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SUMMARY

The current practice for recycling of mixed plastics relies on complex and time-
consuming procedures for materials separation or on the use of expensive compatibilizers
for improving mechanical properties. A simple method for direct reuse of waste plastics
without the pre-separation procedure or the compatibilizer will be beneficial for efficient
and cost-effective recycling. This emerging need provides a motivation to study how to
process immiscible polymer blends into value-added fiber-based products without using
compatibilizers, which, on the other hand, are also helpful for the development of new

polymer blend products.

Because of the existence of an implicit interface between immiscible polymers, the
prediction of morphological evolution of immiscible blends during processing is difficult.
In this work, constitutive equations for complex interfaces in affine deformation are
formulated based on the Finger strain tensor. In chapter 2, three equivalent solutions to the
Cauchy stress tensor are derived by differentiating the interfacial energy with respect to the
Finger strain tensor for affine deformation. A variable is defined to represent the interfacial
orientation degree based on the Finger strain tensor, which makes it possible to show the

evolution of interfacial orientation in different deformation fields straightforwardly.

The solution developed in chapter 2 assumes affine deformation and is not suitable
for viscoelastic polymer blends with relaxation effects. To address this issue, the
memorized strain B, is distinguished from the total strain. The interfacial orientation
degree for interfaces with relaxation effects is now described with B,, which can be

obtained via an energy balance approach. The evolution of interfacial orientation degree in

XVi



different deformation fields with relaxation effects considered are calculated. The
modeling results of interfacial orientation degree at different temperatures are compared
with the stress relaxation results of PP/PS blends and give consistent predications for the

change of relaxation rate with the experimental results.

Based on the results of constitutive modeling and characterization, a processing
methodology employing nearly co-continuous structure is proposed and demonstrated with
two case studies. In the first case study, PP/PS blend is used for fiber preparation. The
“nearly co-continuous structure” is generated with a simple melt blending process. Key
points in this methodology also include using a small jet stretch almost equal to zero and
separate hot drawing at a suitable temperature. The obtained fiber with our methodology
has a tensile strength of more than 300 MPa, which is much higher than that prepared with

the traditional melt spinning method.

The second case study aims to explore developing fiber-based products with novel
properties from immiscible polymers. Fiber prepared from co-continuous PCL/OBC
blends shows a supercontraction ability upon heating. The shrinkage ratio is as high as 8
times. During heating, there is a shrinking stress generated, which is measured with DMA.
The supercontraction fiber has a tensile strength of around 80 MPa. Cyclic tensile testing

indicates the fiber can be reused.

In summary, in this thesis study, we adopt a “nearly co-continuous structure” and
employ such a morphology for materials processing and products realization when
immiscible polymer blends are encountered. This nearly co-continuous structure is

considered significant from both engineering and economics perspectives. The thesis starts
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with constitutive modeling of the dynamics of complex interfaces, leading to equations for
the Cauchy stress tensor and the evolution of interfacial orientation in both affine
deformation and situations where relaxing effects need to be considered. With the help of
constitutive modeling and characterization, a methodology has been designed for
producing valuable fiber-based products from immiscible polymer blends. Two case
studies are used to demonstrate the methodology. Fiber prepared from the PP/PS blend
shows improved mechanical properties compared with the fiber obtained via traditional
melt spinning. In addition to improved mechanical properties, efforts have also been made
to process polymer blend products with novel properties. Particularly, PCL/OBC blend is
used as a model system to produce reusable supercontraction fiber which possesses a
supercontraction ability upon heating. The overall methodology developed in this thesis
work is formulated on the basis of the interfacial dynamics during blends processing where
a compatibilizer is absent. Therefore, it may provide a potential route for direct recycling

of waste plastics without the use of compatibilizers.
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1. INTRODUCTION

1.1 Polymer Blends

After World War 11, large-scale production of plastics occurred, and plastics became
one of the most popular man-made materials. In the past several decades, the production
of plastics has shown continuous growth from 0.35 million tons in 1950 to ~335 million
tons in 2016 [1]. Among them, polyolefins, polyvinyl chloride (PVC), polystyrene (PS),
and polyethylene terephthalate (PET) are the most popular resin types, accounting for
around 85% of the total plastic market. The applications include but are not limited to
packaging, building and construction, automotive, electrical and electronic industry,
agriculture, etc. With the growth of the economy, the speed of producing new polymers by
developing new monomers was not able to fulfill the market demand. Beginning in the
1960s, polymer blending technology began to be used, in which two or more polymers are
blended together to create a new material that has different properties. Compared with
polymer synthesis, polymer blending can combine several properties in one product with a
faster formulation and commercialization process and is a more cost-effective method for
developing new products [2]. One successful example of polymer blending is the
development of high impact polystyrene (HIPS), a styrene-based material with high impact
resistance endowed by the rubber phase [3]. Currently, polymer blend products are widely
used in various fields like healthcare, aerospace, consumer electronics and automotive
industry. According to the BCC market research, the polymer blend market reached 26.3

billion pounds in 2016 and will continue to grow in the future [4].



From a thermodynamic point of view, polymer blends may be miscible or
immiscible. The miscibility of two polymers under constant temperature and constant

pressure may be evaluated using the Gibbs free energy, defined by Eq. 1 [2]:

In this equation, AG,, is the change in the Gibbs free energy; AHw is the enthalpy change,
AS,, is the entropy change and T is the absolute temperature. If AG,, is positive, then these
two polymers are considered to be immiscible; otherwise, they are miscible. When two
polymers are blended, the value of AS,, is small because of their high molecular weight,
and therefore, the value for the term TAS,, is small. In order for AGwm to be negative, AHwm
must be a negative number or a small positive number. In other words, the blending of two
polymers need to be exothermic or mildly endothermic, meaning there exists a favorable
interactions (e.g. hydrogen bonding, dipole-dipole interaction, charge transfer
complexation) between these two polymers. Since these interactions are not common, most
polymer blends are immiscible and will generate phase-separation. Therefore, polymer
blends can have different morphologies including droplet-matrix, matrix-fiber, lamellar,
co-continuous phase morphology or combinations of several elementary phase
morphologies [5]. With different concentration ratio, chemical interaction, molecular
weight and processing conditions, etc., polymer blends will possess different morphologies

and, therefore, different properties.

1.2 Recycling of Co-mingled Polymers



As already introduced, the use of plastics has increased dramatically. Unfortunately,
the wide use of plastics has caused serious environmental problems, which brought about
the urgent need of polymer recycling. Polymer waste usually contains multiple types of
polymers. Since most polymers are immiscible and have poor interfacial adhesion, direct
processing of mixed polymers will very often lead to products with poor mechanical
properties. Therefore, one popular method of dealing with such co-mingled plastic waste
IS to separate them into pure polymer before processing them into value-added products.
However, the identification and separation process is costly, has low efficiency, and brings
extra requirement on the processing facilities. In addition, with the recent wide use of
polymer blend products, there are more and more inseparable plastic wastes. Therefore,
handling multi-component plastic waste without identification and separation steps seems
to be a better choice for value-added recycling [6]. However, this is not easy to achieve

because of the poor mechanical properties brought by the immiscibility of polymers.

The direct processing of polymer mixtures into value-added products remains a
challenge for both the industry and the academic community. There are already some
research work on the recycling of co-mingled polymer mixture. In 1999, Liu et al. [7]
explored the recycling of four different plastics from dismantled Volvo cars:
poly(acrylonitrile-butadiene-styrene) (ABS), ABS-polycarbonate (ABS/PC), poly(methyl
methacrylate) (PMMA), polyamide (PA). They found that blending ABS and PC/ABS with
small amount of impact modifier MBS added made a product with better impact properties
than the individual components. The blending of 10% of PMMA into the ABS/
(ABS/PC)/MBS blend did not weaken the mechanical properties because PMMA is

miscible with the styrene-acrylonitrile and PC. However, when PA is added into the blend,



the property was deteriorated because PA is an immiscible component. Even adding
compatibilizer did not help the blend product have better mechanical properties. De Melo
et al. studied how the mechanical properties and morphology of a polypropylene/high-
impact polystyrene (PP/HIPS) blend would be influenced by the addition of 2-7% styrene-
b-ethylene-co-butylene-b-styrene triblock copolymer (SEBS) [8]. They found that 5%
SEBS was able to promote the overall performance of the blend most. Halimatudahliana et
al. [9] studied the morphological properties of PS/PP blends with 20/80, 50/50, 80/20
(wt%) using different compatibilizers. Among the four compatibilizers, SEBS worked the
best, resulting in a finer degree of dispersion of particles and improving the interfacial
adhesion. Equiza et al. used a binary compatibilizer of SEBS/EPR (ethylene-propylene-
rubber) or SBR (styrene-butadiene-rubber)/EPR for recycling PE/PP/PS/HIPS blends [10].
They found that the combination of SEBS/EPR was better than SBR/EPR because it
possessed a greater chemical structure similarity with the recycled materials investigated.
With SEBS/EPR as a binary compatibilizer, the impact resistance of the blends was

improved and showed the potential of being reused.

Although compatibilizers have been used to improve the mechanical properties of
immiscible blends, they have their own limitations either in validity, availability or
economic feasibility. First, there is no “one-size-fits-all” compatibilizer on the market.
When the co-mingled plastic waste contains too many types of polymers or has unclear
compositions, it will be difficult to find the appropriate compatibilizers. Also, the use of
compatibilizers can be expensive even though only a small amount of compatibilizers is
used [11]. In addition, using compatibilizers makes the processing more difficult because

compatibilizers, generally small molecules, have lower viscosity and are thermally



unstable. Therefore, other methods are needed to improve the mechanical properties of
immiscible polymers so that recycling co-mingled waste plastics without separation
becomes more approachable both technically and economically. Realizing this, researchers
have been investigating methods of simple processing of recycled commingled polymer
mixtures without the use of compatibilizers. EImaghor et al. studied both the influence of
high energy irradiation on the morphology and the mechanical properties of the ternary
blends of high density polyethylene (HDPE), poly(vinyl chloride) (PVC), and PS [12]. The
irradiation was applied after the polymer blends was extruded using a single-screw
extruder. While making the morphology of the material more uniform and finer, the high
energy irradiation also greatly improved the impact strength of the blend and moderately
improved the tensile strength. Suarez et al. also found that the method of gamma-irradiation
at proper doses helped improve the mechanical properties of polyethylene blends [13].
Gupta et al. did a study on the recycling of poly (phenylene-ether) (PPE)-based
thermoplastic elastomer [14]. In this study, a quaternary blend of styrene—ethylene—
butylene—styrene (SEBS)/ethylene vinyl acetate (EVA)/PPE-PS (polystyrene) showed an
improved mechanical properties after recycling. This was an important finding because
usually the mechanical properties are weakened by recycling. In their case, there was
crosslinking formation in the EVA phase and the morphology of dispersed crosslinked
EVA phase in co-continuous structure of SEBS and PPE-PS was helpful for improving
mechanical properties. Bertin et al. investigated the processing of post-consumer plastic
wastes of LDPE/PP blends [15]. They found that extrusion treatment may become a
potential method for recycling polyolefin mixture. Especially, the shearing and mixing

sections in twin-screw extruder endowed LDPE/PP blends better tensile strength properties



and more homogeneity than the ones treated with single-screw extrusion. Bartlett et al.
showed the important influence of processing method and condition on the mechanical
properties, inspiring that choosing suitable processing method can be a potential approach
of valid value-added recycling of polymer blends [16]. The author used two processes to
fabricate the blends, injection molding and compression molding. Depending on the

process conditions, the blend exhibited very different mechanical property responses.

1.3 Fiber Spinning

With the development of polymer industry and spinning technology, people have
begun to produce synthetic fiber in a cheap and efficient way. Compared with natural
fibers, synthetic fiber has advantages like durability, large-scale production and tailored
properties. Therefore, over the past decades, synthetic fiber production has become a large
industry and used for a variety of commodity products such as clothes, carpets, etc.
Nowadays, there are several main methods to make fiber: wet spinning, dry spinning, gel
spinning, melt spinning, melt blowing (and solution blowing), electrospinning and
centrifugal spinning. In wet spinning, the polymer is dissolved into a solvent and then the
polymer solution is spun through a spinneret into a coagulation bath so that the fiber can
be obtained because of precipitation. In dry spinning, the polymer solution will go into air
instead of a non-solvent after being extruded through the spinneret. The solvent will
evaporate quickly and a solid fiber is obtained. Gel spinning is used to obtain high strength
fiber. After being extruded from the spinneret, the polymer solution forms a gel which will
then go through a series of steps like extraction of solvent and hot drawing and finally form
fiber with good mechanical properties. As gel spinning generally involves the use of a large

amount of solvent, it is expensive and troublesome. Compared with solution spinning



methods (either dry or wet), melt spinning is a more cost-effective method because it does
not use solvents and can operate at higher production speed. The polymer pellets are dried,
melted in the extruder and then mixed and filtered to form a homogenized melt which is
squeezed out from the spinneret and picked up with a spool [17]. A typical melt spinning
setup is shown in Figure 1-1. Melt spinning is a simple process with high production speed
and low investment cost. Besides, no solvent is used and the environmental pollution is
decreased greatly. The properties of the product from melt spinning can be manipulated in
a tailor-made manner. Therefore, melt spinning is widely used in the industry for
processing fibers like polyester, nylon, polypropylene, etc. A widely used method for
making nano /micro fiber or non-woven products is the melt blowing and solution blowing.
In melt blowing, micro and nanofibers are fabricated by extruding a polymer melt through
small nozzles surrounded by high speed blowing gas. Melt blowing is efficient and
economical and therefore is widely used for commercial production of non-woven fiber
products. Solution blowing is kind of similar with melt blowing, but it uses polymer
solution instead of polymer melt [18]. Electrospinning is also a method that is used for
produce nano or micro-fiber and nonwoven mat. In electrospinning, the polymer solution
is charged by an electric field and a jet is created. When this polymer jet travels in air, the
solvent evaporates away and the resulting fiber is collected on a metal screen [19].
Centrifugal spinning can also produce nanofibers. In centrifugal spinning, the liquid jet is
created by a rotating spinning head. After undergoing a stretching process, the jet will
finally fall on the collector and form nanofibers. A schematic introduction of centrifugal

spinning is given in Figure 1-2.



Polymer chips

Figure 1-1 Schematic of melt spinning [20].
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Figure 1-2 Schematic of a basic bench-top centrifugal spinning setup (reused with
permission from the publisher of Li, 2017) [21].



1.4 Modeling of Morphology Evolution and Rheological Behavior of Polymer

Blends

Most polymer blends are immiscible and the evolution of blend morphology or the
microstructure in an immiscible polymer blend is a complex process which is influenced
by their interfacial tension, viscosity ratio, stress field and composition, etc. Tailoring and
predicting the properties of immiscible blends brings up the need for understanding the
morphology/microstructure evolution of immiscible liquid-liquid blends. When processing
polymer blends, we need to know about the rheological properties in the flow field, which
is influenced by the processing method. The morphology is impacted by the processing
conditions and it will in turn influence the rheological properties. This close coupling of
flow and structure makes it difficult to predict the morphology evolution and model the
rheological behavior. In this section, a brief literature review about the

morphology/microstructure evolution and rheological behavior is provided.
1.4.1 Droplet Models

One of the earliest study on the phase morphology is Taylor’s theory [22, 23], which
i based on Einstein’s analysis of the viscosity of a mixture of two liquids-matrix phase
and spheres phase [24]. Assuming the droplets are small and nearly spherical, Taylor
obtained the following expression of the viscosity of a fluid containing drops of second

fluid,

2
I]d-l-gr]m (2)
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In Eq. 2, n* is the viscosity of the mixture, ¢ is the volume fraction of the drop phase, 1, is
the viscosity of drops, n . is the viscosity of the matrix fluid. When calculating the drop

sizes, Taylor thought that there was a balance between the shear force of the matrix fluid

and the surface tension. The size of the drops in a shear field can be expressed as

2I' (g + m) (3)
19
V0m (7 Da + 40m)

in which R is the drop diameter, T is the interfacial tension, y is the shear rate.

Taylor [23] also studied the flow-drop deformation in dilute emulsions and deduced

the following relation,

l-b _ Ryy, 199,+16n, 4
I+b T ‘lén,+16n

I and b are respectively the length and width of the deformed drops. According to the
experimental results, this equation is valid only when the drop deformation is small and

the shear rate is low.

Different work have been done to extend Taylor’s theory to more complex situations.
For example, Cox [25] studied the shape of a fluid drop in different types of flow and

obtained an expression for the deformation of droplets,

l—b_Ca
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Two dimensionless parameters, capillary number Ca and droplet/matrix viscosity ratio p,

are defined as following,

_ RTy,,
Ca=— (6)
_ Da
Nm (7)

Considering that Taylor’s theory is only applicable to first-order deformation,
Chaffey [26] extended the theory of drop deformation to second order and the deformation
parameter was able to predict more refined drop behavior than the first-order theory.
Acrivos [27] developed a constitutive equation for dilute emulsions. The deformation of a
small droplet is treated in a way which takes account more fully the time-dependent effects
of the flow and expands to a higher-order deformation. It will reduce to the relation
previously proposed by Chaffey when time-dependent effects become small. They
obtained two sets of equations, one of which relates the stress to the rate of strain and the
local anisotropy and the other one describes the change of the anisotropy with time and the
rate of strain. The general equations are complex but for steady shearing flow, they can be

reduced and yield the following equations,

5p + 2
= 1
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. _ n%"Re ((19p + 16)(29p2 + 61p + 50)\’ (10)
22 33 — 280F (p + 1)3

This set of equations show the deformability of droplets caused by the normal stress effects
of an emulsion of two Newtonian liquids in steady shear flow, which comes from the

opposing effect of interfacial tension on the droplet deformation.

Since polymers are viscoelastic materials, the above theories cannot be applied to
polymer blends directly and studies which considers the elastic effect are needed. Tavgac
[28] studied how the fluid elasticity would influence the droplets deformation in uniform
shear and extensional flow fields. This study showed that the deformation of Newtonian
and viscoelastic droplets were different in Couette flow and the viscosity ratio would
change the effect of fluid elasticity on the droplet deformation. Frohlich and Sack studied
the dilute emulsion of elastic droplets in a Newtonian liquid in a time-dependent flow and

obtained the following rheological equation [29],

d _ d (11)
<1 + b1 E)T = 27](1 + bz E)d
with
5
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where G is the modulus of elastic particles.

Based on Taylor’s study, Wu [30] analyzed the formation of dispersed phase for
polymer blends. Two nylon 66 resins and one poly(ethylene terephthalate) were used as
the matrix phase, and fourteen ethylene-propylene rubbers were used as the dispersed
phase. Different from Taylor’s work, the dispersed and matrix phases in Wu’s work are
both viscoelastic and the strain field is a complex combination of nonuniform, transient
shear and elongational fields. Wu obtained an empirical equation for predicting the

dispersed phase sizes,

P (nd>0'84 h >
=—1|—| ,when
V0m \Dom Ha = Om
(13)
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From Eqg. 13, it can be seen that dispersed droplet sizes show minimum value when the
droplet viscosity is equal to the matrix viscosity, forming a VV-shaped curve in the droplet
diameter-viscosity ratio plot. The above equations also show that dispersed phase sizes
decrease with increasing shear rate, which is inconsistent with some reports in which shear

stress variation of two or three times did not affect the droplet sizes that much [31].

