by compression molding at a pressure of 15 tons. Pressure on the mold was maintained

for 60 minutes to allow for relaxation. The test specimen was then loaded onto the

SPR and allowed 30 minutes for stress relaxation after which it was sheared. The gap

between the SPR plates was maintained at 1 mm. The nominal shear rate was set at 5

s−1 for all the material studied, a choice based on previous PBD slip studies (Sabzevari

et al., 2014a). The shear rate was kept constant allowing us to focus on the effect of the

short chain length and content on surface fractionation.

Polymers flowing over a surface often slip (Wise et al., 2000; Hatzikiriakos, 2015)

and previous studies (Brochardt and De Gennes, 1992; Migler et al., 1993; Awati et al.,

2000) have shown that the slip behavior ranges from weak slip through a transition to

strong slip. It is greatly influenced by the surface energy of the substrate. In the strong

slip regime on a high energy surface the bulk chains disentangle from a monolayer close

to the wall. Our choice of nominal shear rate ensured that the experiment was performed

in the strong slip region. The travel distance was set at 50 mm. This results in a long
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debris trail on the substrate (Fig. 5.2). All systems left a hazy debris behind on both

plates confirming strong slip at a nominal rate of 5 s−1 (Park et al., 2008).

Figure 5.2: Slip and debris in simple shear, a) bulk and debris after slip of PBD and b)
schematic of slip in the SPR shear cell (reproduced from Sabzevari et al. (2015b)).

5.3.1 Debris collection procedure

The moving plate of the SPR was modified to accommodate a removable microscopic

glass slide on which the debris was collected (see Fig. 5.3). We machined a groove into

the moving part of the SPR which was of appropriate dimension to fit a glass slide (40 x

80 x 1 mm). Prior to performing the experiments, the glass slide was thoroughly cleaned

by washing with water and soap, and then rinsing with DI water, Acetone, and THF for

10 min each under sonication.

The debris was removed from the glass by submerging the entire slide into a solvent

for two hours at room temperature. Two solvents were tested for this purpose: toluene

and THF. The effectiveness of the solvent in completely removing the debris from the

glass substrate was evaluated via FTIR analysis (ThermoScientific Nicolet iS10 FTIR

Spectrometer). In Fig. 5.4 the FTIR spectrum is presented. It is clear from Fig. 5.4

that THF completely dissolved all debris from the glass substrate. THF was also used as

the solvent for the GPC analysis, hence our debris solution was directly used for GPC
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Figure 5.3: Debris on the glass slide after a shear test at 5 s−1 in simple shear flow using
SPR (PBD 336k).

analysis. This method ensured that the debris collection method was exhaustive.

Figure 5.4: FTIR analysis of glass surface including the original clean, bare glass, the
glass containing the debris and then the glass/debris after soaking in either THF or
toluene. Data are shifted along the vertical axis for better illustration. It is shown that
the PBD 336k debris can be removed from the glass surface after two hours dissolution
in THF at room temperature.

The results from the GPC analysis of the reference material are presented in Fig. 5.5.
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The debris MWD is noticeably different from that of the bulk. The possible effect that

shearing could have on our results was evaluated by GPC testing the bulk sample both

prior and after simple shear flow experiment. The results indicate no change in molecular

characteristics. Therefore, simple shear did not cause any significant molecular weight

fractionation within the bulk.

Figure 5.5: Molecular weight distribution of the PBD 336k bulk (before and after shear)
and its debris.

Fractionation can occur in the absence of flow in response to the thermodynamic

driving force (Van der Gucht et al., 2002b). This implies that during the rest period for

stress relaxation, fractionation could have occurred. By performing our experiments at

room temperature and a constant shear rate on polybutadiene allows us to assume that the

contributions from thermodynamic driving forces are negligible in our analyses, leaving

the effect of slip and the response of the chains of various lengths as the significant

factors.

103



The average thickness of the debris on the glass substrate was 300 nm, as measured

by tapping mode AFM (Nanoscope IIIa MultiMode SPM atomic force microscope). The

thickness of the debris was one order of magnitude greater than the radius of gyration

(Table 5.2).

5.4 Experimental results

The molecular weight distributions of the debris obtained by subjecting the materials

to simple shear flow at a constant shear rate are presented in Fig. 5.6. Also plotted in that

Figure is the MWD of their respective bulk material and the expected surface segregation

as predicted by Van der Gucht et al.’ s model (Van der Gucht et al., 2002b) . In making

use of the model we follow the steps employed by Ebrahimi et al. (2016) which assumes

constant chain density allowing for the replacement of N and NW by M and MW , re-

spectively and the transformation of the expression θexN /φN,b into υex(M)/wb(M). The

sum of υex(M), integrated surface excess, andwb(M), bulk weight fraction then gives the

MWD function for the model. Minnikanti et al. (2007) also proposed a model for dealing

with different species in polydisperse melt while Dorgan and Rorrer (2015) provided a

model which accounts for both the concentration gradient present in the absence of flow

and contributions emanating from shear gradient during flow. Our choice of model in our

analysis was based on the fact that we were dealing with only a single species and had

no shear gradient contribution in our flow system.

The MWDs of the debris for all of the materials clearly shows substantial differences

from their respective bulk distributions: it has been enriched by short and moderate

chains with a corresponding depletion in the content of longer chains. Similar obser-

vations in capillary flow had been attributed to flow induced fractionation (Shelby and

Caflisch, 2004; Inn, 2013). In simple shear flow however it is thought that the absence of
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the gradient in shear rate required to drive migration would make it impossible for such

surface fractionation to occur (Dorgan and Rorrer, 2015) while our results clearly show

that it happens. There exists two possible reasons for our observation: the first is the

contribution from the localized stress gradient existing in the vicinity of the slip plane in

simple shear flow (Rorrer and Dorgan, 2014) and the second is the likelihood of chains

joining the bulk flow when they are in the vicinity of the slip plane depending on the

location of their center of mass and their length.

Table 5.2 lists the MW and MN values of the bulk versus debris for PBD 336k and

the binary mixtures, with the indices b and d representing bulk and debris, respectively.

Attention is given to the number average molecular weights in Fig. 5.7.

105



Figure 5.6: Molecular weight distribution of bulk (thick, blue line) and debris (red line,
10 s−1 for the binary mixtures)
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(a) (b)

Figure 5.7: MN (a): Correlation of MN,d between MN,b. Dashed line represents the
linear regression fit of the data. (b): Correlation of MN,d with the chain length of the
short chains, a reduction in MN,d with increasing weight fraction of LMW observed.

In Fig. 5.7a theMN of the debris is plotted versus that of the bulk. A very strong linear

correlation is observed, indicating that the debris had on average a MN about 0.78% that

of the bulk. This correlation indicates the importance of shorter chains in the molecular

weight fractionation. A look at Fig. 5.7b which considers the number averages in terms

of the influence of the chain length of the LMW components and their weight fraction

however reveals an interesting trend. The MN increases with the chain length of the

LMW component while an increased weight fraction led to a reduction in the MN . In

order words the more the shorter chain content, the lower the MN . The MW however did

not show such correlations, although all debris MW are smaller than the corresponding

bulk MW .

To understand the results in Fig. 5.7, we employ the tube model to calculate the

relaxation modulus of the materials and obtain their respective zero-shear viscosities.

A test chain i in a polymer melt after being subjected to some form of perturbation,

relaxes the stressed imposed on it by the use of several mechanisms. The surrounding
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constraints are referred to as the tube out of which the test chain would have to reptate.