Since the above theories deal with single droplets, they work for dilute dispersions
but are not applicable to concentrated mixtures. Compared with dilute systems,
concentrated mixtures are difficult to analyze. Choi and Schowalter’s work [32] is an

example of the research on rheological properties of nondilute suspensions. A cell model
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is used to account for the influence of neighboring drops. The complications of droplets
interactions can be simplified by one or another of several types of cell models, and thus
the computational difficulties can be reduced. Compared with dilute systems, the droplets
in a moderately concentrated suspension deform more rapidly under the stress and retract
more slowly in response to the interfacial tension. Palierne [33] also considered the effects

of finite volume fraction.

Breakup of droplets is a phenomenon worthy of attention during liquids mixing.
Research involving both experimental observations and theoretical predictions has been
performed to study the breakup of droplets. Taylor [23] observed that a low speed under
steady extensional flow would make the droplet break up while in steady shear flow field,
the droplet did not break up unless the speed was high. Therefore, the type of flow field

has large effect on the breakup. Taylor defined the apparent deformation D as

D=— (14)
A dimensionless group E was also defined, namely,

(19p + 16)

= a[m] (15)

in which Ca is the capillary number and p is the viscosity ratio of droplet phase to matrix
phase. Taylor showed that theoretically, the apparent deformation D and the dimensionless
group E both equal 0.5 at breakup. He then demonstrated experimentally that droplet broke

up when D = E = 0.5 ~ 0.6 when the value of p was in the range of 0.1 to 1.0. Based on the
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experimental results and theoretical calculations, Taylor proposed the critical condition for

breakup of Newtonian droplets suspended in a Newtonian medium,

(Ca), = f(p) (16)

in which (Ca)_ means the critical value of Ca. A U-shaped contour was obtained by Karam

and Bellinger [34] in which when Ca is large or falls above and inside the U-shaped curve
the droplet is unstable and will deform and break, while when Ca falls outside the contour
it is stable. According to Karam and Bellinger, in uniform shear flow, droplet will break
up when viscosity ratio is between 0.005 and 3.0. Breakup will not happen when the
viscosity ratio is too high or too low. At too high viscosity ratio, the viscous force cannot
overcome the interfacial force. At too low viscosity ratio, the drop will be highly deformed
without breakup. Taylor’s relation is instructional from the practical point of view because
it predicts the critical shear rate required to break up a droplet of a certain size at a

suspending medium viscosity and an interfacial tension for a wide range of viscosity ratio.

Different from Taylor’s viewpoint, Torza et al. [35] thinks that the droplet breakup
depends more on the rate of increase in shear rate than on the viscosity ratio. They also
observed an interesting phenomenon that the droplet will be deformed highly into a long
threadlike form, then become varicose, and eventually break up into a series of smaller
drops. Huneault et al. [36] used a parameter called critical capillary number, Cacr, to lead
to an equilibrium shape or to disintegration into smaller droplets. A reduced capillary
number, Ca” = Cal/Cacr, ratio of the capillary number to the critical capillary number, is

defined. The value of Ca” will determine if the droplets will deform or break:
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When Ca“<0.1, droplets do not deform.

When 0.1< Ca” <1 droplets deform, but do not break.

When 1< Ca” <4 droplets deform then disintegrate into smaller droplets.
When Ca">4, droplets deform into stable filaments.

For Newtonian systems under shear flow field, the critical capillary number depends on
the droplet/matrix viscosity ratio p. If p = 1, then Cacr equals 1. Cacr increases when p
increases and becomes infinite when p > 3.8. Therefore, in the case of p > 3.8, the breakup
of droplets in shear flow will not happen. In stronger flow fields or in elongational flow,
the value of Cacr is lower and less dependent on the viscosity ratio. De Bruijin [37]

proposed an empirical equation for calculating the value in shearing flow field:

log(Ca,,) = —0.506 — 0.0994logA + 0.124(log)* — 0.115/(logA

—0.611) (17)

Although the capillary number of viscoelastic systems depends on the elasticity ratio, De

Bruijin did not incorporate the elastic effects into his model.

When at least one of the two phases is viscoelastic, the droplet breakup range will be

different. For such case, Flumerfelt [38] proposed the following dimensionless groups,
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(Ca). = f(p,Hiy,)
(18)

(Ca), = f(p.H1y,)

The two equations in Eqg. 18 are respectively for the case of viscoelastic droplets
suspending in a Newtonian medium and the case of Newtonian droplets suspended in a
viscoelastic medium. H; and H; are respectively the relaxation times of the droplet phase
and the suspending medium, which can be determined from using available rheological
data for evaluating the material constants in the rheological model. When both phases are

viscoelastic, another dimensionless parameter is needed.

The above studies, however, did not consider coalescence. For concentrated polymer
blends processing, there will be more coalescence and the final sizes of dispersed particle
sizes are decided by a balance of stretching, breaking up and coalescence [39]. Besides, the
flow fields in the processing will be more complex and generate high shear and
elongational flows. Rheological tools are in great need for better understanding for the
evolution of morphology of blends during flow so that we can know more about the

process-morphology-property relationship for the purpose of designed processing.
1.4.2 Interface Tensor Theories

The situation of lacking good description for morphology and rheology of highly
concentrated suspension changed when Doi and Ohta [40] proposed the interface tensor
theory, in which they treated the system of a mixture of two immiscible fluids having the
same viscosity and density and mixed with the volume ratio of about 1:1. Instead of

considering the droplets, they focused on the complex interface which is well distributed
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in the bulk. The interface is considered as a third phase and contributes to the Cauchy stress

tensor by Tinterface,

Tinterface = _Fq (19)

in which T is the interfacial tension and q is the interfacial conformation tensor. As a
microstructural variable, q is used to characterize the orientation/anisotropy of the

interfaces, defined as

q= —L} (n®n - %I) da, (20)

where W is the total interface, n isa unit normal vector to a local interface, I is the identity

tensor and a is the interfacial area.

In addition to q, another variable Q, the interfacial area per unit volume, is also

needed for characterizing the interface,

0= [danrom (21)

where the interface density function f(n) denotes the area of interfaces normal to n per unit

volume.

The flow field, expressed with the macroscopic velocity gradient L = av/ax enlarges
and orients the interface and the interfacial tension depresses these effects. They treated

the two effects separately so that,
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q = qﬂow + qrelax

Q = Qflow + Qrelax (22)

The total stress tensor is composed from three contributions: the viscous contribution, the

interfacial stress, and the isotropic pressure term

T = nD —TI'q— pl (23)
where D = L + LT and p is the isochoric pressure.

The calculation for ¢ and Q is complex because a fourth-order tensor appears. For
the case of affine deformation in a homogeneous flow field, Doi and Ohta were able to
derive the following evolution equation by reducing the fourth-order tensor to second-order

tensor with a quadratic closure,

P 4 ™y Logo T
q=—-q-L-L q+3(q.L)l 3(L+L)+Q(q.L)q

(24)
Q= -Ll"q

To include the relaxation effects caused by interfacial tension, they adopted the simplest
relaxation equation and one relaxation time each was used for area and anisotropy. The

time-evolution equation for the interface shape and size in flow were obtained,

19



q= —q-L—LT-q+§(q=LT)I—§(L+LT)+%(q=LT)q—qu
(25)

Q= -L":q—uQ*

where m = (ci+c2)l/no, p = C1/(C1t+C2), €1 and cz are positive numbers which may depend on
the volume fraction. The above two equations plus the stress equation give the rheological
constitutive equation for this system with complex interfaces. This theory predicts a scaling
property that the shear stress and the first normal stress difference are proportional to the

shear rate.

Takahashi et al. [41] verified experimentally that these scaling relations were true for
mixtures of immiscible Newtonian fluids with the same viscosity and different
compositions. They observed that both the shear stress and the first normal stress
difference were almost proportional to the shear rate. However, the prediction by Doi and
Ohta’s constitutive equation turned out to be different from the observed time dependence
of the transient stress and the author thought that this inconsistency was caused by the
inaccuracy of the phenomenological relaxation equation in the Doi and Ohta theory.
Takahashi et al. [42] also studied the viscoelastic properties of binary blends of immiscible
polymers with almost the same viscosity under steady and transient shear flows. They
found that the scaling relations proposed by Doi and Ohta held for blends of polymers of
equal viscosity with different composition ratios. Vinckier et al. [43] investigated the case
when the Doi and Ohta model was used with blends of polymers with different viscosity
ratios and found that the relations would be obeyed only when the viscosity ratio less than

a value of 4 and when the shear rate less than a critical value.
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Since the Doi-Ohta theory has its limitations, more recent modeling work on
deformation of complex interfaces have extended this theory to include additional effects.
For example, Lee and Park [44] proposed a new model based on Doi and Ohta’ work and
the resulting model is applicable to polymer blends with different viscosities. They
introduced a viscosity ratio term and refined the relaxation mechanisms involved during
flow. The new prediction applied to dynamic oscillatory flow proved to be valid for
immiscible polymer blends for the whole frequency range and all compositions. Ei Afif et
al. [45] investigated the case when diffusion needed to be considered and derived nonlinear
formulations which included the contributions of the diffusion fluxes and the isotropic and
anisotropic deformations of the interface. Gu and Grmela [46] developed the governing
equations of the Doi-Ohta model with active advection. Results of the extended model were
compared with experimental data and the original Doi-Ohta model from the following two
folds: (i) the morphology of the interface, which are expressed in the interface tensor g and
the unit surface area of the interface @, and (ii) the rheological behavior. It was found that
the extended model agreed more with the observed behavior. Considering the
computational complexity and the inaccuracy introduced by transforming the fourth-order
tensor to second-order tensor in the Doi-Ohta model, Wetzel and Tucker [47] used a
variable similar with the interface tensor called the area tensor for describing the
morphology of immiscible mixtures. When estimating higher-order microstructural
statistics, they generated a closure approximation based on exact area tensor relations for
ellipsoidal shapes and provided a highly accurate evolutions of area tensor. The area tensor

is different from the interface tensor by an isotropic part, as expressed by,

21



1
A= —f n®nda, (26)
Vi

where the integral is taken over the entire interfacial surface W within the averaging

volume V.

Based on the chain rule, the evolution equation for the area tensor can be written as

AA=l/hnda+ l/nﬁa’a—&-l/nné’a (27)
V\v V\V Vw

Combining Eq. 27 with Chella and Ottino’s expression [48] of the normal vector of a
differential area in passive mixing and the magnitude of the differential area change, a

simplified evolution equation for the area tensor can be obtained

Ay=- LAy — Ay Ly + Lysly, (28)

where L is the velocity gradient tensor, Lij= oviaxj and &= %fq, n®@n®n®nda is a

fourth-order tensor. The fourth-order tensor cannot be calculated explicitly and needs to be
approximated in terms of the second-order tensor. If expressing Doi’s method of the

quadratic closure using the normalized tensors A, the approximation will be

'nglij - Ag/ Akl (29)

Different from this method, Wetzel and Tucker approached the fourth-order tensor

with a closure approximation based on exact area tensor relations for ellipsoidal shapes,
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referred to as RE, or rational ellipsoidal, closure and obtained highly accurate evolutions

of the area tensor.

In a nutshell, Doi-Ohta’s theory is an important step for understanding the flow and
the structure coupling although it has its own limitations. By treating the mixture as two
components with a complex interface that is well distributed in the bulk, Doi and Ohta
established a new path for approaching the dynamic physics of concentrated emulsions.
Instead of considering various discrete drops, their theory treats the interface as a third
phase, which contains rich information that help correlate the structure and the rheology.
With the various work on extending or enriching the Doi-Ohta theory and experimentally
verifying it, the understanding on the dynamic rheology and morphology on polymer

blends mixing/processing has been greatly enriched.

1.5  Fiber Made from Multi-Component Polymers

Fiber spinning, as a processing method which has different characteristics from other
processing methods, has the potential to endow improved properties and more applications
to polymer blends. On the other hand, fiber from polymer blends may have new properties
compared with fiber from pure polymers. Therefore, combining fiber spinning technology

and immiscible polymer blends to produce polymer blend fiber is an interesting topic.

Many researches have been done on the morphology and properties on immiscible
polymer blends. For immiscible polymer blends, the phase morphology is influenced by
flow and processing conditions, component ratio, viscosity ratio, interfacial tension, etc.
Different phase morphology will bring different properties [49]. There are two common

morphologies widely studied: co-continuous structure and dispersed phase-matrix
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structure. In many cases, fiber from immiscible polymer blends holds to these two
morphologies. In the dispersed phase-matrix structure, the dispersed phase may exist as

forms of sphere, laminar or fibril.

David et al. studied the morphology of blends containing 85% polyethylene and 15%
styrene-isoprene-styrene triblock copolymers, in which different morphologies (spheres,
elongated droplets, fibrils and extended co-continuous phases) were produced under
different extrusion conditions [49]. Different studies have been done on the matrix-fibril
type morphology. Factors like the mixing method, interfacial tension, elasticity, shear
stress and viscosity will all influence the deformation of droplets into fibrils. Tsebrenko et
al. made blend from polyoxymethylene (POM) and a copolymer of ethylene and vinyl
acetate (CEVAc), and found that it was the viscosity ratio of POM and the matrix polymer
that determined if the POM phase was able to form fibril in the blend. Besides, they also
showed the morphology of the blend was also influenced by the extrusion shear stress and
there was an optimum shear stress for the formation of ultrathin fibril-matrix morphology
[50]. Fiber spinning turned out to be a more effective method for producing the fibril-
matrix morphology because of the drawing process. Varma [51] showed that the sphere
phase of PET in the nylon6/ PET blends was turned first into rod-like shape and then further
into fibrils in the melt spinning of this blend. A potential benefit of the matrix-fibril
morphology is that it may improve mechanical properties. In the aforementioned study of
nylon6/PET blends, despite the blend is immiscible, the mechanical properties of the blend
fiber was improved because the fibril played a role of reinforcement and promoted the

crystallization of nylon 6. In addition, research has also been conducted to investigate the
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use of the fibril-matrix morphology for preparation of micro or nano fibers after extraction

of the matrix phase [52].

Another morphology which is also of great interest to researchers is the co-
continuous structure. In co-continuous structure, also referred to as interpenetrating
network, both of the two phases are continuously connected throughout the blend. Previous
researchers have explored the processing and rheological conditions for generating co-
continuous structure in immiscible blends [53] and demonstrated blends with co-
continuous structure show improved mechanical properties than those with one-phase-
being-dispersed structure [54]. The phase morphology control in preparing co-continuous
blend has been done by different researchers and different models were proposed to predict
the phase inversion point, around which co-continuous morphologies are most likely to

form [55].

Although there are numerous studies on the morphology and properties of
immiscible polymer blends with co-continuous structure, there are not much research work
on processing immiscible co-continuous polymer blends into fiber. Tang et al. prepared
cellulose acetate/polyurethane fiber with co-continuous structure via electrospinning and
studied fiber structures, mechanical properties and thermal properties [56]. However, their
process involves the use of organic solvent and is not so applicable for large-scale
production. Making fiber from immiscible polymer blends with co-continuous structure
using the simpler and more environmental-friendly melt spinning process would be an
interesting subject. Questions like how the co-continuous structure will deform need to be
answered to understand the process-structure-property relationship and improve

mechanical properties.
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Besides phase morphologies, the existing research on fiber from immiscible blends
also studied the rheological properties and structure development. Although the two
polymers are immiscible and have poor interfacial adhesion, the interaction between them
still influences the rheological properties and structure development. Liang et al. prepared
a series of PP/nylon 6 blends of composition 75/25, 50/50, 25/75 [57]. They used SEM to
observe the morphology and check the phase size growth. They also measured the
rheological properties and checked the structure development during the melt spinning of
fibers. The crystalline orientation of both PP and nylon 6 increased with the drawdown
ratio and the orientation of the PP phase was not influenced by the existence of nylon 6.
Different from this observation on the PP crystalline orientation, in another study on the
melt-spun PE/PS fiber, the crystalline orientation of the PE phase was significantly reduced
by the coexisting PS, which was considered to be caused by the greater temperature

dependence of the viscosity of the PS [58].

In addition to the melt spinning of pre-mixed polymer blends, there is another method
for making fiber from multi-component polymers: bicomponent spinning. In bicomponent
spinning, the two polymers are not pre-mixed but coextruded into the spin pack from two
melt streams. An example of the spinning process of bicomponent spinning is shown in
Figure 1-3. Determined by the spin pack, the final fiber may have different cross-sectional
geometry, including but not limited to core-sheath structure, side-by-side structure and
island in the sea structure [59]. In the single component spinning of multi-polymers, the
control of phase morphology is often challenging because incompatibility between the
polymers results in phase separation. Bicomponent spinning offers an alternative way of

preparing blend fibers with controlled morphology, improved processing and synergistic
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properties. However, bicomponent spinning is technically more complex than single
component spinning and may have higher requirements on the choice of polymers. For
example, two materials with large viscosity difference will rearrange themselves during
the extrusion and the morphology may not be the desired one. Bicomponent spinning also
needs a complex spin pack, which may increase the cost. As in the case of preparing fiber
with sea-island structure, a complex spin pack which can stuff many droplets into each

fiber cross-section will be needed.
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Figure 1-3 Schematic of bicomponent spinning.

1.6 Challenges and Motivations
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A simple, efficient and cost-effective method of processing immiscible polymer
blends is greatly needed, which may be used in the direct recycling of waste plastics and
new polymer blends products development. Currently, many studies used compatibilizers
to improve the mechanical properties, which has many limitations including high cost, low
availability and processing difficulties. In this thesis work, we have studied the evolution
of morphologies during polymer blends processing and focused on how to obtain desired
morphologies and properties via specific process design. Among various morphologies,
co-continuous structure is worth special attention because it can help weaken the undesired
effects of the poor interfacial adhesion in immiscible polymers and improve the mechanical
properties [60]. Co-continuous structure in immiscible blends can be generated under
appropriate processing and rheological conditions [53]. Therefore, preparing polymer
blends with co-continuous phase structures is a potential method for achieving good
mechanical properties. Although the phase morphology control in preparing co-continuous
blend has been done by different researchers, how to make strong fiber from co-continuous

blends is an issue that needs to be studied.

The objective of this thesis work is to design a methodology for processing
immiscible polymer blends into mechanically usable fiber-based products without the use
of compatibilizers, which may be used in recycling multi-component polymer waste when
combined with some additional efforts. In addition, by choosing a suitable combination of
materials, novel properties may be added, opening up new blend products innovation. We
will employ “a nearly co-continuous morphology” for materials processing and products
realization of immiscible polymer blends. This nearly co-continuous structure is

considered significant from both engineering and economics perspectives by creating a
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cost-effective and yet capable process for achieving desired properties and performances
of products, especially fiber-based products. Increasing amount of work on predicting the
morphological evolution have been done for instructing the polymer processing. However,
because of the presence of an implicit interface and the strong coupling between the
morphology and rheology, the morphological prediction of phase structure evolution
during polymer processing is complex and challenging. In this work, constitutive modeling
of complex interfaces based on a path-independent interfacial energy function will be
performed to help the process design. The interfacial orientation degree with the interfacial
relaxation effects considered can be expressed via the Finger strain tensor. Based on
constitutive modeling and characterization results, a methodology of producing fiber from
immiscible blends has been designed. To demonstrate this new paradigm of polymer
processing, two case studies, in which immiscible polymer blends are made into fibers with
value-added properties, will be performed. The first case study prepares blend from
polypropylene (PP) and polystyrene (PS) and can produce blend fiber with good
mechanical properties despite the immiscibility of PP and PS. The second case study makes
blend fiber from polycaprolactone (PCL) and ethylene-octene block copolymer (OBC),
which shows super-contraction capability upon heating. In a nutshell, using constitutive
modeling and analysis to facilitate the process design, we will explore how the process
affects the structure and properties on micro and molecular levels and provide potential
approaches for direct recycling of co-mingled plastics without the use of pre-separation

procedure or compatibilizers.
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2. CONSTITUTIVE MODELING OF COMPLEX INTERFACES IN

AFFINE DEFORMATION

2.1 Introduction

As introduced in Chapter 1, Doi and Ohta [40] proposed a theory in which they
approached the problem of morphology and rheology of a roughly 50:50 co-continuous
blend with two immiscible Newtonian fluids by studying the complex interface between
the two phases. Interfacial conformation tensor g, which contains information on the
orientation/anisotropy of the mixture, together with Q, the interfacial area per unit volume,
characterize the interface and evaluate the morphological change of the two phase mixture.

The variable g and Q are defined by

q= %L’ (n®n - %I) da, (30)
Q= f dnf (n) (31)

They also proposed the idea of calculating the interfacial contribution to the stress tensor

from the interfacial conformation tensor, which is adopted by later researchers.

Specifically, the stress tensor is related by q according to

Tinterface = - l—‘q (32)

The calculation of the time evolution is complex because of a fourth-order tensor, which is

generated via the following equation:
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0 0
53¢ = f dnTeTgn X = [nx (LT - n)f] - Agpmm, Ly, (33)

Doi and Ohta used a decoupling approximation to reduce the fourth-order tensor to second-

order tensors, that is,

NNT, M Ly = Mg - M, Ly, (34)

Q

With the above equation, the evolution equations for g and Q can be obtained,

q=—q-L—LT-q+§(q:LT)1—%(L+LT)+%(q:LT)q (35)

Q= —L": q (36)

To estimate the accuracy of the decoupling approximation, they compared the results
obtained from the above equations with the rigorously calculated ones for the cases of

conformal shear deformation and uniaxial elongation.

The decoupling approximation used in Doi and Ohta’s theory introduced error.
Wetzel and Tucker proposed another closure method called RE (rational ellipsoidal) and

demonstrated better accuracy for affine deformation.

Both the methods of Doi-Ohta and Wetzel-Tucker need to deal with the complex
fourth-order tensor and a method with less computational cost is needed. Yao [61]
presented a different formulation for this problem via a path-independent interfacial energy

function. A nearly closed-form solution for the Cauchy stress tensor was obtained via

31



differentiating the interfacial energy function against the right Cauchy-Green strain tensor.

Three types of equations for describing the Cauchy stress tensor were derived:

2 o 2F.a((r]/vo) f%w/C‘l:(n’®n’)da’>.

[ Y — —— T
] F 3¢ Ji aC ¥ 37
r FT.-(n'®n’): FT
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Vo Lo [ JVC1:(n'®n") “ (38)
T = ;L [I — n®n]da (39)

where o denotes the initial interface and V, is the volume of the material before
deformation. It can be proved that these three types of equations are equivalent. However,
type 3 is not easy to use because it is difficult to calculate the nn tensor, which represents
the deformed state. In comparison, type 1 model using the Lagrangian description is more
accessible because in most cases the initial morphology, which is described by Aa’ and
n'n’, is known. The process of derivation involves only elementary algebraic and matrix
operations. Compared with the Doi-Ohta theory, this method removes the mathematical
complexity of dealing with the fourth-order tensor and shows improved fitting to the exact

solutions.

In this chapter, constitutive equations for complex interfaces and blends will be
formulated based on the left Cauchy-Green strain tensor, i.e. the Finger strain tensor.
Compared with the right Cauchy-Green strain tensor, the Finger strain tensor is more

convenient and maneuverable and closely related with the orientation degree of the
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interface/blends. Making use of the Finger tensor, which arises naturally in both
equilibrium thermodynamics and classical mechanics, we can approach the problem of

interface morphology and deformation from the perspective of nonlinear viscoelasticity.
2.2  Preliminaries

When a certain deformation is applied on a continuum medium, a point with a
position vector X' in the undeformed state is displaced into point with a position vector x.
Two methods of description are used to describe the kinematics and dynamics of a material
point since two position vectors are involved. In the Lagrangian description, a physical
quantity of a material point is used according to the original position vector x" and the time
t. In the Eulerian description, the current position vector x in the deformed state is used.

The deformation gradient F, a second order tensor, is defined by

Fo ox
~ox (40)

As an invertible tensor, the determinant or Jacobian of F equals

J=detF+0 (41)

From Eq. 40, we can obtain the following differential

dx =F-dx (42)
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This equation describes that a differential segment dx’ in the original configuration is
mapped into a deformed segment dx in the deformed configuration. Considering the

lengths of the two segments, we can write

dx-dx = (F-dx') - (F-dx') =dx’'- (FT -F) - dx’
(43)
= (FT - F): (dx'®dx")

F' - F, denoted as C, is the right Cauchy-Green tensor, which is related to the stretch of the

line segments.

Similarly, we can map a differential area da’ = dx’ X dx' in the original
configuration into an area in the deformed configuration da = dx X dx. da’ has a unit
normal n’ and an area da’, and da has a new unit normal n and a new area da. The
corresponding variables in the original configuration and in the deformed configuration

can be transformed using the following relations:

da= dxxdx= (F-dx') x (F-dx') = (detF)FT(dx’ x dx")

(44)
= (detF)FT .da’
da -T / ]
da | | |FT . 11| ( )
FT.n
= — 46
n= (46)

Taking a dot product of da’ - da’, we can get
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da’ - da’ = [(detF)"1FT - da] - [(detF)"'FT - da]
(47)
= (detF)~%da- (F-FT) -da

in which the tensor F-F” is referred to as the left Cauchy-Green tensor or the Finger
tensor, denoted as B. The Finger tensor is inherently connected with the shape and size
change of the material point in the deformed state and therefore, is more useful in
continuum mechanics than the right Cauchy-Green tensor C. The Finger tensor can directly
represent the material orientation and state stretch in the deformed state, which can be
proved by considering the ellipsoidal approximation of the Finger tensor. That’s one reason

why we will formulate constitutive equations for complex interfaces and blends as a

function of the Finger tensor in this chapter.
2.3 Stress Tensor Derivation for Affine Deformation

Here we will assume the deformation is affine deformation and not consider the
relaxation for now. Since the interfacial energy is proportional to the interfacial area, we
can express the interfacial energy for a small area Aa (before deformation Aa’) as the

following:

U =TAa =TAdJ|FT-n'| (48)

In this work, we adopted a concept called ellipsoidal equivalency proposed by Yao [62].
The initial area of the interface is assumed to be equal to the surface area of the unit sphere.
After deformation, the complex interface can be represented by the surface of an ellipsoid,

whose characteristic tensor M is equal to the Finger strain tensor B. This equivalency is
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valid for co-continuous polymer blends because the complex interface is three-
dimensionally randomly co-continuous; in other words, the complex interface and the
surface of a spherical structure are both distributed isotropically. Besides, it is also
applicable for the blend with a droplet-matrix structure as the shape of the droplet is sphere
before the deformation and ellipsoid after the deformation and therefore, the interface is
the surface area of the elliptical droplet. The ellipsoidal equivalency greatly increases the
computational convenience as it allows the evolution of the area and the stress tensor for
complex interfaces during conformal deformation to be written as single functions of the
Finger tensor and reduces the problem to finding the evolution equation of the Finger tensor

during deformation.

The interfacial energy function as defined in Eq. 48 can be written as the following,

U=TAa =TAdJJ(FT-n)-(FT-n)=TAdJ/(F1-FT):(n'@n) (49

With reference to the undeformed state, the stress power can be written as

W =JT:L (50)

For the Finger tensor B in affine deformation, the following equation holds true

B=L-B+B-L (51)

Since T:L = (T - B~1): (B L) and T and B are coaxial for isotropic materials, Eq. 50 can

be rearranged into
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w=j(T-B):(B-L) = %(T ‘B):(L"B) +%(T -B):(B-L")
(52)
=%T-B_1: B

The interface is isotropically distributed and the phase size is considered infinitesimally

small compared with the size scale of the deformation. Therefore, the stress tensor can be

written as:

20W 20U
—_—'B

T=788=7

(53)

oy 0TAd] \/(F_l : F‘T): (n'®n"))
9B 0B

Integrating above equation will lead to the stress tensor for a continuous interface, as shown

below:

J ((%) Jy, JETFD: (@) da) (54)

20U 2 .
] OB

T=-——.
] OB

Since the integration is over a continuous interface which is isotropically distributed, so

Eq. 54 can be rewritten as:
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J ((%) Jy JETFD): ('®n) da')

o 20U o2 .
“JoB ] 9B
(55)
F !
20 <(V_£) Jy, VBTl (0'®n") da )
] 3B ‘B
fw 3B Y can be further rearranged:
o\ (), BT @m) da’
a_U _ Vo/ ‘o )
w, OB 0B
r 0(J, /B (W'®n’) da’)
2V /J2B L (n'®n’) 9B
r d [, (det(B)B~':(n'®n"))da’
2V /2B L (n'®n’) OB
(56)

+ J?

0B

0 (f% B 1:(n'®n’) da’)}

- F\/(zi;z(B)fo {WB_l

B—l . (n’®n’) . B—l} ,
- da

VB L (n'®n’)

Substitution of above equation into Eq. 55 gives

B—l_ I® ’ _B_1
{w/B I, (n'®n’)B~! — BE’L (n‘?;n,) }da' (57)

VO Yo
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Combining above equation with = ;Z—Z - B, we can get the following equation

F] — 4 ! ! !
_ZE)U.B_26<(VO)f¢0 Bl.(n®n)da>.B
“JoB ] 3B

77

B—l_(nl®n/)
—d ——————da’
Jdet(B) B‘lz(n’®n’)} a

T [ s B o)
_]VO(aI fo det(B) —B‘l:(n’®n’)da)

T

{\/ det(B) /B~1: (n'®n’)

0

(58)

From Eq. 46, we can get

FT-n (59)
|FT . nl

n =

Substituting Eq. 45 and Eq. 59 into Eq. 58 and rearranging, we can obtain

(60)

r
T = —f [ — n®n]da,
V]

which is the same equation with the one obtained via the derivation involving the right

Cauchy-Green strain tensor C.

In summary, three types of equations of expressing the Cauchy stress tensor as a

function of the Finger strain tensor have been derived:
Type 1 (Potential energy theory)
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20 ((%) J,, JET-FD: (w@n’) da')
] 0B

20U

szﬁ

‘B

Type 2 (Cauchy stress tensor in terms of Langrangian parameters)

r B! (n'®n’) B!
T=— { B~1:(n'®n)B! — (n'®n) }da’
Vo Jy, vB™L:(n"®n’)

Type 3 (Cauchy stress tensor in terms of Eulerian parameters)

r
Tz—f [ — n®n]da
Vi

(61)

(62)

(63)

These three types of equations are equivalent. However, usually one is given information

of the morphology at the initial state (represented by A a’ and n'n’), and therefore Type 1

equation in such case will be more convenient for solving the Cauchy stress tensor. Type

1 is suitable especially when the type of deformation is given because Z—z can be directly

computed based on the unique form of the Finger strain tensor. Type 3 model is difficult

to use because of the complexity in calculating the nn tensor.

Since the Finger strain tensor is always symmetric, it can be expressed with a spectral

representation using its normalized eigenvectors, b', and the corresponding eigenvalues, ki,

B = Z kb’ ®b'
i

With n; = sinfcosg,n, = sinfsing,n3 = cos6, we can get
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r
U:_] Bl(nl®n f Jkllz 1/2+k112da/
Vo Yo

I
- | JOt =k + (™ — kg + kst e
0 0

AT
=0 f 1/k1k2k3J(k{1——k;l)nf-+(k;1 sOn? +k3tda'
4V Jy,

4nV0f \/k2k3n1 + kikgny? + k k,n da’

AT (T an
= 47;.)[/ f — (d cosb) f \/k2k3cosz<psin29 + kik3sin?@sin?0 + k k,cos?6 do

;20U 2
JoB ]

(5200

=1

3
_ Aol 0g(ky, ky, k3) oL
©2nV,) (Z ok; b'eb’ |- B

=1

(66)

g(ky, ky, k3) = fwo Vkoksn? + kiksni? + kik,ni? da’ is essentially the surface area of

an ellipsoid with principle radii of \/ky,\/k;,/ks. When closed-form solutions for
ellipsoid surface area cannot be obtained using elementary functions, Yao [61] proposed

to use the method of an approximation obtained by Xu et al [63].

(67)

(keks)S'2 + (kyks)S/2 + (k2k3)C/2>1/ ¢

g(k1'k2rk3) = 47T< 3

when ¢ = 1.6075, the error is less than 1.061%. An approximation to the Cauchy stress

tensor can be obtained by substituting above equation into Eq. 66.
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_ AT <(k1k2)C/2 + (kpks)S/? + (k2k3)§/2>1/c—1z 3 .

3
3VoJ 3 i=1 j=1 (68)

— 8;;)(kik;)/? b'@b?

2.4  Model Testing

As already shown, the morphology development and rheological properties of
polymer blends with complex interface during deformation can be treated via the
kinematics of the Finger strain tensor. Besides, the Cauchy stress tensor can be written as
a tensor derivative of the interfacial energy and expressed as a function of the Finger strain
tensor. Here the accuracy of this theory will be tested using simple shear and uniaxial

extension.
2.4.1 Uniaxial Elongation
The deformation gradient tensor of uniaxial elongation is
A 0 0
F= (o A7z 0 ) (69)
0 0 A2

in which A is the stretch ratio. The Jacobian J for this tensor is equal to 1. The Finger strain

tensor and its inverse are

2 0 0 20 0
B=<o At o>andB‘1=<o A o) (70)
1

0o 0 A 0 0 2

42



VB L:(n'®n’)da’ = j \/)I‘an + An + AnF da’
O 0

VO Yo

= Lf \//1 + (22 - D da’
- 1
Vo ly,

AT T 2T
=2 J —(d cos®) | A+ cos20(A~2 — ) de (71)
AtV Jo 0

AT
~ v,

f JA3 — (A3 — Dx?dx

_Al1 N Atan 1(VA3 - 1)
AV VB -1

We can get an analytical solution to T from Eq. 66, from which a first normal stress

difference can be yielded,

(A°—42 )tan_l(\/ -1, A2 +227"
@ -1 -1

Aol

T11 =Ty = v,

(72)

An approximate solution using the ellipsoid surface area approximation can be obtained

using Eq. 68

1-¢

[ o
AT [ 2224+ 217° [
Ti1 =Ty = 3](;()( 2 > AzZ-2 C) (73)

Here a solution obtained using the Doi-Ohta model is also given for comparison [40]:

43



_ AT WA=V (74)

T 32+47%)

3
25 A
é 15
L”a. :
g
> 17 7 Solution from Eq. 68
05 | — — Analytical solution
' Doi-Ohta Approximation
U T T T
0 10 20 30 40

Elongational strain, A

Figure 2-1 First normal stress difference as a function of elongational strain
from three solutions for uniaxial elongation

Figure 2-1 shows the first normal stress difference plotted against uniaxial
elongational strain for the above three solutions. The solution obtained by the ellipsoid

surface area approximation is a better fit to the analytical solution than the Doi-Ohta model.

2.4.2 Simple Shear

As a further exercise, we test the theory using simple shear of an isotropic media

with a deformation gradient tensor of
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1 y O
F= <O 1 0) (75)
0 0 1

in which y is the shear strain. The Jacobian for this deformation tensor is equal to 1. The

Finger strain tensor and its inverse are

¥’+1 y 0 1 -y 0
B=| y 1 0]andB7'=|—y y2+1 0 (76)

0 0 1 0 0 1

The eigenvalues of the Finger strain tensor are

1 1
ky =§<y2—y /y2+4+2>,k2 =§<V2+V /V2+4+2>:k3 =1 (77)

The corresponding eigenvectors are

1 442
: 2 2V TV

pl =
\/2y2—2yw/4+y2+8 (1)

2 2 %(V + W) (78)

b =
J2y2 +2y/4+y2+38 (1)
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By substituting above equations into the approximate equation for T, we can get the
principle shear stress, which is plotted as a function of shear strain in Figure 2-2. The

solution from the Doi-Ohta model is

AT 2 -1/2
Ti = Y(1+—) (79)

The exact integral from Eq. 22b can be written as:

T., = f fZ” ysin@cosze—sinZHCOSHCOS(p dpdo (80)
47TV0 J (@ + y%cos26) — (ysin20)cosg
from which the analytical asymtotes can be obtained:
Aol 4 —y,fory <1
Tia=7-715" (81)
0105, fory>»1

For comparison, the Doi-Ohta solution and the analytical solution are both plotted in Figure
2-2 and we can see that the solution from the equation obtained with ellipsoid surface area

approximation matches the analytical solution better than the Doi-Ohta model.
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Figure 2-2 Shear stress as a function of shear strain from three solutions for simple
shear

The prediction results of the obtained nearly closed-form solution for the uniaxial
elongation model and the simple shear model indicate a good fitting to the exact solutions.
Therefore, the relation between the Cauchy stress tensor and the interfacial conformation
can be obtained by differentiating the interfacial energy with respect to the finger tensor,

which provides another approach for analyzing the dynamics of complex interfaces.
2.5 Interfacial Orientation in Affine Deformation

2.5.1 Characterization of Interfacial Orientation via Interface Dynamics

Based on the Finger Strain Tensor

In polymer processing, interfacial orientation is a parameter that is worthy of
attention. When the polymer blend is being stretched, the interface will be oriented, which

will make the polymer phases thinner and easier to break up during later-stage processing.
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Therefore, the interfacial orientation is not helpful and even brings harm. From the result
of Fu [64], the large interfacial orientation from the strong force field of injection molding
caused layered structure and decreased the mechanical properties. It is already known that
co-continuous morphology is important for overcoming the disadvantage of immiscibility
and improving the mechanical properties of immiscible polymer blends. Therefore, we
want to keep the co-continuous morphology in the final product as much as possible. Since
a large interfacial orientation will make it difficult to retain the co-continuous morphology,
knowledge about how to predict the interfacial orientation of the blends during different
deformation processes will be helpful for the processing of polymer blends. Existing
interface theories like the Doi-Ohta model and the Wetzel-Tucker method are not ideal for
this purpose because of their computational complexity brought by the fourth-order tensor.
In our study, it is shown that the interface dynamics can be approached via the Finger strain
tensor which greatly simplified the calculation by avoiding the involvement of a fourth-
order tensor. As already introduced, the complex interface in the deformed state can be
represented by the surface of an ellipsoid with the Finger strain tensor as the characteristic
tensor. Therefore, the problem of calculating interfacial orientation can be approached via
the Finger strain tensor. Here a variable ¢ is defined to quantitatively represent the

interfacial orientation degree:

¢ =B;; + By, + B3z —3 (82)

in which Ba1, B2z, Bss are the diagonal terms of the Finger strain tensor. With the variable
¢, it is convenient to quantize and compare the interfacial orientation degree in various

deformation fields. When relaxation is not considered and it is assumed to be affine
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deformation or conformal deformation, the change of interfacial orientation degree with

the strain in different deformation fields can be obtained based on the Finger strain tensor.