The tube survival probability of the chain i at a specific time t can be determined from

the expression (Doi and Edwards, 1986) :

P (t,M) =
8

π2

∑
k=odd

1

k2

[
exp

(
−k

2t

τd

)]
(44)

where Pi is the survival probability and τd is the longest relaxation time. The effect

of contour length fluctuation was incorporated through the longest relaxation time using

the expression (Milner, 1996; Milner and Mc Leish, 1998) :

τd = 3τe

(
M

Me

)3
[

1− κ
(
Me

M

)0.5
]2

(45)

where τe and Me are the equilibration time and the molecular weight between entan-

glement, 1.31×10−6 s and 1850 g·mol−1 (Struglinski and Graessley, 1985; Luengo et al.,

1997; Pattamaprom et al., 2000; Ebrahimi et al., 2015) respectively [Ferry’s (Ferry, 1980)

definition was used for the value of Me] . The relaxation modulus was then calculated

using the expression

G(t) = G0
N

(∫ ∞
−∞

w(M)P (t,M)dlogM

)β
(46)

where β accounts for the cooperative constraint release and taken to have a value of 2,

G0
N was taken to be equal to 1.15 MPa (Van Ruymbeke et al., 2002a; Liu et al., 2006).

The calculated relaxation modulus curves are presented in Fig. 5.8.

The effect of the weight fraction of the low molecular weight (LMW) component

is illustrated in Fig. 5.8a by presenting the simulated relaxation modulus of the PBD

336k − 10k series. At the time scale that the slip experiment was performed (∼ 0.1 s),

a depression in the relaxation modulus is observed with the introduction of short chains
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(a) (b)

Figure 5.8: Calculated Relaxation Modulus (a): effect of weight fraction of short chains
(b): effect of chain length of short chains at 20% weight fraction.

and its magnitude scales with the length and weight fraction of the short chains. In Fig.

5.8b the influence of the short chain length at a constant value of wt. fraction is shown.

Shorter chain lengths from the LMW component to more effectively cause a reduction

in the modulus at lower and moderate time but had little influence at longer time. These

observations were consistent with all the other materials.

A recent study on the effects of the shape features of the MWD on the relaxation

behavior of polymers illustrated the manner in which the bimodal ratio and separation of

the distributions influences the relaxation of polymer melts (Kwakye-Nimo et al., 2022a).

Larger values of the bimodal ratio, which was defined as the ratio of the HMW peak to

that of the LMW, were indicative of distributions dominated by the HMW component

leading to slower relaxation of the melt. Hence, doubling the %wt. fraction of the short

chains results in a reduction of the bimodal ratio, which leads to faster relaxation as

shown in Fig. 5.8a. With regard to the influence of the short chain length in the binary

mixture on the relaxation of the melt, the wider the difference (larger values of bimodal
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separation), the smaller the time required for the short chains to relax and allowing the

longer chains to relax at an early time. The depression of the relaxation modulus when

varying short chain length observed in Fig. 5.8b therefore highlights the role played

by the short chains in the constraint release process. When relaxed, chains which are

not directly adsorbed to the surface but rather entangled with chains that were adsorbed,

could be pulled along the bulk flow (or not) depending on which side of the plane of

failure their center of mass sits.

We next turn our attention on how an enhanced relaxation of the melt influences sur-

face enrichment, we start by segmenting our MWD into bins ranging from 7 to 10 based

on the number of data points available in the MWD, in accord with the square root choice

of bin width (Ng et al., 2013). The surface enrichment is then calculated as the ratio of

the area under the curve of the debris to that of the bulk distribution and is presented in

Fig. 5.9a for the reference material. Note that our method of segmenting the distribu-

tion and evaluating the enrichment per segment produces the expected 19.5% enrichment

for Van der Gucht et al.’ s model (Van der Gucht et al., 2002b). The debris, however,

exhibited substantially higher enrichment than that predicted by the model. We addition-

ally observe that the enrichment-depletion transition point occurs at a molecular weight

lower than the MW . This transition point seemed to depend on the details of MWD,

which we believe influences the cohesive failure mechanism [see Fig. 5.9b]. In Fig. 5.9b

the enrichment depletion curve of the reference material is compared to the two blends

of 336k−90k, which clearly shows a transition point for the two blends also occurring at

a different value other than the reference material and Van der Gucht et al.’ s prediction.

The enrichment- region was found to negatively correlate with the chain length, which

is understood as a reduce probability for longer chains to preferentially want to adsorb

themselves to the wall.

For a system which involves simple shear flow such as the one used in this study, the
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(a) (b)

Figure 5.9: Surface excess as a function of molecular weight for the (a): reference ma-
terial and Van der Gucht et al. model (b) blends of 336k − 90k, transition point also
occurring at different value other than the reference and MW

only plausible reason explaining the occurrence of the transition point at a value other

than MW is the nature of the cohesive failure. The failure mechanism at the interface

has previously been attributed also to several other observations involving macroscopic

phenomenon such as die drool (Musil and Zatloukal, 2011) and melt fracture (Inn, 2013).

To compare the influence that the short chain length and volume fraction had on sur-

face enrichment we convert the MWDs into cumulative distribution functions (CDF).

CDFs have the benefit of not only normalization but also allows us to easily compare key

quantitative features such as the median from several data sets (Groeneboom and Pyke,

1983). The results for selected materials are presented in Fig. 5.10.

In Fig. 5.10(a & b) the CDF of the debris of the reference material and PBD 336k −

44k(80/20) are compared to their respective bulk distributions. The median chain length

in the debris is clearly seen to be shifted to lower values as compared to the bulk in both

cases. A shift in median to a lower value indicates the depletion of HMW chains and

an enrichment of short chains. The median chain length of the debris was lower than
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(a) (b)

(c)

Figure 5.10: ECDFs (a) reference material (b) 336k-44k(80/20) (c)336k-10k(80/20)

that of the bulk in all cases except for those systems containing the lowest molecular

weight short chain, 10k. The CDF of PBD 336k − 10k(80/20) is shown in Fig. 5.10c.

This system does not have a lower median chain length in the debris, but it is enriched at

moderate values of molecular weight.

To determine how the chain length and their volume influenced surface migration, we

next plot the ratio of the number average of the debris to that of the bulk as a function of
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the chain length, this is shown in Fig. 5.11. We exclude the blend 336k-10k(90/10) from

our analysis due to experimental flaws [shown as light purple].

Figure 5.11: Enrichment as a function of chain length, dashed line is the reference mate-
rial.

A reduction in the value of Mn represents a system enriched by short chains. The

impact of doubling the short chain content is clearly seen to enhance surface migration

as seen from the lower values of the blends with 20% wt. fractions. This can be attributed

to the enhanced relaxation of the melt as shown in Fig. 5.8a. With regard to the effect

of the chain length on fractionation, Kwakye-Nimo et al. (2022b) observed in their study

that chains with length shorter than Me were depleted. In this study also, even though

the shortest chain length incorporated in the blends was far much longer than Me, a look

at Fig. 5.10c shows that enrichment was not enhanced at shorter chain lengths levels by

the incorporation of short chains but rather, intermediate chains showed a higher level of

enrichment. This we believe is attributable to first, a chain being able to compensate for
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entropic penalty and then taking advantage of its length to get adsorbed to multiple sites;

a capability which decreases as the chain length increases as shown by the upward trends

from Fig. 5.11 i.e. starting from blends 336k-44k. It is worth nothing that even though

the polymers capability to enrich the surface was decreasing with chain length, but by

doubling their content of the short chains the difference between the 10% wt. and 20%

wt. fractions get considerably noticeable [see chain length of 90K in Fig.5.11 ].

Ansari et al. (2013) utilized concepts from the double-reptation theory to develop an

expression relating slip velocity of polymers to their MW and MWD. Using this expres-

sion, they showed that migration of shorter chains to the surface significantly increases

slip velocity. Similarly, die drool studies previously showed that drool MW is lower

as compared to the bulk. Musil and Zatloukal (2011) showed that, after extrusion of a

polydisperse HDPE through a capillary, die drool from this process has a lower weight

average molecular weight than the original polymer. We believe that the debris in our

experiments is in nature the same as die drool and therefore can be treated as the layer of

molecules which ends up as die drool in the capillary flow, though the enrichment mech-

anisms are not exactly the same. Nonetheless, observations in this study might bring us

one step closer to a more comprehensive understanding of some complex behavior of

polydisperse systems.