2.5.2 Quantification of Interfacial Orientation with the Self-Defined Variable ¢

2.5.2.1 Uniaxial Elongation

Uniaxial elongation is a deformation that is common in many processes. Here we
will check how the interfacial orientation degree ¢ changes with time during a uniaxial

elongation. The velocity gradient of uniaxial elongation is

§& O 0
1
L(t>=(° % 0 W (83)

1,
0 O _ESO

in which &, is a constant stretch rate. Therefore, the resultant deformation gradient tensor

and Finger strain tensor are respectively

Eot
e 0 0 280t

1 e 0 0
Fit)=| 0 e 2%t 0 and B(t)=| 0 e %ot 0 (84)
0 0 ea 0 0 e

A characteristic relaxation time, &, is defined according to the mechanics of the ellipsoidal

relaxation process

o~

3n (85)

_nt_Sn
E_a_ ol
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in which the unit length I can be considered as the representative dimension of the ellipsoid

with B as the characteristic tensor.

Reduced time t = % is used to normalize the time scale. The interfacial orientation

degree ¢ can be expressed with

P = e?%ot 4 2¢60t — 3 = g2808T 4 2e=80lT — 3 (86)

The interfacial orientation degree with reduced time relationship under different stretch
rate in uniaxial elongational flow is plotted in Figure 2-3. It can be seen that the interfacial
orientation degree ¢ increases with time and when &, increases, the value of ¢ and the rate

of increase of ¢ both increase.

100 : , :
- = € =0.1
- = =1
80 df =10
60 4
S
o
40 |
20 e
O;::::-__—__._-___T____:
0 5 10 15 20

Reduced time t/¢

Figure 2-3 Interfacial orientation degree as a function of reduced time for uniaxial
elongational flow. A base-10 logarithmic scale is used for the Y axis.

2.5.2.2 Biaxial Extension
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The change of interfacial orientation degree ¢ during a biaxial extension is

calculated here. The velocity gradient of biaxial extension is
g 0 0
L(t) = (0 £ 0 > (87)
0 0 =2&
The deformation tensor and the Finger strain tensor are calculated accordingly to be
efof 0 0 et 0 0
F(t) = ( 0  ebt ) and B(t) = ( 0 e2t ) (88)
0 0 e 2t 0 0 e o

The interfacial orientation degree ¢ is

¢ — Zezéot + e—4é0t —3= zez;soff + 3—459055 -3 (89)

whose change with reduced time is shown in Figure 2-4. It can be seen that ¢ has a larger

value and increases faster when the stretch rate increases.
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Figure 2-4 Interfacial orientation degree as a function of reduced time for biaxial
extensional flow. A base-10 logarithmic scale is used for the Y axis.

2.5.2.3 Planar Elongational Flow

Similarly, we can calculate the interfacial orientation degree ¢ for the planar
elongational flow. The velocity gradient, deformation tensor and the Finger strain tensor

for planar elongational flow are shown below.

& 0 0
L(t) = (o 0 0 ) (90)
0 0 —&
et 0 0 g2t 0 0
91
HD=(0 1 0 ) MO=<0 1 0 ) (92)
0 0 e %t 0 0 e 2%t
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The interfacial orientation degree ¢ is

d) — eZéOt + e—Zéot _ 2 — eZé‘off + e_ZéOEE — 2 (92)

The change of ¢ with reduced time in planar elongational flow is shown in Figure 2-5,

which shows a similar trend with the biaxial extensional field.
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Figure 2-5 Interfacial orientation degree as a function of reduced time for planar
elongational flow. A base-10 logarithmic scale is used for the Y axis.

2.5.2.4 Simple Shear

Finally, we calculate the interfacial orientation degree ¢ for simple shear. The velocity

gradient, deformation tensor and the Finger strain tensor for simple shear are shown below.
0 v O
L(t) = (o 0 0) ®3)
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1y 0 y2+1 r 0
F(t)=<0 1 o), B(t)=( r 1 0) (94)
0 0 1 0 0 1

The interfacial orientation degree ¢ is

¢ =y? =y2EE? (95)

Figure 2-6 shows the change of ¢ with reduced time in different shear rate. In a
deformation field of simple shear, the increase of interfacial orientation degree is much
slower than it is in uniaxial elongations and biaxial extensions. Therefore, when processing
polymer blends that need to have small interfacial orientation degree, one might consider

decreasing the time that the blend spent in elongational deformation fields.
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Figure 2-6 Interfacial orientation degree as a function of reduced time for simple
shear flow. A base-10 logarithmic scale is used for the Y axis.
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2.6 Conclusions

The presence of an implicit interface makes it complex to analyze the dynamics and
rheology of blends. In this chapter, three equivalent solutions to the Cauchy stress tensor
are derived based on the Finger strain tensor. The extra stress tensor is directly proportional
to the interface tensor, which describes the dynamics of complex interfaces. By exploring
the analytical nature of the tensor derivative of the interfacial energy, our theory provides
a convenient method for treating the dynamics of complex interfaces by hyperelastic finite
deformation. Similar with the method of deriving the stress tensor based on the right
Cauchy-Green strain tensor, this method is realized by elementary algebraic and matrix
operations and avoids the complex calculation introduced by the involvement of a fourth-
order tensor. In addition, the use of the Finger strain tensor brings advantages that the right
Cauchy-Green strain tensor does not do. The Finger strain tensor is more maneuverable
and the large knowledge base developed in nonlinear viscoelasticity can be used for
assisting with the interface problem and rheology. The use of the Finger strain tensor also
provides an easy method of studying the interface dynamics using the ellipsoidal surface
approximation. For some complex interfaces, the material parameters in the constitutive
model are difficult to be written as elementary functions. The ellipsoidal surface
approximation can help resolve the tensor derivative dg/dB into elementary functions.
Two case studies are used to show that the theory derived based on the Finger strain tensor
with an approximate ellipsoid area surface gives a better fitting to the analytical solution
than the solution from the Doi-Ohta model. Moreover, with the Finger tensor approach

and the ellipsoidal equivalency, we can represent the interfacial orientation degree with an
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expression of the Finger strain tensor and calculate their values in different deformation

fields, which might be helpful for polymer blends processing.
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3. INVESTIGATION OF THE INTERFACIAL ORIENTATION OF

IMMISCIBLE POLYMER BLENDS

3.1 Introduction

The discussion in Chapter 2 does not consider the relaxation of interfaces, which is
not suitable for realistic polymer processing because the interfaces in viscoelastic polymer
blends are subject to interfacial relaxation. In this chapter, interfacial orientation with the
consideration of the relaxation effects will be calculated and compared with the results

without relaxation.

As already introduced in Chapter 2, the interfacial orientation degree can be
expressed via the Finger strain tensor B. To deal with the relaxation effects, the total B can
be split into two parts [62]: B, and B,. One part is kept (B,) and the other is dissipated
(B,). We need to use the kept/memorized strain B, instead of B for representing the actual
interfacial orientation. Therefore, the interfacial orientation degree for interfaces with

relaxation effects can be described as

& = Be11 + Beaz + Bezs — 3 (96)

To calculate the interfacial orientation degree, we need to obtain B,, for which an energy
balance method introduced by Yao [62] will be used. From the properties of Finger strain

tensor, we can get
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B.,=B, - (L+L)"+ (L+L,): B, (97)

in which L, is the velocity gradient corresponding to the dissipated energy. From Eq. 97.

we can get the following expressions,

B.—B,-L-L-B,—B,-L,—L;-B,=0 (98)
- (99)

B,—B, L'—L,B,=0

The rates of decrease of stored elastic energy —W/, and heat generation Q are considered

equivalent,
W, =
W= é(T ‘B™):B (100)
Q=n(Lg+Ls ): Ly

Combining the above three equations, we can get

—é(T B;1):B, =J[n(Ly + L") + v(trL)I]: Ly
(101)

1
—[T _§(trT)I] : Ld = ZI]Ld . Ld

from which we can get
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1
_T-3I

= (102)
L, 7
From Eqg. 66, we can get
AT 0g,
=——" 103
2nj 0B, ¢ (103)
in which g is the surface area of the ellipsoid with a characteristic tensor of B..
Combining Eg. 102 and 103, we get
Apg.T d
L, = o9, Al 0g, ) (104)
121/n 41/n 0B,
Substituting the above equation into Eq. 99, we get an equation for B,
A\
B, Mgl Al Gs.p gy (105)

6xJy ¢  2nJy OB,

With this evolution equation for Be, we can calculate the interfacial orientation degree with
relaxation effects in different deformation fields, which will be demonstrated in the

following sections.

3.2 Calculation of Interfacial Orientation Degree with Relaxation Effects

Considered

3.2.1 Interfacial Orientation Degree in Uniaxial Elongation Deformation Field
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In Chapter 2, the interfacial orientation degree in affine deformation without

relaxation effects has been calculated. Here we will calculate the interfacial orientation

degree with relaxation effects considered. The retained strain tensor can be expressed as

20 0
B.=({ 0 2" o0
o o0 A°°

in which A, is used to differentiate from the initial stretch ratio.

20,2, 0 0
B.=| 0 -1,7%4, 0
0 0 —A," %A,

i=1j=

Substituting the above equations into Eq. 105, we can get

- Aog,l AT (g N\ S
Ae = &0l = 121y Ao+ 3n (E) Ae

The same method is used for obtaining the surface area,

g4, A2, 43) = 4m( 3

Therefore, we can get the approximate surface area as
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ag, 27T 9 /240 on 1ol
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(107)

(108)
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)1/s (111)
Substituting the above equation into Eq. 109, we can get the evolution equation of 4,

1 1—¢

s 3 s S
dde | 240T [ 222+ 2.°¢ Aol (222 +2.° =1, et (112)
P ( T GRS

Then we can get the evolution equation of A, with the reduced time £

1 1=

s I3 s 3
2 - 2 —-¢
_C?fe = £l -2 <—me ;rﬂe ) + (—me ;rle ) (Aé_l + AE“) (113)

The interfacial orientation degree with relaxation effects considered can be written by

® =By +Begz + Begz —3 =2, +21, " -3 (114)

Since ¢ can be expressed with A,, we can know the change of ¢ with reduced time from
Eq. 113, which is shown in Figure 3-1. It shows that the interfacial orientation degree of
viscoelastic polymer blends with relaxation effects under uniaxial elongation field has the
same trend for different &,. At the beginning, the interfacial orientation degree increases

with time, and then will stabilize at a time scale of orders of ¢&.
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Figure 3-1 Interfacial orientation degree as a function of reduced time for uniaxial
elongational flow with relaxation effects considered. A base-10 logarithmic scale is
used for the Y axis.

3.2.2 Interfacial Orientation Degree in Biaxial Extension Deformation Field

With relaxation effects considered, the change of interfacial orientation degree ¢

during a biaxial extension is calculated here. The memorized Finger strain tensor are

2 0 0
B.=( 0 1% 0 (115)
o o0 °*
20,4, 0 0
B.=| 0 2.4, 0 (116)
0 0 —41,7°1,

The surface area is approximately
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A2 422,75 /* (117)

2 2¢+2 +2 —¢c+2 0 0
1— e e
29 B, =2l 0 254,70 (118)
0B, 3 M4m e e .
0 0 22,757

Combining above equations with Eq. 105, we can get the evolution equation of 4, with

time

1-¢
) =
di, 5 A0r</1;+2/1ec) S (Ae_gﬂ + ,15”1) (119)

ac - T\ T 3

After normalizing the time with characteristic relaxation time, we can obtain

1—=¢
26 -\ ¢
d, _ ten, + % <Ae +21; ) (351 4 22541) (120)

dt 3

The interfacial orientation degree with relaxation effects considered can be expressed as

¢ = Boyg + Begy + Bozzs —3 =212+ 1,7* =3 (121)

With Eq. 120 and 121, we can know the change of ¢ with reduced time for viscoelastic
polymer blends subjected to biaxial extension deformation field, which is shown in Figure

3-2.
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Figure 3-2 Interfacial orientation degree as a function of reduced time for biaxial
extensional flow with relaxation effects considered. A base-10 logarithmic scale is
used for the Y axis.

Similar with the interfacial orientation degree of polymer blends in uniaxial
elongation field, the interfacial orientation degree in biaxial extension field also increases
with time at first and then stabilizes at a time scale of orders of &. However, the interfacial
orientation degree in biaxial extension field is smaller and stabilizes earlier than that in

uniaxial elongation field.

3.2.3 Interfacial Orientation Degree in Planar Elongation Deformation Field

Similarly, we can calculate the interfacial orientation degree ¢ with relaxation
effects for the planar elongational flow. The actual Finger strain tensor for planar

elongational flow are shown below.
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220 0
B.=| 0 1 0 (122)
0 0 7%

_ 22,1, 0 0
B.=( 0 0 0 (123)

AS+1+2,75 ¢ (124)

ag 2w g, ¢ 257 A 0 0
5g. Be =5 () 0 A5 +2,76 0 (125)
¢ 0 0 2,24 4,7

Substituting above equations into Eq. 105, we can get the evolution equation of 1, with

time

1=
da AT (A5 + 2.5+ 1\ ¢ (1 __ 1 1
i ety ( —3 ) (516”1‘6%‘ 51?1) 1)
The evolution equation of A, with the reduced time is
9 9 =
da Ae+ A+ 1\ ¢ (1 __ 1 1

The interfacial orientation degree with relaxation effects considered can be expressed with
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® =Boyy +Begz +Bezgzs —3 =2+, -2 (128)

From Eq. 127 and 128, we can obtain the change of ¢ with reduced time for
viscoelastic polymer blends subjected to planar elongational flow, as shown in Figure 3-3.
It can be seen that the interfacial orientation degree of polymer blends in planar
elongational flow has the similar trend of first increasing with time at first and then

stabilizing at a time scale of orders of &.
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Figure 3-3 Interfacial orientation degree as a function of reduced time for planar
elongational flow with relaxation effects considered. A base-10 logarithmic scale is
used for the Y axis.

3.2.4 Interfacial Orientation Degree in Simple Shear Deformation Field

With a simple shear with shear strain y applied to the viscoelastic media, the total

strain applied to the blend is
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Yit2+1 yt 0
B(t) = yt 1 0 (129)

0 0 1

To express the memorized strain, we introduce a temporary variable [, which refers to the

part of (yt) that is kept. The memorized strain can be written as

1+, 1, 0
B, = I, 10 (130)
0 0 1
The strain rate is
_ 2,1, I, 0
B.=( [, 0 0 (131)
0 0 O

The three eigenvalues of the memorized strain tensor A7, 15, 25 are respectively

1
A%:i(li—le Z+4+42)

1 132
A§=5(15+ze Z+4+42) (132)

=1

The three eigenvectors of the memorized strain tensor vy, vy, v, are respectively
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2
, (1.- [z +4)
V= 2
2 2 1
\/216—216 L+4+8 0
2
~ 2 lo + /le + 4
2= 2 (133)
\/215+21€ +4+8 0
0
o}
1
The surface area is approximately
1 22)5 + (AaAs) + (p25). /¢
9,2, y) ~ am(CrR) T %) + (o) (134)
1
(A1 42)5 + (A1 43)5 + (A 43)5\¢
a9, _ o 1 agebi®bi_4 - 1 6( - 133 = ) bi®b!
0B, ~ £32; 0% - ”; 22, a,
(135)

in which A, B, C, D, E are respectively
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201+ G (2 -1, JETa+ 2))2) 201+ <%(l§ I JET A+ 2))

A= N
21, JBt4+4 2+ 1, Et+a+4
%
2(1+<%(l§—le‘/l§+4+2)> )l — 2+ 4)

2 =1JI2+4+4D)(12—-1\I12+4+2)

g
2
2(1 + (% (2 + 1, JIZ+ 4+ 2)> NOENED)
+
G+ L JBta+a)(2+1LJZ14+2)
%
4(1 + (%(zg — 112+ 4+ 2)) )
C =
G-I JBt+a+4)(Z— 1, JZ1+4+2)

(136)

S
)

4(1 + (% (12 + 1,12 +4+ 2))
+
B+ 1 J2+4+D)L2+1JI24+4+2)

N[N

+<%(l§+le l§+4+2)>

s s
2 2
1+ <%(l§ —lJIZ+4+ 2)> + (%(zg +lJIZ+4+ 2))

3

Substituting the above equations into Eq. 105, we can get the evolution equation of
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1
dle 24T 1 ATl ' 2 137
e ECIQ—WE [A(8 +2L,) +B(LZ +1)] (137)

in which A, B are the same as referred to in Eq. 136. After normalizing the time with

characteristic relaxation time, we can get the evolution equation of A, with reduced time

% — fr 4 2B, — FF ! A (23 +21) +B(12+1)]

(138)

The interfacial orientation degree with relaxation effects considered can be expressed with

¢ = Bey1 + Bepy + Bezz —3 =12 (139)

Combining Eq. 138 and 139 gives the information of the change of ¢ with reduced time
for viscoelastic polymer blends subjected to simple shear deformation field. The result is

shown in Figure 3-4.
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Figure 3-4 Interfacial orientation degree as a function of reduced time for simple
shear flow with relaxation effects considered. A base-10 logarithmic scale is used for
the Y axis.

The change of interfacial orientation degree of polymer blends in simple shear field
has a similar trend of first increasing and then stabilizing. However, the magnitude of
interfacial orientation degree in simple shear is not as large as it is in other elongational

flow fields.