The implications of the observed behavior are versatile. For example, enhanced slip in

polydisperse polymer melts in previous studies may be related to the surface enrichment

of short/intermediate length chains not purely driven by thermodynamic factors. Also,

the experimental data for surface segregation can significantly improve theoretical mod-

els (Joshi et al., 2000; Tchesnokov et al., 2005; Ansari et al., 2013). Joshi et al. (2000)

modeled wall-slip by using a transient network model to unify various features of the

slip phenomenon in one theoretical framework. Underlying physical mechanisms (wall

disentanglement, desorption and bulk disentanglement) were incorporated in this model.
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Our results indicate that the incorporation of another mechanism related to surface seg-

regation to such a model may be necessary.

5.5 Conclusion

The molecular weight distribution of debris at the polybutadiene-glass interface after

strong slip in simple shear flow is presented for the first time. These data represent sur-

face composition attained without the need of chain labeling. Significant enrichment of

short and intermediate chains (shorter than the weight average chain length) is observed

as compared to the bulk. Enrichment of short chains at the surface is balanced with a

depletion of long chains. Our results are in general agreement with predictions from Van

der Gucht et al. and Minnikanti et al. enrichment equations; components with molecular

weights below the mixture weight-average molecular weight are enriched at the surface

while there is a depletion of high molecular weight components (larger than the mixture

MW ). The enrichment-depletion transition point was however observed to occur at a

value lower than MW and was found to be independent of the MWD. The debris showed

varying levels of enrichment in simple shear flow thereby suggesting the presence of

an additional mechanism influencing surface fractionation. The surface enrichment was

found to decrease with an increase in the short chain length. Doubling the weight fraction

of the chain length enhanced the surface fractionation for all values of Ns but its effect

was especially profound for small values of Ns.
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Chapter 6

Conclusion and Future Works

6.1 Conclusion

This work aimed at understanding the relationship between the features of the molec-

ular weight distributions and its rheological properties. Attention was also given to un-

derstanding surface migration in the absence of bulk shear rates. The conclusion from

this work can be summarized as follows:

Chapter 3: Linear viscoelasticity is a useful means of probing the molecular structure of poly-

mers. This usually entails performing experiments to obtain material functions

which are subsequently used to calculate the viscometric spectra through com-

plex inversions of mathematical integrals. We showed in this work that the linear

viscoelasticity of a melt could be probed approximately using the features of its

molecular weight distribution. The features of the MWD showed dependence on

rheological parameters in the same manner as rheological properties. The breadth

of the MWD was observed to increase the zero-shear viscosity’s dependence on the

weight average molecular weight. Additionally, the relaxation behavior of a melt

was also probed using the same method; the breath of the relaxation spectra was
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inferred by just using the bimodal separation and the polydispersity index. Being

able to predict rheological behavior without performing experiment from just the

shape of its distribution will essentially be useful in industrial processes as a first

step in the material design process.

Chapter 4: We showed that at the polymer-wall interface, bulk shear rate gradient is not a pre-

requisite for the surface fractionation of a melt and this was under circumstances

in which the system was far from thermodynamic equilibrium. Not only was sur-

face fractionation observed in the absence of a bulk shear rate gradient, but it was

also shear rate dependent. Chains with molecular weight lower than the molecular

weight between entanglement were observed to deplete instead of surface enrich,

an observation first in its kind. Additional insight was also provided on the wall

slip mechanism. Our results showed that both adhesive slip and cohesive slip could

occur at the same time contrary to the notion that a system could exhibit just one

of the mechanisms based on the surface energy of the wall.