3.2.5 Comparison of the Prediction Results of Interfacial Orientation Degree with

Considering Relaxation Effects and without the Relaxation Effects

In Chapter 2, the interfacial orientation degree of interfaces in affine deformation has
been investigated. After obtaining the evolution equation of B,, interfacial orientation
degree with relaxation effects considered can be acquired. Here the results for the

interfacial orientation degree with and without the relaxation effects will be compared.
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Figure 3-5 Comparison of interfacial orientation degree as a function of reduced time
for uniaxial elongational flow with and without relaxation effects considered. A base-
10 logarithmic scale is used for the Y axis.
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Figure 3-6 Comparison of interfacial orientation degree as a function of reduced time
for biaxial extensional flow with and without relaxation effects considered. A base-10
logarithmic scale is used for the Y axis.
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Figure 3-7 Comparison of interfacial orientation degree as a function of reduced time
for planar elongational flow with and without relaxation effects considered. A base-
10 logarithmic scale is used for the Y axis.
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Figure 3-8 Comparison of interfacial orientation degree as a function of reduced time
for simple shear flow with and without relaxation effects considered. A base-10
logarithmic scale is used for the Y axis.
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Figure 3-5 to Figure 3-8 show the comparison of the results of interfacial orientation
degree with relaxation effects and without relaxation effects in respectively uniaxial
elongation flow field, biaxial extension flow field, planar elongation flow field and simple
shear flow field. When the relaxation effects are not considered, i.e. when the complex
interfaces are subject to affine deformation, the interfacial orientation degree will keep
increasing with time. However, when the relaxation effects are considered, the interfacial
orientation degree will stabilize at a time of orders of characteristic relaxation time.
Therefore, when viscoelastic fluids such as polymers are encountered, we need to consider
the relaxation effects for the interfacial orientation degree otherwise the predicted result

would deviate from the actual situation.

3.2.6 Interfacial Orientation Degree in the Relaxation Process of A Blend

Subjected to A Step Strain

The change of interfacial orientation degree in different deformation fields has been
described in the previous part. With the same method we can also predict the interfacial

orientation degree of polymer blends during relaxing after being applied a step strain.

Since the deformation field has gone, the velocity gradient is
& 0 0
L(t) = (o 0 0 ) (140)

0 0 —&

The initial Finger strain tensor is
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B(): 0 /10_1 0 (141)
0 0 A"
The memorized strain tensor is
At 0 0 142
B.=( 0 A% 0 (142)
o o A7t
d 2 S (143)
99e p _ 4T &HZZ S B NS/Zhi ki 143
38, Be = ) 2, 20~ k)b
i=1j=

Substituting the above equations into Eqg. 105, we can get the evolution equation of Ae,

1 1=

S \% s\
da, _ 2A40T [ 222+ 2, + AT (222 +2.° /1%—1 4 a5t (144)
dt 3n 3 3n 3 e ¢

Normalizing it with the characteristic relaxation time, we can get the evolution equation of

e With reduced time,

s 3 S
22+ 25¢ 242 4 156 sy (145)
b _ _2<M> . (u) ()
dt 3 3

The interfacial orientation degree during the relaxation process can be written as
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d) = Bell + Bezz + Be33 —3= /‘{ez + 2/19_1 -3 (146)

With Eqg. 145 and 146, we can know how the interfacial orientation degree changes during
the relaxation process of polymer blends subjected to a simple step strain. With Ao Set to 3,

the change of interfacial orientation degree with reduced time is shown in Figure 3-9.

Reduced time t/£

Figure 3-9 Interfacial orientation degree as a function of reduced time during relaxing
of a blend subjected to a step strain.

As shown in Figure 3-9, the interfacial orientation degree decreases gradually during
the relaxation process and reach almost zero at a time magnitude of orders of relaxation

time.

Interfacial tension and viscosity both change when the temperature changes.
Therefore, we can use Eq. 144 to predict the relaxation behavior of blends at different
temperature and compare the predicted results with experimental results of stress relaxation

of the blends. Here polypropylene (PP) and polystyrene (PS) blends with 50% weight
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percent of PP will be used as a model system for the comparison. The PP/PS blend holds a
nearly co-continuous structure. The stress relaxation experiment was conducted on a
rotational rheometer (AR2000, TA Instruments) equipped with 25-mm parallel plate
geometry. PP/PS blends were molded into disks with a diameter of 25 mm and a thickness
of 1.5 mm. The stress relaxation experiment of PP/PS blend was performed at different
temperatures from 200 to 230 °C to study how the temperature will influence the relaxation
rate. The experimental result is shown in Figure 3-10. The result is plotted in a semi-log
scale, and therefore the rate of relaxation can be represented with the absolute value of the
slope. The increased slope with increased temperature as shown in the inset of Figure 3-10
indicates higher rates of relaxation at higher temperatures. When the temperature increases,
the interfacial tension will decrease, which tends to decrease the relaxation rate [65]. In
contrast, increasing temperature will lower the viscosity, which has an effect of increasing
the relaxation rate. The experimental results of faster relaxation rate at higher temperature
indicates that as temperature increases, the effect of the viscosity on relaxation rate is larger

than that of the interfacial tension.
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interface relaxation process and indicates rate of relaxation.

For PP/PS blend, the relationship of interfacial tension with temperature can be

modeled using Eq. 147 [66].

The relationship of the blend viscosity can be expressed with Arrhenius equation. Here an

activation energy of 49.93 KJ/mol is adopted [67]. The values of viscosity at different

temperatures can be determined from

78

mN
['=7.515-0.0128 (T — 273) (7)




in which A is a constant related with the materials, T is the absolute temperature with the

unit of K, R is the ideal gas constant (8.314 J/mol-K) and E is the flow activation energy.

We choose the same temperatures as those used in the experiment (200 °C, 215 °C
and 230 °C). From Eq. 147 and 148, we can get corresponding I, n1. Substituting them into
the evolution equation of Ae, we can obtain how interfacial orientation degrees change with
reduced time at different temperatures, as shown in Figure 3-11. It indicates that the
relaxation rate increases when the temperature increases, which is consistent with the

experimental results.
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Figure 3-11 Interfacial orientation degree as a function of reduced time during
relaxing of a blend subjected to a step strain at different temperatures.

3.3 Conclusions

Interfacial morphology of polymer blends has been studied a lot using interface

tensor or area tensor which makes the computation complex. Therefore, those methods
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might not be ideal for dealing with the interfacial morphology and rheology problems of
the viscoelastic polymer blends with relaxation effects. The use of the Finger strain tensor
for the calculation of the interface dynamics serves as one alternative method for
understanding the morphology evolution. As already introduced in Chapter 2, the
interfacial orientation degree in affine deformation can be easily accessed with the Finger
strain tensor. For viscoelastic polymer blends with relaxation effects, the actual retained
strain is not the one which is applied to the blend. Actually, the retained strain Be is smaller
because the relaxation effects generate a dissipated strain Bqa. The interfacial orientation
degree is then related with the actual retained strain, Be. Using an energy balance approach,
we can get the evolution equation of Be for viscoelastic polymer blends with relaxation
effects and thereby know how the interfacial orientation degree changes with time. The
change of interfacial orientation degree with time is shown in uniaxial elongation
deformation field, biaxial elongation deformation field, planar elongation deformation
field and simple shear deformation field. Moreover, the change of interfacial orientation
degree with reduced time in a relaxation process of polymer blends subject to a step strain
is plotted. To validate the model, the interfacial orientation degree as a function of reduced
time is plotted at three different temperatures and compared with experimental results of
stress relaxation of polymer blends at the same series of temperatures. We hope this work
may provide potential instructions for situations like polymer blends processing that need

to consider relaxation effects.
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4. PROCESS DESIGN FOR PREPARING USABLE PRODUCTS

FROM IMMISCIBLE POLYMER BLENDS

4.1 Introduction

Despite extensive research on interface dynamics, there are currently no adequate
studies about how to use interface dynamics to guide the process design of immiscible
polymer blends processing. With respect to processing of immiscible polymer blends, a
wide processing window is needed to robustly process the blends into usable products. The
robustness of the process is especially important for improving its potential of being used
in plastics waste recycling because recycled materials are less pure and many parameters
are less well-controlled. To prepare usable products, the process should be able to enhance
the mechanical properties of the blend products and therefore a proper design of different
processing parameters is required. In this chapter, the interface dynamics, as described in
Chapter 2 and Chapter 3, and relevant rheological studies will be used as a guidance for
the process design of preparing usable products from immiscible polymer blends.
Specifically, this chapter will introduce multiple constituent elements that are important
for the process design, followed by a detailed description on how these constituent
elements are combined and used for developing a robust and cost-effective process to

prepare immiscible polymer blends products.

4.2 Constituent Elements

4.2.1 Nearly Co-continuous Morphology
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The process design for the proposed methodology involves a concept called ‘nearly
co-continuous morphology’, as shown in Figure 4-1. Traditionally, a fully co-continuous
structure refers to the case where both of the two phases are continuously connected
throughout the blend. As we know, the reason for the low mechanical properties of
immiscible polymer blends is the poor interfacial adhesion. In the blend with a fully co-
continuous structure, both phases share the load, which reduces the need of transferring
stress across the phase boundary. In such a way, the need for sufficient interfacial adhesion
as required to achieve desired mechanical properties is weakened and the blend with fully
co-continuous structure shows higher mechanical properties than that with one-phase-
being-dispersed structure [54]. The phase morphology control in preparing co-continuous
blend has been investigated in different studies and multiple models were proposed to
predict the phase inversion point, around which co-continuous morphologies are most
likely to form [55]. In fully co-continuous structure, the continuity of both phases is 100%,
which leads to increased difficulty of preparing the fully co-continuous structure. In
contrast, a nearly co-continuous structure is relatively easier to be prepared, in which one
phase is fully continuous while the other phase’s continuity is smaller than 100% (i.e.,
partly continuous). Therefore, a nearly co-continuous structure may be considered as the
combination of fully co-continuous morphology and droplets structure. In nearly co-
continuous morphology, at least one phase is continuous, which can act as the load-transfer
phase and enhance the mechanical performance. A nearly co-continuous morphology may
not be as effective in enhancing the properties as a fully co-continuous structure, but it
should be adequate for achieving usable mechanical properties. Moreover, it is more

economically viable and easier to process than a fully co-continuous structure.
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Figure 4-1 Nearly co-continuous morphology and fully co-continuous morphology of
polymer blends.

4.2.2 Interfacial Orientation during the Processing of Immiscible Polymer Blends

Different from processing of single categories of polymers, processing of polymer
blends using flow or stretch involves deformation and orientation of the interface. For
blends with matrix-droplet structure, polymer interfaces refer to the boundaries of the
droplets. Therefore, the orientation of the interfaces means the elongation of the
boundaries, which is essentially the elongation / stretching of the droplets. For blends with
co-continuous structure, interfacial orientation means the stretching and orientation of the
network-shaped interface, which will stretch and elongate two polymer phases. Interfacial
orientation acts as defects and deteriorates mechanical properties. Just like the stretching
of the droplets will make the droplets break up, if phases in the co-continuous network are

oriented and elongated too much, they will tend to break during later-stage processing.
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Besides, large orientation of the interface may also lead to phase separation. From the
results of Fu et al. [64], the large interfacial orientation from the strong force field of
injection molding caused formation of layered structures and decreased the mechanical

properties.

Since the interfacial orientation can significantly affect the mechanical properties of
polymer blends, investigation of interfacial orientation degree in different deformation
fields during polymer processing is important for the process design. The evolution of
interfacial orientation with the consideration of relaxation effects has been introduced in

Chapter 3, which indicates that there will be a persistent interfacial orientation when

polymer blends are subject to a deformation field. Besides, by comparing the magnitudes
of the interfacial orientation degree in different deformation fields as shown from Figure
3-1 to Figure 3-4, it can be seen that elongational flows generate a much larger interfacial
orientation than shear flow. Among the three elongational flows, uniaxial elongation
introduces the largest elongation degree. With Figure 3-1 and Figure 3-4, we can calculate
how much larger the interfacial orientation generated in uniaxial elongation is than that in
simple shear. When the deformation is small (less than 1), the interfacial orientation in
uniaxial elongation is more than tenfold of that in simple shear. However, when the
deformation is large (more than 10), uniaxial elongation may generate an interfacial
orientation which is more than ten thousand times of the interfacial orientation developed

in simple shear.

4.2.3 Relaxation Time of Interfacial Orientation and Molecular Orientation
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In addition to the interfacial orientation discussed above, molecular orientation also
has a large effect on the mechanical properties. The relaxation time of the interfacial
orientation and molecular orientation should be considered when different processing
parameters are determined. Therefore, the interfacial relaxation time and molecular
relaxation time were investigated by rheological studies where nearly co-continuous

polypropylene/polystyrene blends were used as a model system.

First, the stress relaxation behavior of the pure components and the blends at melt
state in the linear viscoelastic region was tested with stress relaxation experiments with a
step strain. As shown in Figure 4-2, both pure components (PP and PS) exhibit a rapid one-
step relaxation within 20 s. However, the PP/PS 50/50 and PP/PS 70/30 blends show a two-
step relaxation: first a fast relaxation due to the relaxation of the pure components; then a
second slower relaxation, as indicated by the plateau and terminal relaxation at longer
times. The second-step relaxation is contributed by the slower interface relaxation in the
nearly co-continuous structure. In co-continuous structure, the two phases form
interpenetrating networks and confine each other from moving fast, which leads to the slow
interface relaxation [68]. Normally the stress relaxation behavior of immiscible blends can
be treated with a linear mixing rule, i.e., the total relaxation modulus is equal to the sum of
the contributions of the interface and the two polymer phases. With this consideration, the
Maxwell model with two relaxation times, which respectively represent the relaxation of
the polymer molecules and the interface, is used to fit the experimental data of stress
relaxation experiment of PP/PS 50/50 blend. The result for the fitting is shown in Figure
4-3. A relaxation time of 0.035 s turns out to fit the stress relaxation behavior of polymer

molecules while a relaxation time of 165 s indicates a good fitting to the stress relaxation
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of the interface at longer time scale. Although the model fits well for the short time scale
and long time scale, it does not give a good fitting to the in-between time scale, indicating

that one relaxation time might not be enough to model the relaxation of the interface.
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Figure 4-2 Stress relaxation behavior of the component polymers and the blends (a)
Log-Log scale (b) Semi-Log scale.
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Figure 4-3 A relaxation model fitted with two relaxation times simulating the stress
relaxation behavior of PP/PS 50/50 blend (a) Log-Log scale (b) Semi-Log scale.

The stress relaxation plot suggests different relaxation mechanisms for the pure
components and the polymer blends. The relaxation spectra of the blends was examined

for the understanding of their relaxation behavior from a more quantitative perspective.
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Figure 4-4 (a) shows the relaxation spectra, H(t), of the PP/PS 70/30 blend, PP/PS 50/50

blend and component polymers PP and PS. The relaxation spectra were calculated using a

second order approximation proposed by Tschoegl [69],

H(t) =G’

dlogG 1(dlogG"\’ 1 d?logG'
( ) (149)

" 4.606 d(logw)?

dl 2 ]
ogw e

d logw

In Figure 4-4 (a), the relaxation of the components is reflected in the left hand side of the
spectra while the relaxation of the interface is contained in the right hand side. The
difference between the blend and their components are not distinguished from each other.
Therefore, a method of plotting the weighted relaxation spectrum t-H(t) versus T proposed
by Gramespacher and Meissner [70] was used to separate the relaxation times of the
interface from the contribution of the components. In the weighted spectra, the slower
interfacial relaxations become more evident as the contribution of slow processes is
magnified by the use of the first moment. Figure 4-4 (b) shows the normalized weighted
spectra of the two blends and their components, in which the peaks in the left hand side
depicts the contribution of the component polymers and the peak and the tail in the right
hand side represent the slower relaxation processes. The PP/PS 70/30 blend contains a
certain amount of PS droplets, which brought about the peak appearing in the right-hand
side. The 50/50 blend is more co-continuous, therefore, its weighted spectra shows a tail
observed in the high 1 region which corresponds to the relaxation of the co-continuous
interface. Li et al. [71] observed a similar behavior in the co-continuous PMMA/SMA
blend. It was believed that the slow relaxations of interpenetrating networks of the co-

continuous structure led to the appearance of the tail.

87



(a) 1s000 - (b)

B} 1.0 g " E ; o PS
v
120004 v a H al i EslPS (70/30)
v
o -
o ps - . 2 © I v PPIPS (50/50)
o 2 og
T 9000 v 4 o PP = . M -
a o A PP/IPS (70/30) ':i:P' 064 = oo o
= va v PPIPS (50/50) = 5 : o ©
o 12
I 6000 o "E' 0.4 o X . o °
Y A I
©n [ o 2 v? b g
3000 oA 0.2 5 vy
A A
BQ' 0.0+ ununﬁsﬂ"
0 ey S E A PP R rrr—r
0.01 04 1 10 100 0.1 1 10 100 1000
©(s) it

Figure 4-4 (a) Relaxation spectra (b) weighted relaxation spectra for PP/PS 70/30 and
PP/PS 50/50 blends and their component polymers at 230 °C.

The result of stress relaxation experiments with model fitting and the weighted
relaxation spectrum indicate that the relaxation time of the interface orientation is much
longer (more than a thousand times) than that of the pure components/polymer molecules
orientation at high temperature. This phenomenon of slower relaxation of the interface than
the molecules has also been reported by other researchers [71, 72]. Since these two
relaxations are so different, the process should be specially designed in order to achieve

usable properties.

4.3 Process Design

After the constituent elements are introduced, this section focuses on how they are
combined and used for the process design. We have already demonstrated that a nearly co-
continuous phase should be adopted for enhancing mechanical properties and reducing
processing cost. A large interfacial orientation tends to damage the co-continuity and
decrease mechanical properties while a large molecular orientation is essential for

enhancing the mechanical properties. The general purpose of the designed process is to
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minimize interfacial orientation and create at least one continuous phase with large
molecular orientation. The results of interface dynamics indicate that the interfacial
orientation will be persistent when polymer blends are subjected to a deformation field
during polymer processing. On the other hand, the rheological studies show that the
interfacial orientation relaxes much slower than the molecular orientation at high
temperature. Therefore, if a deformation field is applied to polymer blends at a relatively
high temperature, the interfacial orientation will be large while the molecular orientation
is small; in other words, a large interfacial orientation will be generated way earlier than
the molecular orientation. This is unfavorable for the mechanical properties from two
aspects. First, the large interfacial orientation decreases the co-continuity of the blends,
which is not desired for enhancing mechanical properties. Second, because of the large
difference in the two relaxation times, the molecular orientation is still small while the
interfacial orientation is already large. The large interfacial orientation brings problem of
easier breaking and hinders the later-stage processing. As a result, the small molecular
orientation has little chance to be increased later with subsequent steps of processing.
Therefore, the interfacial effects should be mitigated while we try to increase the molecular
orientation of the blend with a nearly co-continuous structure. One potentially capable
process for achieving this objective is fiber spinning, with which stage-by-stage operations
can be used to test variable processing conditions and obtain an optimized process for
achieving usable properties. Additional steps can be added for generating large degree of
deformation and enhancing the molecular orientation and mechanical properties. To decide
upon specific processing parameters, we turned to the interface dynamics and rheological

properties again. The evolution of interfacial orientation degree in different deformation
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fields indicates that elongational flows, especially uniaxial elongation, generate a much
larger interfacial orientation degree than shear flow. Combining this point with the
observation that molecular orientation relaxes much faster than interfacial orientation at
high temperature, we infer that elongational flow needs to be avoided at the liquid state of
polymer blends. Therefore, we proposed to minimize jet stretch because it is mainly
uniaxial elongation and polymer blends are not solidified yet at the beginning of jet stretch.
In such a way, interfacial orientation can be mitigated. A separate hot drawing step at a
relatively low temperature will then be applied to increase the molecular orientation. Since
the temperature is relatively low during hot drawing, the relaxation time of molecular
orientation is increased and the difference between the relaxation time of molecules and
interfaces is not that large. As a result, a relatively large degree of molecular orientation

can be generated and retained.

Although the theoretical study regarding interface dynamics and rheological
properties has some limitations, it can serve as an adequate tool for determining a general
processing window. This processing methodology is designed for uses with different
combinations of materials. It should be mentioned that material properties such as
molecular weight or viscosity may vary for different blend compositions. However, the
same strategy can be used as long as the basic guidelines are followed; i.e., the nearly co-
continuous morphology which ensures at least one continuous phase is employed, and the
interfacial effects are mitigated before the desired level of molecular orientation is
achieved. In contrast, a processing methodology employing a fully co-continuous
morphology will not be as robust as the current one. In that case, the fully co-continuous

morphology can be easily destroyed due to the changes of material properties (e.g.
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viscosity). In our processing design, fully co-continuous morphology is not necessary and
a nearly co-continuous phase is employed instead. The latter is not that fragile and can
survive the large deformation fields more easily, which increases the robustness of the
process. Besides, the step of increasing molecular orientation while mitigating interfacial
orientation is still feasible even if material properties such as viscosity change. According
to the rheological studies, the relaxation time of interfacial orientation is more than a
thousand times longer than that of molecular orientation. Therefore, even if the interfacial
relaxation time changes because of the change of materials or material parameters, its order
of magnitude is still much larger than that of molecular relaxation time, indicating that the

general guideline is still suitable.

4.4 Conclusions

Interface dynamics and rheological studies have been used in guiding the process
design of preparing usable products from immiscible polymer blends. Basically, a
processing methodology of mitigating the interfacial effects during processing and then
generating stronger materials by creating a continuous phase with high molecular
orientation has been proposed. When polymer blends are deformed during processing,
there are two kinds of orientations being generated: interfacial orientation and molecular
orientation; the former represents a defect and deteriorates mechanical properties, while
the latter is desired for improving mechanical performances. Since interfacial orientation
will decrease mechanical properties and hinder the later-stage processing, one may want to
reduce interfacial orientation during processing, especially before the desired level of
molecular orientation is generated. From the study of interface dynamics, it can be seen

that the interfacial orientation generated in elongational flow fields is much larger than that
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in shear flow fields. The rheological results show that at high temperatures the relaxation
time of the interface is considerably larger than that of polymer molecules. This indicates
that in melt processing at high temperatures, interfacial orientation should dominate over
molecular orientation if the blend is subjected to an elongational flow such as jet stretching,
which is unfavorable for obtaining desired mechanical properties. Accordingly, we propose
the following processing strategy for mitigating interfacial orientation and promoting
molecular orientation in melt spinning of immiscible blends: applying no jet stretch during
melt extrusion and subsequently hot drawing the blend fiber at a relatively low temperature.
Although the constitutive modeling is a coarse grain model which just gives a high-level
prediction and cannot give exact modeling results of rheological behaviors, they are
adequate for us to design a general processing strategy. The effectiveness of this strategy
for enhancing mechanical properties of immiscible blends product is evaluated using the
PP/PS system that forms a nearly co-continuous phase structure where PP is the continuous
phase, which will be demonstrated later. In addition to enhancing mechanical properties,
this process may also be used for achieving additional properties by using suitable

combinations of different materials and open up new blend products innovation.
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5. PREPARATION OF STRONG FIBER FROM IMMISCIBLE

POLYMER BLENDS

5.1 Introduction

Millions of tons of plastics are produced and consumed every year but only a small
part of them are recycled. Many plastics end up in landfills or become pollutants in natural
environment. Recycling helps reduce cost and environmental impacts [73]. Generally, the
postconsumer plastic waste contains multiple polymers. Therefore, the recycling of such
waste requires a pre-step of separation. Otherwise, immiscibility of polymers will lead to
products with poor mechanical performances. However, the separation process is
expensive and time-consuming, which makes the recycling not economically viable. In
addition, not all the wastes can be separated, such as polymer blends. Therefore, a recycling
method without the pre-separation process, which is economical and technically feasible,
is needed for efficient and effective recycling. Since most polymers are immiscible from
each other [74], the principal technical challenge is to overcome the immiscibility and
transform the mixed polymers into value-added products. The aim of the current work is
to develop a melt-processing method where mixing and extrusion can be used to produce
articles with good mechanical properties from mixed polymers containing immiscible
components. Since the reason for the low mechanical properties originates from the poor
adhesion at the interface of the polymer blends caused by the immiscibility, some
researchers attempted to improve the mechanical properties of the obtained products by
adding a compatibilizer to enhance the interface adhesion. The effects of concentration and

type of compatibilizers on mechanical properties have been extensively studied [8-10].
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Although compatibilizers provide the potential of giving the overlooked waste mixture new
values, use of compatibilizers has limitations in validity, availability, economic feasibility
or processibility. Therefore, a method without using the compatibilizers for direct

processing of mixed polymers is desired for more efficient and economic plastics recycling.

In the current study, methods for the direct melt-processing of immiscible polymers
into fiber with good mechanical properties were investigated. The reasons for choosing
fiber as the product form is given as follows. First, fiber spinning is a unique processing
method that has different characteristics from other processing methods. It has the potential
to endow improved properties to polymer blends by molecular orientation. Second, fibers
from polymer blends may have new properties compared with that from pure polymers. In
particular, combination of different polymers in a single fiber can render mechanical
properties and surface properties in a large extent [57, 75]. Recently, immiscible polymer
blends have also been used in fabrication of nanofibers, accomplished by dissolution or
mechanical removal of a sacrificial phase after fiber spinning [76]. However, in small
diameters, fiber properties are sensitive to defects and inhomogeneity. The reported
mechanical properties of fibers from immiscible polymer blends are usually not good, and
previous research has been largely focusing on a droplet-in-sea morphology (that is, a
minor phase dispersed in a major phase) [77, 78]. Therefore, a meaningful challenge to
overcome when processing fiber from immiscible polymers is to spin strong fibers at high
polymer mixing ratios using commercially viable processes such as melt spinning. Hot
drawing is a widely-used method in melt spinning. Researchers have studied the hot
drawing process of both single-polymer fibers [79, 80] and fibers made from polymer

blends [81]. The influence of hot drawing on the morphological structures and mechanical
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properties of hot drawn fibers/films from immiscible polymer blends have also been
studied. For example, Xing [77] studied the morphological changes of hot drawn PP/PS
composite fibers in which PS phase had a content of 4 to 8 percent and existed as droplet
or fibrils. They found that the hot drawing process only slightly reduced the size of PS
phases in cross-section and inferred that the deformation was not that effective because the
stress was difficult to be transferred from the PP phase to the PS phase. Erkoc [82] studied
the effects of hot drawing ratio on PP/PET blends and found that the PET droplets changed
from spherical to rod-like shape and finally to fibrils. The drawing also increased the
mechanical properties when the PET was low in content. When the weight percentage of
PET increased, the mechanical properties decreased, which they thought might be due to
the lack of interfacial adhesion between the two polymers and the agglomeration of PET

droplets.

We particularly investigated how to melt spin a blend containing immiscible
components at high mixing ratios and improve the strength of the resultant fiber. In
principle, a co-continuous morphology (CCM) is desired when spinning a blend of large
polymer mixing ratios since such a morphology enables load transfer; however, a genuine
CCM may be difficult to obtain in practice. Accordingly, we introduce a concept of “nearly
co-continuous morphology” (NCCM) for materials processing and products realization
when immiscible polymer blends especially in a form of waste are encountered. In contrast
to the CCM, a NCCM only requires one fully continuous phase presented in the structure
for load transferring purposes while the remaining phase can be left partially continuous or
slightly disconnected. Such a NCCM is easier to obtain than the genuine CCM, and yet it

provides an engineering solution to the production of stronger fiber from immiscible

95



polymer blends. The key part of this processing strategy is to identify a process window
for creation of an NCCM based on the understanding of the rheological properties of
immiscible polymer blends. An immiscible blend containing polypropylene (PP) and
polystyrene (PS) at different mixing ratios was chosen as a model system to demonstrate

the applicability of the new processing methodology.

5.2  Experimental

5.2.1 Materials

The PP used in this study is polypropylene homopolymer supplied by Braskem
America with a melt flow index of 0.5 g/10 min (230 °C, 2.16 Kg). The PS used was
obtained from Sigma-Aldrich with an average Mw of 350,000 and an average Mn of

170,000.

5.2.2 Melt Blending and Fiber Processing

PP/PS blends were prepared using a batch mixer (C.W. Brabender Prep-Center fitted
with twin roller blades). Blends with three weight fraction ratios were prepared,
respectively at PP/PS 70/30, PP/PS 50/50, PP/PS 30/70. The mixing time, mixing
temperature and rotating speed are 15 minutes, 230 <C and 80 RPM, respectively. The
obtained blend was quenched in cold tap water and cut into small pieces for uses in

capillary rheology and fiber spinning.

The obtained PP/PS blends were melt-spun at 230 °C using a Malvern RH7
Advanced Capillary Rheometer. The throughput rate was set at 1 mm/min to avoid

apparent shark skin phenomenon. The diameter of the capillary die is 0.25 mm. Nearly zero
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jet stretch was applied to the as-spun fiber (neglecting the stretch caused by gravity).
Because of the existence of extrusion swell, the obtained as-spun fiber has a diameter
between 0.3 mm to 0.35 mm. After the as-spun fiber was cooled, it was hot drawn at
temperatures from 80 °C to 110 °C to obtain a hot-drawn blend fiber. The fiber extrusion
and hot drawing process are shown in Figure 5-1. The drawing ratio was between 6 and
13. In a nutshell, this process prepares fiber by first obtaining an as-spun fiber with no jet

stretch and then simply hot drawing the as-spun fiber at a temperature near the Ty of PS.

(a) (b)

Hot roller

Feed roller

Polymer melt

Collection roller

Figure 5-1 (a) Fiber extrusion process (b) Hot drawing process.

For comparison purposes, fibers were also prepared using the conventional melt
spinning method in which the fiber is taken up at high speed with large jet stretch
introduced. Specifically, when the fiber is being extruded, it was collected by a roller with
a take up speed of 150 - 250 m/min, producing a jet stretch of more than 200. The resulting

fiber was drawn completely via jet stretch and no subsequent hot drawing was applied.

5.2.3 Characterization

The microstructure of the PP/PS blends was observed with an LEO 1530 Scanning

Electron Microscopy (SEM). The blends were immersed in magnetically stirring
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cyclohexane for 12 hours to etch away the PS and treated by a 45 second gold sputtering

before the SEM observation.

Melt shear viscosities of PP, PS and their blends were measured using a Malvern
RH7 capillary rheometer. Other rheology tests (strain sweep, frequency sweep and stress
relaxation) were performed on a rotational rheometer (AR2000, TA Instruments) equipped
with 25-mm parallel plate geometry. Polymer blends were molded into disks with a
diameter of 25 mm and a thickness of 1.5 mm. Strain sweep tests were performed from an
initial strain of 0.1% to a final strain of 100% at 10 rad/s to determine the linear viscoelastic
region of the polymers. Dynamic frequency sweep was carried out at 230 °C over a
frequency range of 0.01-100 rad/s within the linear viscoelastic regime. PP, PS and the
blend samples were subjected to a shear strain within the linear viscoelastic regime to
investigate their different stress relaxation behavior. Stress relaxation tests were also
performed at different temperatures from 200 to 230 °C to study how the temperature will

influence the relaxation rate.

An Instron 5566 universal testing machine was used to perform the uniaxial tensile
testing. Test samples were randomly selected and clamped between the Instron fixtures.
Crosshead speed was set at 25 mm/min with a gauge length of approximately 10 cm. All
tensile tests were conducted under ambient conditions (40 — 60% relative humidity at 20 —

22 °C). Fiber diameters were measured using a microscope.

Differential scanning calorimetry (DSC) was performed on a TA Q200 DSC unit
(TA Instruments). The as received PP pellets were subjected to a heat-cool-heat cycle from

40 to 200 °C to remove thermal history. Data from the second heating cycle was used for
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analysis. The blends and the blend fiber were heated from 25 to 200 °C and data from the
heating cycle was collected. The apparent crystallinity of PP pellets was determined with

the following equation:

AH
Degree of crystallinity (%) = A_H(f) %X 100 (150)
f

in which AH; is the measured enthalpy of PP and AH? is the melting enthalpy of 100%
crystalline PP which is 190 J/g [83]. For the blend fiber, the crystallinity of PP is calculated
using the same equation and based on the portion of PP in the blends. Hermetic pans were
used for all DSC analysis. Nitrogen atmosphere and a ramping speed of 10 °C /min were

used.
5.3 Results and Discussion
5.3.1 Morphology of PP/PS Blends

SEM images (Figure 5-2) show that both the PP/PS 70/30 blend and the PP/PS 50/50
blend hold a nearly co-continuous morphology. In the PP/PS 70/30 blend, the phase size
of the PS phase is about 20 micrometers, smaller than the phase size in the PP/PS 50/50
blend. In the PP/PS 50/50 blend, the continuity of the PS phase is higher than that in the
PP/PS 70/30 blend. SEM images for the PP/PS 30/70 blend were not able to be obtained
because the blend dissolved and was not able to support itself after 12 hours in cyclohexane.

It suggests that PS is the continuous phase in the PP/PS 30/70 blend.
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(b)

Figure 5-2 (a) SEM of 70/30 wt% PP/PS blend (b) SEM of 50/50 wt% PP/PS blend.

5.3.2 Rheological Characterization

The shear viscosity-shear rate relations of pure PP, pure PS and the three PP/PS
blends were tested across a shear range of 10 - 3000 s* at 230 °C. The results are shown in
Figure 5-3, which manifests that the PP/PS blend has a similar shear thinning behavior with
the pure polymers and a slightly lower viscosity than PP. This indicates that the PP/PS
blend may be easier to be extruded than pure PP. In fact, we found that the extrusion of PP
generated shark skin problem before the blend did when they were extruded with the same
speed using the capillary rheometer. Han and Yu [84] suggested that the reduced viscosity
might be caused by the easier slippage of the matrix phase along the interface of the

immiscible PP/PS blend system.
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Figure 5-3 Shear viscosity of the component polymers and the blends.

Figure 5-4 (a) and (b) respectively show the dynamic moduli for the two components
and for the blends (PP/PS 70/30 and PP/PS 50/50) measured at 230 °C. We calculated the
average moduli of the component properties as the component moduli for comparison with
the moduli of the blend. Different mixing rules have been introduced in literature [85].
Here geometrical means, given by G’comp (Avg 50/50) = G’pp®°G’ps?® and G''comp (Avg
50/50) = G"pp®5G"'ps%® are used for comparison with the PP/PS 50/50 blend while G'comp
(Avg 70/30) = G'pp®'G’ps?2 and G comp (Avg 70/30) = G"'pp%'G" ps®3 are used for
comparison with the PP/PS 70/30 blend. We can see that the average moduli of the
component properties with the two ratios are close to each other. Figure 5-4 (b) shows that
the blend interface does not influence G”, while G’ of both blends deviated from the
average value of the compositions. Although 70/30 blend and the 50/50 blend both have
nearly co-continuous phase structures, the continuities are different, which leads to their

different G’ at low frequencies. In the PP/PS 70/30 blend, although the content of PS is as

101



high as 30%, the phase continuity of PS is smaller than unity and PS droplets exist.
Therefore, the G’ curve of 70/30 has a shoulder, which is a characteristic of the matrix-
droplet morphology. According to Vinckier and Laun [86], the shoulder structure in the G’
curve in matrix-droplet morphology is generated because the development of the disperse
droplet phase leads to an increase in the elasticity of the blend at low frequencies. They
also managed to obtain the droplet diameter distribution at a particular stage in the phase
separation and growth process by fitting the G’ curves with the emulsion model of Palierne
[33]. However, its shoulder is not as obvious as a typical matrix-droplet morphology; this
difference may be explained since the PS phase in this blend is expected to be partly
continuous and partly droplet like. The G’ of the 50/50 blend shows a power law-like
relation at low frequencies, a behavior that is seen in fully co-continuous structure.
Vinckier and Laun [86] thinks that the power law-like behavior at low frequencies in fully
co-continuous structure can be explained by its similarity with network structures. Just like
the number of crosslinks per unit volume in network structures, the number of
“interconnections” per unit volume in a molten blend is expected to be important in
affecting the elastic behavior. Another explanation on the power-law behavior is the
presence of domains with different characteristic lengths, which leads to relaxation
processes with different characteristic times [87]. It is also believed that the extra elastic
stress is due to the extra free energy stored at the interface, which is influenced by the

interfacial area and interfacial curvature [40, 88].
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Figure 5-4 Dynamic moduli with frequency over 0.01 — 100 s for (a) the component
polymers PP and PS (b) Dynamic moduli as a function of frequency for the blends
70/30 PP/PS and 50/50 PP/PS and the average of their components.

5.3.3 Mechanical Properties

5.3.3.1 Fiber Prepared with the Proposed Methodology

Jet stretch ratio, which is the on-line draw ratio during fiber extrusion, is an important
parameter for fiber spinning process. In many cases of fiber spinning, a high drawing speed
introduces high jet stretch ratio, which brings about large molecular orientation and
increases the mechanical properties of the obtained fiber [89]. However, this high speed
spinning method does not work in some situations. Instead, one would use low speed on-
line drawing to make sure just a small jet stretch is introduced while the major drawing
was imparted by separate drawing process. In our process, we removed the on-line drawing
and the jet stretch was almost zero. Basically, fiber from PP/PS 70/30 blend was prepared
with the proposed methodology: no jet stretch and separate hot drawing applied later at a
relatively low temperature. The biggest challenge of processing PP/PS blend into strong
products comes from the immiscibility, which will weaken the mechanical properties of

the final products and may even hinder the processing by making the product break during

103



the processing. Considering the fact that PP and PS have different thermal behaviors,
figuring out a processing window is also an important step. Different hot drawing
temperatures were tested to determine the best hot drawing temperature. The purpose is to
decrease the bad influence that PS phase brings and make sure that the PS phase will not
interrupt the drawing process or disturb the orientation of the PP molecules. A constant
low drawing speed was used to adequately soften the PS phase and properly draw the fiber.

The results are presented in Table 5-1.

Table 5-1 Mechanical properties of PP/PS 70/30 blend fibers hot drawn at different
temperatures.