Chapter 5: With a careful design of molecular weight distributions so as to have a system-

atic variation in both chain length and volume. Surface enrichment was shown to

be enhanced under two scenarios i) with increasing volume in short chain and ii)

decreasing short chain length. An enhanced relaxation of the melt was shown to

greatly improves the surface enrichment capacities of the melt. The enrichment-

depletion transition was also observed to be not constant but seem to be a function

of the molecular weight even though we could not establish such correlations with

our data.
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6.2 Perspectives

Both the relaxation and rheological behaviors of melts were shown to correlate with

the bimodal parameters defined in chap 3. The materials used in this study however, were

dominated by RB values that were less than 1. Future works could also investigate such

correlations for RB > 1.

Surface fractionation was shown to occur in simple shear for the first time. This

calls for new models which would incorporate this phenomenon. But first, experiments

needs to be designed to help provide a better understanding of the behavior at the enrich-

ment/depletion transition zone. This could be achieved by using a material other than

HDPE but with similar molecular characteristics. Additionally, by using a much wider

range of short chain length to obtain blends similar to the concept used in chapter 5 the

influence of the chain lengths on the enrichement/depletion transition point could also be

investigated.

In chapter 4, the slip plane was observed to move up with increasing shear rate. The

reason behind such observation is currently not well understood and needs to be looked

at in future studies.
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Appendix A

Supplementary information for

chapter 3

A.1 Estimation of the zero-shear viscosity

The zero-shear viscosity used in our analysis is estimated in regions where the creep

experiment had reached steady state. To identify the steady state region, the rate of

change of the creep compliance is plotted as a function of time. Fig A.1 shows such a

plot for one of our materials. A constant slope (within experimental limits) is observed

after 8 hours for HDPE-3.

A comparison of the zero-shear viscosity (from creep) and that estimated using the

combined relaxation spectra is plotted as a function of MW in Figure A.2. A good agree-

ment can be seen between the values from the two methods for determining η0. This

serves as an additional confirmation of the validity of our relaxation spectra.
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Figure A.1: Rate of change of creep compliance as a function of time. Zero-shear viscos-
ity was evaluated in regions where constant rate of change is observed for all materials.

Figure A.2: zero-shear viscosity as a function of the molecular weight. A comparison of
two evaluation methods.
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A.2 Thermo-rheological analysis

In the estimation of the activation energy, the need for a vertical shift factor was

assessed by making use of the Cole-Cole plot. As detailed by Hatzikiriakos (2000),

when G
′′

is plotted against G
′

for different temperatures a vertical shift is not required

if the curves superpose. In Figure A.3a we present such a plot for one of our materials

indicating that the modulus shift factor is not needed. Superposition was observed for all

materials.

We then evaluated the thermo-rheological complexity of our materials using two

methods. First by plotting δ versus |G∗|, an overlap of the curves obtained at different

temperatures signifies thermorheological simplicity as presented in Figure A.3b (Keßner

et al., 2009). Finally an activation energy that is independent of the storage modulus is

also expected, in the case of thermorheological simplicity (Wood-Adams and Costeux,

2001). This is shown in Figure A.4 for all the experimental materials. From these analy-

ses we conclude that the materials are thermorheologically simple.
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(a) (b)

Figure A.3: Thermo-rheological simplicity curves (a)Cole-Cole plot for HDPE 1, super-
position indicates no need for a vertical shift during time-temperature superposition (b)
δ versus |G∗|, superposition of curves indicates thermorheological simplicity.

Figure A.4: Ea(G
′
): demonstrating independence of Ea and G

′
indicating thermorheo-

logical simplicity
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A.3 Resolved peaks of the MWD

The Gaussian mixture model (McLachlan and Rathnayake, 2014) was used to deter-

mine the probability distribution function of the MWD, from which a large number of

data points were generated which was subsequently used for clustering of the generated

data. The clustering helped determined the number of subpopulations in the distribution

which were then grouped in LMW and HMW components. Figure A.5 shows the output

of such clustering and in Figure A.6 the resolved peaks are presented.