Hot-draw Draw ratio Tensile Standard Deviation Young’s Standard

temperature (°C)  (times) strength (MPa) modulus (GPa) Deviation
(MPa) (GPa)

80 6-8 240 89 2.50 0.68

100 10-13 330 31 9.37 2.17

110 10-13 330 45 8.66 1.96

Compared with the as-spun fiber with no hot drawing, which has a tensile strength
of 18 MPa and a Young’s modulus of 1.43 GPa, fiber prepared with the proposed
methodology has much higher tensile strength and Young’s modulus. Suitable hot drawing
temperatures are 100 — 110 °C. At this temperature, the fiber can be drawn 10 to 13 times
and the tensile properties of the fiber are comparable to PP fiber reported in previous

literature which had 6 — 15.5 times in draw ratio, 400 — 600 MPa in tensile strength and 6
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— 15.5 GPa in Young’s Modulus [90]. When the temperature is too low, e.g. 80 °C, the PS
phase is rigid, which will cause a misfit between the PP phase and the PS phase and hinder
the drawing and orientation of the PP phase. When the temperature is near the Tg of PS
phase, the PS phase is softened and will not resist the drawing process; the PP molecules
have enough mobility to be drawn and oriented. The hot drawing temperature cannot be
too high; otherwise, the PS phase will melt and the dimensional stability of the blend will

deteriorate.

5.3.3.2 Fiber Prepared with Traditional Melt Spinning — Applying Large Jet Stretch

Fibers were prepared using the conventional melt spinning method, in which nearly
all the drawing is completed by jet stretch. Three take-up speeds were implemented to
apply different jet stretch ratios, and the mechanical properties of the resulting fiber were

measured (see Table 5-2).

Table 5-2 Mechanical properties of the PP/PS 70/30 fiber prepared via large jet
stretch.

Take-up speed Jet stretch ratio Tensile Standard Young’s Standard
(m/min) (times) strength (MPa)  Deviation modulus (GPa)  Deviation
(MPa) (GPa)
150 210 38 4.5 0.17 0.07
200 280 43 4.6 0.25 0.22
250 350 47 7.2 0.25 0.09
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Although the draw ratio of these fibers are large, their mechanical properties are
much weaker than the fiber prepared with the proposed methodology. Increasing the take-
up speed (jet stretch ratio) increases the tensile strength slightly, however all the samples
are too weak to be utilizable. These results show that the traditional spinning method with

large jet stretch produces blend fiber with relatively low mechanical strength.

5.3.3.3 Fiber Prepared by Combined Jet Stretching and Hot Drawing

To further understand the effect of jet stretch, we used a series of relatively small
take-up speed to introduce a certain degree of jet stretch and then hot drew the fiber. The
fibers from PP/PS 70/30 blend were hot drawn to the maximum level before breakage. The
high jet stretch made the fiber less stretchable and the hot drawing ratio was between 1 and
2 times, much smaller than that of the fiber without jet stretch. The mechanical properties
of the obtained fibers were measured and shown in Figure 5-5. The data indicates that both
the tensile strength and the tensile modulus reduce with increasing jet stretch. This
unfavorable effect may be attributed to interfacial orientation generated during jet stretch,

hindering the hot drawing process and deteriorating the mechanical properties.
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Figure 5-5 Tensile strength and (b) Young’ modulus of hot drawn PP/PS 70/30 fiber
with different jet stretch ratio.

5.3.3.4 Blend Fiber with Different Composition Ratios

In addition to PP/PS 70/30 blend, we also prepared fiber using the proposed
methodology from the blends PP/PS 50/50 and PP/PS 30/70 and compared their properties
with those of PP fiber and PS fiber. As shown in Figure 5-6, we are able to obtain relatively
strong fiber using PP/PS 70/30 and PP/PS 50/50 blends which both have nearly co-
continuous structure. Even though the blend is not fully co-continuous, the obtained
products are strong. These results indicate that a nearly co-continuous phase structure may
be adequate for generating a fiber product of good mechanical performance, and yet more
economically obtainable than a true co-continuous phase structure. However, we cannot
produce strong fiber from the PP/PS 30/70 blends. In this PP-minor blend, PS is the
continuous phase so that the path for hot-drawing the PP phase becomes discontinuous.
Note that PP is the strong phase in the blend fiber especially after orientation, so a
continuous PP phase is desired for load transferring. On the other hand, hot drawing does
not significantly alter the mechanical properties of the PS phase since PS is amorphous and

hot drawing occurs at a temperature close to the Tq of PS where relaxation is relatively fast.
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Therefore, a blend fiber with a continuous PP phase is desired for improved mechanical

performance.
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Figure 5-6 Tensile strength and Young’s modulus of the hot drawn fiber with
different composition ratio.

5.3.3.5 Summary for Mechanical Properties

In a nutshell, we have proposed the following methodology for preparing fiber from
immiscible polymer blends involving two sequential steps: (1) producing a precursor blend
fiber with nearly zero jet stretch; (2) hot drawing the blend fiber at a suitable temperature
to substantially orientate the load transferring phase. Using this methodology, we have
successfully prepared PP/PS 70/30 blend fibers with tensile strength above 300 MPa. In
contrast, the traditional melt spinning method, in which the drawing is mostly achieved via
large jet stretch, cannot produce fiber with comparable tensile strength. As already shown
with stress relaxation behavior and relaxation spectra, the interfacial relaxation time is

much longer than the molecular relaxation time at the extrusion temperature. If the fiber is
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largely stretched when it is being extruded in the melt state, the interfacial orientation will
be large while the molecular orientation is low. The large interfacial orientation developed
during flow serves as a defect, hindering the subsequent hot drawing process. Therefore,
the traditional melt spinning process involving large jet stretch is not suitable for processing
strong fibers from immiscible polymer blends. In contrast, the method explored in this
study advocates the use of small jet stretch (or nearly zero jet stretch if technically possible)
for preparing a fiber precursor. This means the interfacial orientation in the as-spun fiber
is small. We can then apply a separate hot drawing step at a relatively lower temperature
than the extrusion temperature. At this lower temperature, the relaxation time of molecules
is large, so the molecules can be extensively oriented during the drawing. Although the
interfacial orientation will be introduced at the same time, the molecular orientation is large
and can be retained in the continuous, load-bearing phase so that a strong blend fiber can

be obtained.

5.3.4 Thermal Properties

The melting temperature and crystallinities of the PP/PS 70/30 blend fiber prepared
using the proposed methodology were studied and compared with those of the as received
pellets, as-spun fiber and large-jet-stretch fiber. As shown in Figure 5-7, the melting
temperature and crystallinity of the hot-drawn fiber are respectively 168.3 °C and 62.5%
(calculated with the enthalpy), which are both higher than those of the pellets and as-spun
fiber. Compared with the large-jet-stretch fiber, the hot-drawn fiber’s melting temperature
and crystallinities are 5 °C and 22.3% higher, respectively. Although the crystallinity of
large-jet-stretch fiber increases compared with the as received pellets and as-spun fiber, its

melting temperature is lower, which indicates the existence of imperfect crystalline
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structure that might be caused by the low temperature during the fiber’s fast cooling down

after extrusion.
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Figure 5-7 DSC thermograms of PP pellets, as-spun blend fiber, large-jet-stretch
blend fiber and hot-drawn blend fiber (prepared from PP/PS 70/30).

To understand the influence of hot drawing temperature on crystalline structure, we
measured the thermal properties of fiber that were hot drawn under different temperatures
and the results are shown in Table 5-3. Compared with the as-spun fiber (Tm = 165.6 °C
and crystallinity 42.1%), the fiber hot drawn at all the three temperatures has higher melting
temperatures and crystallinities. When the hot drawing temperature increases, the melting
temperature and crystallinity increase, which indicates the crystalline structure formed in

the hot drawing process is relatively perfect compared with that formed in the jet stretch.
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Table 5-3 Thermal properties of the blend fiber that were hot drawn at different
temperatures.

Hot drawing Draw ratio Melting Enthalpy AH Crystallinity
temperature (°C)  (times) temperature (°C) (J/9) (%)
80 6-8 165.7 97.3 51.2
100 10-13 167 108 56.8
110 10-13 168.3 118.8 62.5

5.4 Conclusions

A simple and cost-effective method for preparing strong fiber from immiscible
blends was proposed and demonstrated using PP/PS blends as a model system. Since
immiscible polymers are subjected to weak interfacial adhesion and the interfacial
orientation generated during melt processing is considered harmful, the products obtained
from immiscible polymers usually have poor mechanical properties. We proposed a
methodology employing a “nearly co-continuous structure” and a “no-jet-stretch but
separate hot-drawing” process for achieving improved mechanical strength. For the PP/PS
blend, a suitable hot drawing temperature was identified near the Tq of PS. The constitutive
modeling and rheological tests helped identify proper conditions for orientating the
molecules and inspired the process design. Easy and cost-effective processing methods
were used to generate a “nearly co-continuous structure”, as observed in the SEM images.

Results from mechanical tests show that this methodology can produce much stronger fiber
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than the traditional melt spinning method. One reason for the improved mechanical
properties is that the unfavorable jet stretch is minimized in this approach. DSC results
demonstrate that the obtained fiber has higher melting temperature and crystallinity than
the fiber from the traditional method. This further explains the improved mechanical
performance of the resultant fiber. One major challenge for directly recycling mixed
polymers without steps of pre-separation or compatibilizers is poor mechanical properties
caused by immiscibility. The proposed methodology may therefore mitigate this
disadvantage and produce strong fiber from immiscible polymer blends in a cost-effective

way.
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6. PREPARATION OF SUPERCONTRACTION FIBER FROM

POLYCAPROLACTONE/ELASTOMER BLENDS

6.1 Introduction

After employing the nearly co-continuous structure to improve the mechanical
properties of the blend fiber, we want to explore making use of the nearly co-continuous
structure to get polymer blend products with other novel properties. In this study, polymer
blends of polycaprolactone (PCL) and ethylene-octene block copolymer (OBC) are
prepared and then made into fibers with a two-step process of melt extrusion and drawing.
Supercontraction is well-known in some natural fibers. It describes the phenomenon of a
much larger shrinkage in the longitudinal dimension of the fiber than that occurs in the
normal textile fibers [91]. The shrinkage may be induced by elevated temperature, swelling
agents, wettability, etc. Whewell and Woods [92] introduced the concept of
“supercontraction” of natural fibers in 1946, and since then, there have been more research
on the mechanisms and applications of supercontraction phenomenon. For example,
Singha et al. [93] indicated that the reason of supercontraction of spider silk is the
destruction of hydrogen bond by water molecules resulting in molecular chain motion and
disorientation . P&ez-Riguejro et al. [94] proposed a method of obtaining predictably
tailored spider silk fibers by combining forced silking and controlled supercontraction.
With its capability of large deformation and fast actuation, supercontraction fiber has the

potential of being applied in biomedical areas such as self-tightening sutures, sensors and
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actuators. Another advantage of supercontraction fiber is that, compared with other forms
of heat shrinking products like shrinking film, supercontraction fiber can construct
complex structures via conventional textile techniques, such as knitting, weaving or
braiding. When knitted with other functional fibers together, other properties can be
combined to make a supercontraction fabric with improved structural, mechanical and
functional properties. In fields where complex micro-sized objects need to be largely
deformed and then supercontract to original size, supercontraction fiber will be an ideal
candidate for constructing the complex object. Besides, fiber can be embedded into a

matrix to make fiber composites with value-added properties.

Supercontraction phenomenon is not limited to natural fibers. Synthetic polymers
also have this capability. For example, heat shrinkable polymers have wide applications in
packaging, heat shrinkable tubing, electronic engineering and cable insulation [95].
Different techniques have been used for making heat shrinkable products. Kumar et al. [96]
used crosslinking to prepare thermally recoverable materials. Khonakdar et al. [97] studied
the heat shrinkability of crosslinked low-density polyethylene/poly(ethylene vinyl acetate)
blends. Highly shrinkable polyester fiber was made in the 1980s, achieving a boiling water
shrinkage of at least 40% [98]. 3D printing technique was also used to endow polymer
heat-shrinkable property [99]. The printed PLA can shrink up to 22.7% and the shrinkage
is caused by the uniform internal stress stored in printed material. However, those methods
may have limitations. For example, the shrinkage ratio of the material is not high enough
and therefore is not suitable for use in various fields such as intelligent medical devices
and smart textiles where extremely large shrinkage is desired. In addition, some products

used chemical crosslinking which makes the product hard to be recycled or degraded.
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Furthermore, although there are commercial heat-shrinkable films in the market, they do
not have high shrinkage ratio and they cannot replace fiber in many fields, especially when
complex fabricated structures are needed. With the market demand for supercontraction
fiber and the fact that natural supercontraction fibers have a limited availability and high

cost, supercontraction fiber made from synthetic polymer is a field worth investigation.

In this work, we aim at designing a simple method for preparing a relatively
environmentally-friendly supercontraction fiber with an extremely high shrinkage ratio.
Polymer blends from polycaprolactone (PCL) and ethylene-octene block copolymer
(OBC) with different blend ratios are prepared and then fibers were spun from these blends.
Experimental results of heat shrinking test shows that the fiber prepared from the 50/50
PCL/OBC blend can shrink by up to 8 times upon heating. To understand the mechanism
of the large shrinkage ratio, we performed a series of characterization and testing to obtain
morphological properties, rheological properties, thermal properties, and mechanical
properties. We found that one important factor for shrinkage ratio is the morphology of the
blend. As already introduced, immiscible polymer blends have different morphologies,
among which dispersed phase-matrix structure and co-continuous structure are two
common ones and are widely studied. In our work, the co-continuity of PCL/OBC blend is
important for the supercontraction ability of the fiber. We will not introduce the phase
morphology control in detail here as how to prepare co-continuous blend has been studied
by different researchers and different models were proposed to predict the phase inversion
point, around which co-continuous morphologies are most likely to form [60]. Instead, we

will focus on the preparation and properties of the supercontraction fiber.

6.2  Experimental

115



6.2.1 Materials

The OBC used here is INFUSETM 9007 olefin block copolymer (melt index 0.5 g/10
min, 190 °C /2.16 Kg), provided by Dow Chemical. The PCL used is Capa™ 6800

(approximate molecular weight 80,000), provided by Perstorp Polyols, Inc.

6.2.2 Melt Blending and Fiber Processing

Component ratio is an important parameter for the blend morphology, which will
then influence other properties. Therefore, PCL/OBC blends with three weight fraction
ratios (respectively at PCL/OBC 80/20, PCL/OBC 50/50, PCL/OBC 20/80) were prepared
using a batch mixer (C.W. Brabender Prep-Center fitted with twin roller blades). Pure PCL
pellets and pure OBC pellets were also processed with this batch mixer. In this way, we
have five samples in which the percentages of PCL decrease from 100 to O and the
percentages of OBC decrease from 100 to 0, with which we can study the influence of the
content of the two components. Different mixing time, mixing temperature and rotating
speed were tried for melt blending and finally 10 minutes, 135 °C and 50 RPM were chosen
for ensuring good mixing while not causing too much degradation. The obtained blends
were quenched in cold tap water, dried and cut into small pieces for uses in rheology tests

and fiber spinning.

Melt extrusion was conducted using a Malvern RH7 Advanced Capillary Rheometer
to produce the fiber precursor. The extrusion was conducted at 150 °C with a 0.5 mm
capillary die and a 1 mm/min flow rate. Nearly zero jet stretch was applied when producing
the fiber precursor (neglecting the stretch caused by gravity). After the fiber precursor was

cooled, it was drawn at room temperature to obtain the supercontraction fiber. It was found
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that the drawing ratio is positively related with the shrinkage ratio of the obtained fiber.
Therefore, we drew the fiber precursor to the maximum drawing ratio, which is around 8.
In a nutshell, this process prepares fiber by first obtaining a fiber precursor with no jet
stretch and then simply drawing the as-spun fiber at room temperature. The drawing is
performed under room temperature based on the following considerations. Charuchinda et
al.’s research work [100] about melt spinning PCL indicates that off-line room temperature
drawing introduces the molecular orientation and improves the tensile strength of PCL
fibers. Although the on-line drawing (jet stretch) is widely used for spinning high melting
point polymers to induce molecular orientation, this method does not work for the case of
spinning PCL or its blends. Charuchinda explained that that is because the fiber can only
cool to a temperature just below the PCL’s Tm and therefore is not able to generate enough
molecular orientation. Based on their finding, our work also used the room temperature

drawing instead of on-line drawing.

Inspired by previous research about the effects of hot drawing in polymer fiber
/polymer composite fiber [101, 102], we applied hot drawing to the fiber and checked how
it would influence the mechanical properties and the shrinking ability of the fiber. The hot
drawing of the fiber was conducted in a 50 °C glycerol bath and the draw ratio was around

1.3.

6.2.3 Characterization

A Hitachi SU8010 Scanning Electron Microscopy (SEM) was used to observe the

microstructure of the PCL/OBC blends and the PCL/OBC 50/50 fiber precursor and fiber.
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Before the SEM observation, some samples were immersed in magnetically stirring acrylic

acid for 12 hours to etch away the PCL phase and treated by 60 seconds of gold sputtering.

A Malvern RH7 capillary rheometer was used to measure the melt shear viscosities
of PCL, OBC and their blends. A rotational rheometer (AR2000, TA Instruments) equipped
with 25-mm parallel plate geometry was used to conduct tests including strain sweep and
frequency sweep. Polymer blends were molded into disks with a diameter of 25 mm and a
thickness of 1.5 mm. From the strain sweep test results performed from an initial strain of
0.1% to a final strain of 100% at 10 rad/s, we were able to get the linear viscoelastic region
of the polymers. Dynamic frequency sweep was carried out at 150 °C over a frequency

range of 0.01-100 rad/s within the linear viscoelastic regime.

An Instron 5566 universal testing machine with a 100 N tension-compression load
cell was used to perform the uniaxial tensile testing and tensile testing with loading and
unloading cycles. Crosshead speed was set at 25 mm/min for uniaxial tensile testing and
50 mm/min for loading and unloading tensile testing. All tensile tests were conducted under

ambient conditions. The Instron Blue Hill 3 software was used to analyze the results.

Differential scanning calorimetry (DSC) was performed on a TA Q200 DSC unit
(TA Instruments). The PCL pellets were subjected to a heat-cool-heat cycle from 40 to 150
°C to remove thermal history. Data from the second heating cycle was used for analysis.
The blends and the blend fiber were heated from 40 °C to 200 °C and then cooled down to
40 °C. The tests were conducted in nitrogen atmosphere with a ramping speed of 10 °C
/min. Hermetic aluminum pans were used for all DSC tests. The apparent crystallinity of

OBC and PCL was determined with the following equation:
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AH
Degree of crystallinity (%) = A_I-I‘f) %X 100 (151)
f

in which AHr is the measured enthalpy of the polymer and AH{" is the melting enthalpy of
100% crystalline polymer. The enthalpy for 100% crystalline PCL and OBC are
respectively 135 J/g and 290 J/g [103, 104]. The crystallinity of PCL in the blend fiber is

calculated using the same equation and based on the portion of PCL in the blends.