Figure A.5: Surface plot of HDPE-1 showing the subpopulations in the MWD.
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Figure A.6: Resolved peaks of the molecular weight distributions of the studied.

A.4 Weighted relaxation spectra

In Figure A.7, the weighted relaxation spectra of several of our materials are pre-

sented.
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Figure A.7: Weighted relaxation spectra of selected materials.

A.5 Feature Selections

Figure A.8 , A.9 and A.10 shows the scores obtained from the feature selections

(Iguyon and Elisseeff, 2000) method. In Figure A.8, the MW is the principal feature

influencing η0 and not the bimodal parameters.

Figure A.8: Scoring output from the feature selection function for η0
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Figure A.9: Scoring output from the feature selection function for Gc.

Figure A.10: Scoring output from the feature selection function for RSIIII
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When two consecutive features have an equivalent score, we determine if those fea-

tures in question convey the same information by testing their strength of correlation, in

which case we choose only 1 of them to include in the model.

A.6 Generalized Linear Model

The correlation between Gc and RSIIII with the features of the MWD were carried

out using the Generalized Linear model (Nelder and Wedderburn, 1972; Höge et al.,

2018). In Table A.1 we present the performance of the model upon addition of new

features in the order in which they appear in section A.5. Once the addition of a new

feature does not improve the adjusted R-squared then that new feature is not included in

the model. In Table A.2 the data input for the GLM correlating RSIIII to the features of

the distribution is provided and Figure A.11 and A.12 the summary output of the GLM

for the crossover modulus and RSIIII .

Table A.1: R-Square values used to select the number of features for the model.

Crossover Modulus RSIIII
No. Features R2 R2 Adj. R2 R2 Adj.

1 0.996 0.993 0.955 0.949
2 0.996 0.995 0.990 0.987
3 0.996 0.995 0.991 0.986

All other analysis was performed using Microsoft excel 2019 version.
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Table A.2: Input data for the GLM for RSIIII

HMW fraction BimodalSeperation RSIIII
(φ) (SB)

0.146616311 0.967067121 2.149702
0.341686503 0.75216727 4.096969
0.248497243 0.714762606 5.792839
0.327908487 0.625623716 9.952996
0.369838648 0.638820727 9.709938
0.427661615 0.733695031 3.948923
0.289123559 0.845427187 4.069804
0.349410932 0.828980535 3.620098
0.258700793 0.858327552 3.633364

Figure A.11: Output of the GLM correlating the MWD features to that of the crossover
modulus
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Figure A.12: Output of the GLM correlating the MWD features to that of RSIIII
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Appendix B

Supplementary information for

chapter 4

B.1 Statistical Analysis

B.1.1 Error estimation

We compared the error from the GPC measurements using two method. In the text the

standard error of the mean was estimated by drawing several bootstrap replicates. This

section compares the output of the estimation using bootstrap replicates to estimating the

error from the single experimental data set using its standard deviation and sample size.

In Fig. B.1 the error estimated from the two approaches is presented and can be seen

to be very comparable. The low margin of error highlights the reproducibility of our

experimental results.
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Figure B.1: Error analysis, a comparison between estimation from experimental data and
simulation

B.1.2 Summary statistics

The MWDs are converted into number fraction distributions, which is subsequently

used to calculate the empirical cumulative distribution functions (ECDF). The quartiles

of the distribution are next evaluated. Fig. B.2 presents the summary statistics of the

MWDs. Both the median chain length and the interquartile range (IQR) of all the debris

can be observed to be higher than the bulk. The increase in the median value relative to

the bulk signifies a lost of small chains from the debris while the relative increase in IQR

also indicates the debris had an increase in chain compositions around its median chain

length.
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Figure B.2: Summary statistics of the MWDs

B.2 Presence of holes in thin films

Holes were observed on the glass substrate at all experimental shear rates. In Fig. B.3

a pictorial representation of the holes at the different experimental shear rates is shown.

Their size and frequency are observed to decrease with shear rate.

Figure B.3: Holes observed on glass substrate. Their size and frequency decreases with
shear rate.

Holes were also observed on a much higher surface energy material such as steel as

presented in Fig. B.4
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Figure B.4: Holes observed also on steel plate

FTIR Analysis performed on locations where holes were observed did not contain

peaks expected for HDPE
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Figure B.5: FTIR on bare glass, location of hole and region with polymer.

B.3 Extensional viscosity measurements

The force required to break the bulk sample when subjected to different extensional

strain rates is presented in Fig. B.6. During the simple shear flow experiment, the stress

values used to cause the bulk polymer to slide over the tethered chains was much lower

than the force required to break the C − C bond of the bulk sample. Hence no chain

scission occurred under the experimental conditions used.
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Figure B.6: Stress as function of time from a transient extensional viscosity measure-
ment.
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Jack Kirk, Martin Kröger, and Patrick Ilg. Surface Disentanglement and Slip in a
Polymer Melt: A Molecular Dynamics Study. Macromolecules, 51(21):8996–9010,
nov 2018. ISSN 15205835. doi: 10.1021/acs.macromol.8b01865. URL https:
//pubs.acs.org/doi/abs/10.1021/acs.macromol.8b01865.

Jacob Klein. Dynamics of Entangled Linear, Branched, and Cyclic Polymers. Macro-
molecules, 19(1):105–118, 1986. ISSN 00255416. doi: 10.1016/0025-5416(70)
90078-9. URL https://pubs.acs.org/sharingguidelines.

Vassilis Kontogiorgos. Calculation of relaxation spectra from mechanical spectra
in MATLAB. Polymer Testing, 29(8):1021–1025, 2010. ISSN 01429418. doi:
10.1016/j.polymertesting.2010.09.007. URL http://dx.doi.org/10.1016/
j.polymertesting.2010.09.007.

François Koran and John M. Dealy. Wall slip of polyisobutylene: Interfacial and pressure
effects. Journal of Rheology, 43(5):1291–1306, aug 1999. ISSN 0148-6055. doi: 10.
1122/1.551025. URL https://sor.scitation.org/doi/abs/10.1122/
1.551025.

M. Kraft, J. Meissner, and J. Kaschta. Linear Viscoelastic Characterization of Polymer
Melts with Long Relaxation Times †. Macromolecules, 32(3):751–757, 1999. ISSN
0024-9297. doi: 10.1021/ma980730f. URL http://pubs.acs.org/doi/abs/
10.1021/ma980730f.

van Dirk Willem Krevelen and Nijenhuis K. Te. Properties of Polymers. In Properties
of Polymers: their correlation with chemical structure; their numerical estimation
and prediction from additive group contributions, chapter Typology o, pages 7–45.
Elsevier, 2009. ISBN 978-0-08-054819-7.

Qin Kuang, Xue Wang, Zhiyuan Jiang, Zhaoxiong Xie, and Lansun Zheng. High-energy-
surface engineered metal oxide micro- and nanocrystallites and their applications.
Accounts of Chemical Research, 47(2):308–318, feb 2014. ISSN 00014842. doi:
10.1021/ar400092x.

Shadrach Kwakye-Nimo, Yongwoo Inn, Youlu Yu, and Paula M. Wood-Adams. Linear
viscoelastic behavior of bimodal polyethylene. Rheologica Acta, 61(6):373–386, apr
2022a. ISSN 14351528. doi: 10.1007/s00397-022-01340-5. URL https://link.
springer.com/10.1007/s00397-022-01340-5.

Shadrach Kwakye-Nimo, Yongwoo Inn, Youlu Yu, and Paula M. Wood-Adams. Polymer
Fractionation at an Interface in Simple Shear with Slip. Macromolecules, 55(15):
6609–6619, aug 2022b. ISSN 0024-9297. doi: 10.1021/ACS.MACROMOL.2C01102.
URL https://pubs.acs.org/doi/10.1021/acs.macromol.2c01102.
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