When the fiber is exposed to higher temperature of 100 °C, they will shrink. The heat

shrinking ability of fibers was measured using the following equation:

initial length — final length (152)
final length

Shrinkage ratioR =

6.3 Results and Discussion

6.3.1 Morphology of Blends and the Fiber from 50/50 PCL/OBC Blend

Figure 6-1 SEM images of (a) 50/50 wt% PCL/OBC blend (b) 20/80 wt% PCL/OBC
blend.
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The morphologies of PCL/OBC 20/80 blend and PCL/OBC 50/50 blend were
observed using SEM and shown in Figure 6-1. Before observation, the samples were
immersed in acetic acid to dissolve the PCL phase. We cannot get the SEM image of the
blend PCL/OBC 80/20 because after the PCL phase was etched away, the blend was not
able to self-stand. The SEM image of PCL/OBC 20/80 indicates that it holds a matrix-
droplet structure in which the OBC phase forms the matrix. In contrast, the PCL/OBC
50/50 blend forms a co-continuous structure in which both the two phases are
interconnected. The different structures of these two blends may be responsible for the
different heat shrinking behavior of the corresponding fibers, which will be presented in

the later parts of this chapter.

(b)

Figure 6-2 SEM images of longitudinal (a) fiber precursor (b) fiber precursor with
PCL etched away (c) fiber (d) fiber with PCL etched away. All the fiber precursor
and fiber were prepared from 50/50 PCL/OBC blend.
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The SEM images of as prepared fiber precursor and fiber (prepared from 50/50
OBC/PCL blend) in longitudinal direction were shown in Figure 6-2 (a) and (c). The
surface of the fiber precursor has some bumps which might be caused by the large
difference in melting temperatures between OCL and OBC. The drawing process of
preparing the fiber introduced cracks on the surface of the fiber, as shown in Figure 6-2(c).
This might be due to the large difference in the Young’s modulus of the two polymer
phases. We also observed how the fiber precursor and the fiber look when the PCL phase
was etched away, as shown respectively in Figure 6-2(b) and Fig. 3(d). After etching of
PCL, the surface of the fiber precursor is rough and uneven, while the surface of the drawn
fiber is relatively smoother but contains pores at the surface. The etched fiber behaves more
like a typical elastomeric fiber since part of the PCL phase was removed and the OBC

phase is no longer locked.
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4 (d)

Figure 6-3 SEM images of cross-sectional (a) center area of fiber precursor (b) edge
area of fiber precursor (c) center area of fiber (d) edge area of fiber. All the fiber
precursor and fiber were prepared from 50/50 PCL/OBC blend.

The cross-sectional morphologies of the fiber precursor and the fiber (both with PCL
etched away) were also examined. Figure 6-3(a) and (b) are the SEM images of the fiber
precursor’s cross-Section respectively in the center area and in the edge area. Some holes
are observed in the center but they are not as many in the edge area. Similar trend can be
seen in the SEM images of the fiber cross section — the center area (Figure 6-3 (c)) shows
large holes while the edge area (Figure 6-3 (d)) has more concentrated solid phases. Since
the holes correspond to the etched PCL phase, these results indicate that the phase structure
in the fiber cross-section is not uniform. This is anticipated in a typical fiber cross-sectional

morphology since the flow field varied in the radial direction during fiber formation.

6.3.2 Rheological Properties
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Figure 6-4 Shear viscosity of the component polymers and the blends.

Capillary rheometer was used to measure the shear viscosity-shear rate relations of
pure PCL, pure OBC and the three PCL/OBC blends across a shear range of 10 - 3000 s
at 150 °C. The results shown in Figure 6-4 indicate that the PCL/OBC blend has a similar
shear thinning behavior with the pure polymers. In certain shear rates, the blends have a
slightly lower viscosity than pure polymers. This phenomenon also occurs in other polymer
blends system. For example, Han and Yu [84] reported a reduced viscosity of the blend in
the PP/PS blend system. They thought that this phenomenon might be caused by the easier

slippage of the matrix phase along the interface of the immiscible polymer blends.
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Figure 6-5 Storage modulus and (b) Loss modulus as a function of frequency for the
three blends and the component polymers.

We used a rotational rheometer to measure the dynamic moduli for the two
components and the blends at 150 °C, as shown in Figure 6-5. The measurements were
performed at a strain amplitude of 1%, which is in the linear regime of 0.1 % - 10 %
indicated by the strain sweep. Since OBC is more elastomeric, it has a higher storage
modulus than PCL. The small shoulder in the low-frequency regimes of the storage
modulus of 80/20 OBC/PCL indicates a droplet-matrix structure, attributed to shape
relaxation of the droplets driven by interfacial tension [71]. This result is consistent with
the SEM image of the 80/20 OBC/PCL, which shows the existence of the matrix-droplet
structure. We cannot obtain the SEM image of the 20/80 OBC/PCL because of the
disintegration of the OBC phase after dissolution of PCL. However, based on its storage
modulus which also has a shoulder in the low-frequency regimes, we can infer it holds a
matrix-droplet structure too. Different from the storage modulus behaviors of 80/20
OBC/PCL and 20/80 OBC/PCL, the 50/50 OBC/PCL displays a power law behavior at low
frequencies, attributed to the network relaxation of double interpenetrating phases. This is
corresponding with the SEM observation that the 50/50 OBC/PCL holds a co-continuous

structure. The loss modulus does not show any terminal response.
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6.3.3 Shrinkage Ratio

Table 6-1. The shrinkage ratios of 50/50 OBC/PCL fiber at 100 °C and 120 °C.

Shrinkage ratio at 100 °C Shrinkage ratio at 120 °C

(Times) (Times)
50/50 OBC/PCL fiber 3.75 7.50
50/50 OBC/PCL fiber with 4.69 8.33

hot drawing

Although we prepared three blends: 80/20 OBC/PCL, 50/50 OBC/PCL and 20/80
OBC/PCL, only the fiber prepared from the 50/50 OBC/PCL have the supercontraction
ability while the fiber from the other two blends cannot shrink much. This might be related
with their different microstructure: 50/50 OBC/PCL has a co-continuous structure while
the other two hold a matrix-droplet structure. When the fiber precursor made from 50/50
OBC/PCL is drawn into a fiber, both the PCL phase and the OBC phase will be drawn and
oriented. The PCL phase will crystallize and the oriented structure of the PCL molecules
will be locked. Because of the co-continuous structure in which the two phases are
interconnected, when the PCL phase crystallize, it will lock the orientation of the OBC
phase too. Later when the fiber encounters heat, the PCL phase melts and the locked OBC
phase and PCL phase will be unlocked and disorient, which, macroscopically, is the
phenomenon of supercontraction. For the fiber made from 80/20 OBC/PCL, although the

PCL phase will crystallize and orient too during the fiber preparation, it cannot lock the
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orientation of the OBC phase since the PCL phase exists as droplets and is not continuous.
Therefore, the orientation of OBC phase in the obtained fiber is not high enough and the
fiber does not have the property of supercontraction. For the fiber made from 20/80
OBC/PCL, the PCL phase is continuous and the OBC phase exists as droplets. Since a
large portion of the high shrinkage comes from the elastomeric OBC phase, the amount of

OBC phase in the 20/80 OBC/PCL fiber is not high enough to provide large shrinkage.

We measured the shrinkage ratio of the fiber prepared from the 50/50 OBC/PCL
under two temperatures (100 °C and 120 °C). Besides, we measured the shrinkage ratio of
the fiber that is hot drawn at 50 °C. The hot draw ratio is about 1.3 times. The shrinkage
ratios are given in Table 6-1. All the fibers have a higher shrinkage ratio at 120 °C than
they are at 100 °C. Hot drawing at 50 °C will increase the shrinkage ratio, which indicates
that the orientation degree of the PCL phase and the OBC phase is positively correlated

with the shrinkage ratio.

6.3.4 Shrinking Stress
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Figure 6-6 The shrinking stress of 50/50 OBC/PCL fiber and 50/50 OBC/PCL fiber
with hot drawing.

The shrinking stress of the two types of fibers are measured and shown in Figure 6-6.
Basically, the contraction stress - temperature curve has two stages: first, the stress
increases when the temperature increases and reaches a maximum stress; second, the stress
decreases with the increase of temperature. These trends may be explained using basic
polymer science. In the first stage, it is anticipated that more and more PCL chains are
softened with increasing temperature and more and more OBC chains are unlocked. The
softened PCL chains and unlocked OBC chains contributes to the increasing contraction
stress. In the second stage, the stress decreases as the PCL phase at this temperature range
is melted and the chains are mostly disoriented. The 50/50 PCL/OBC blend fiber has a
maximum stress of around 9.8 MPa. In contrast, the 50/50 PCL/OBC blend fiber with hot
drawing has the highest maximum stress of 16.4 MPa. The different contraction stress of
these two types of fibers indicates the influence of the orientation degree on the contraction

stress.
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6.3.5 Thermal Properties

Table 6-2. Thermal properties of component polymers, blends, fiber, fiber with hot
drawing.

OBC 50/50 50/50 50/50 OBC/PCL PCL

OBC/PCL  OBC/PCL  fiber with hot

blend fiber drawing
Tm of PCL / 56.7 60.6 61.5 55.2
(°C)
Enthalpy of / 62.6 79.5 94.9 60.0
PCL (J/9)
Crystallinity / 46.4% 58.9% 70.3% 44.4%
of PCL (%)
Tm of OBC 120.9 120.7 121.4 121.6 /
(°C)
Enthalpy of 23.4 35.7 37.8 35.2 /
OBC (J/g)
Crystallinity 8.1% 12.3% 13.0% 12.1% /

of OBC (%)
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Figure 6-7 DSC thermograms of component polymers and the 50/50 OBC/PCL blend.
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Figure 6-8 DSC thermograms of the 50/50 OBC/PCL blend, fiber prepared from
50/50 OBC/PCL and fiber prepared from 50/50 OBC/PCL with hot drawing.

129



The thermal properties of the PCL, OBC, 50/50 OBC/PCL blend and two types of
fibers (50/50 OBC/PCL blend fiber and 50/50 OBC/PCL blend fiber with hot drawing)
were measured with DSC and the results are shown in Figure 6-7, Figure 6-8, and Table
6-2. Research has shown that PCL’s crystallinity may be reduced when it is blended with
polyurethane [105]. But from Figure 6-8 and Table 6-2, we can see that the crystallinity of
PCL phase in 50/50 OBC/PCL blend is similar with that in pure PCL, which means
blending with OBC does not hinder its crystallization. Whether PCL’s crystallinity is
influenced or not might be related with the miscibility of the blended polymers. The
thermal properties of 50/50 OBC/PCL blend and 50/50 OBC/PCL blend fiber indicate that
the drawing process in the preparation of fiber increases both the melting temperature and
crystallinity of PCL phase. The melting temperature and crystallinity of OBC phase are
also increased, but not as much as those of the PCL phase. This is because the drawing
process took place at room temperature, which is close to the crystalline temperature of
PCL but far from the crystalline temperature of OBC. The hot drawing process increases
the crystallinity and the melting temperature of the PCL phase, which might be why hot

drawing increased the fiber’s mechanical properties and the shrinking ability.

6.3.6 Mechanical Properties
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Table 6-3. Mechanical properties of the fibers prepared from component polymers

and three polymer blends.

OBC  80/20 50/50 20/80 PCL
fiber OBC/PCL OBC/PCL OBC/PCL fiber
fiber fiber fiber
Tensile strength 23.4 36.9 82.6 110.2 132.4
(MPa)
Young’s modulus 2.8 7.6 190.0 466.9 584.0
(MPa)
Tensile strain (%) 868 748 73.4 37.2 34.3
150
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Figure 6-9 Representative stress-strain curves of the fibers prepared from component
polymers and three polymer blends.
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Table 6-4. Mechanical properties of the fiber prepared from 50/50 OBC/PCL and the
fiber prepared from 50/50 OBC/PCL with hot drawing.

50/50 OBC/PCL fiber ~ 50/50 OBC/PCL fiber

with hot drawing

Tensile strength (MPa) 82.6 130.1
Young’s modulus (MPa) 190.0 792.1
Tensile strain (%) 73.4 28.9

The tensile properties of fibers from pure polymers and three polymer blends (Table
6-3, with their representative stress-strain curves given in Figure 6-9) and the 50/50
PCL/OBC blend fiber with hot drawing (Table 6-4) are measured. From Figure 6-9, we
can see that pure OBC fiber and 80/20 OBC/PCL fiber both have a large tensile strain
because OBC is an elastomer. Pure PCL fiber have a small tensile strain and high tensile
strength and Young’s modulus. 50/50 OBC/PCL fiber has a tensile strength around 80
MPa, which is relatively strong. From Table 6-4, we can see that hot drawing the fiber
increases the tensile strength and Young’s modulus, which may be related with the higher
orientation degree and higher crystallinity. Therefore, hot drawing may be a potential
method for further improving the fiber’s mechanical properties, and this makes it suitable

for scenarios where higher mechanical properties are needed.
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Figure 6-10. Representative stress-strain curves of 50/50 PCL/OBC fiber that are
used repeatedly for multiple times under cyclic loading—unloading tensile tests.

To investigate the repeatability of the supercontraction property, we performed
loading and unloading tensile tests for 50/50 PCL/OBC fiber that are used for different
number of cycles. After a fiber was prepared, we performed a loading and unloading tensile
test and the result is labeled as “not used” since the fiber did not shrink even once. Then
we heat shrank the fiber and drew it and then performed the same experiment, which is
labeled as “used one time” as the fiber has undergone the shrinking and drawing cycle
once. Then we heat shrank the fiber and drew it again and performed the same experiment,
which is labeled as “used two times”. The same procedure was repeated for two more times
and that’s how we got the data of “used three times” and “used four times”. The results are
shown in Figure 6-10. We can see that the hysteresis of the “not used” fiber and the rest
fibers are different — the former has a higher tensile stress and a larger hysteresis. The
difference might be partly attributed to the Mullins effect [106] and partly due to the

polymer molecules’ rearrangement, such as weak point broken and phase separation. When
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the fiber undergoes at least one shrinking — drawing cycle, the measured amounts of
hysteresis are similar, which indicates our fiber might be used for multiple times. Since the
drawing step in the fiber preparation process is conducted at room temperature (hot
drawing at 50 °C is not a must-to-do although it’s helpful for improving the mechanical
properties and the shrinking stress), our fiber can be easily reset for another use after one

use/heat shrinking, which brings great convenience for repeated use of the fiber.

6.4 Conclusions

A simple method of melt blending, extrusion and drawing is used to prepare
PCL/OBC supercontraction fiber. Combining the morphological properties of the blends
and the shrinking ability of the corresponding fibers, we infer that the blend needs to be
co-continuous to make the obtained fiber have a supercontraction ability. Besides, the
amount of the elastomeric phase needs to be high enough to generate enough contraction
forces and make the fiber shrink. If scenarios where higher mechanical strength are
encountered, the fiber can be hot drawn to enhance the mechanical properties. Hot drawing
also helps increase the shrinking stress and the shrinkage ratio, possibly due to the higher
molecular orientation induced by the hot drawing. Since the drawing step is conducted in
room temperature, one can easily reset the used fiber by drawing the fiber by hand for
another use. Results from cyclic loading and unloading tests indicates the fiber has the
potential of being used repeatedly for multiple times. With its high shrinkage ratio, this
supercontracion fiber can be potentially used in emerging areas of textiles such as

intelligent biomedical textiles or smart garments.
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7. CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

Briefly summarizing, this thesis work establishes a logical connection between the
interface dynamics and process design, which allows us to develop processing
methodologies suitable for enhancing mechanical properties of immiscible polymer blends
and at the same time, developing new applications for polymer blends. Basically, this
processing methodology employs a nearly co-continuous morphology for enhancing
properties while reducing processing cost. In addition, for the purpose of generating a large
molecular orientation while mitigating the interfacial orientation, interface dynamics and
rheological behaviors are used for guiding the process design and lead to a process of melt

spinning with almost no jet stretch and separate hot drawing at a relatively low temperature.

Specifically, in the part of interface dynamics, a method different from the interface
tensor theory or area tensor theory is used for investigating the interface dynamics. Chapter
2 deals with the case of affine deformation. Three equivalent solutions to the Cauchy stress
tensor are derived based on the Finger strain tensor. This approach is less complex than the
Doi-Ohta method because it only involves elementary algebraic and matrix operations and
avoids the complex calculation introduced by the involvement of a fourth-order tensor. The
use of the Finger strain tensor also provides a convenient way of representing the complex
interface using the ellipsoidal surface approximation, which can help resolve the tensor

derivative dg /0B into elementary functions for some complex interfaces. Two case studies
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are used to validate the effectiveness of the Finger strain tensor approach combined with
the approximations to the ellipsoidal surface area. Interfacial orientation is an important
parameter during the processing of immiscible polymer blends. Therefore, a variable ¢
was defined to represent the interfacial orientation degree based on the Finger strain tensor
and the evolution of interfacial orientation degree in affine deformation was calculated and
plotted in uniaxial elongation deformation field, biaxial elongation deformation field,

planar elongation deformation field and simple shear deformation field.

Chapter 2 assumed affine deformation and neglected the relaxation effects, making
it unsuitable for the viscoelastic polymer blends which have relaxation effects. Therefore,
the evolution of interfacial orientation degree with the consideration of relaxation effects
is studied and introduced in Chapter 3. A memorized strain B, is used to represent the
actual deformation while a dissipated strain B, is used to represent the lost strain during
the relaxation. The evolution equation for B, can be obtained by an energy balance
approach. Interfacial orientation degree now depends on B, instead of B. Therefore, the
time evolution of interfacial orientation degree with time can be obtained via B,, which is
shown in different deformation fields including uniaxial elongation deformation field,
biaxial elongation deformation field, planar elongation deformation field and simple shear
deformation field. In addition, we obtained the evolution of interfacial orientation degree
as a function of reduced time for the relaxation of polymer blends subject to a step strain.
The influence of temperature on relaxation rate was investigated and the calculation results
of relaxation of polymer blends at different temperatures were consistent with the

experimental results of stress relaxation at the same series.
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Chapter 4 introduces how the interface dynamics and rheological studies are used for
guiding the process design of preparing usable products from immiscible polymer blends.
The general guidelines of the designed process include the use of a nearly co-continuous
morphology, the increase of molecular orientation and the mitigation of interfacial effects.
Interface dynamics indicates that the interfacial orientation generated in elongational flow
fields is much larger than that in shear flow fields. Rheological studies show that at high
temperatures the relaxation time of the interface is considerably larger than that of polymer
molecules. Combining these two findings together inspires us to avoid elongational flow
at the liquid state of polymer blends. Accordingly, we propose the following processing
strategy for promoting molecular orientation in melt spinning of immiscible blends with at
least one continuous phase: applying no jet stretch during melt extrusion and subsequently

hot drawing the blend fiber at a relatively low temperature.

To demonstrate the effectiveness of this strategy for enhancing mechanical properties
of immiscible blends product, a case study using PP/PS blends was performed and
described in Chapter 4, where the blends form a nearly co-continuous phase structure with
PP as the continuous phase. In this case study, the PP/PS blends were spun with the
proposed processing methodology: almost no jet stretch was applied and after solidification
the fiber underwent a hot drawing step at a temperature close to the glass transition
temperature of PS. The hot drawing temperature should be within the optimum range in
order to achieve proper drawing without damaging the fiber. This process sequence imparts
a large degree of molecular orientation to the PP phase and produces a strong fiber. For
comparison, traditional melt spinning which involves a large jet stretch was used for

preparing fiber and the strength of the obtained fiber was less than 50 MPa. In contrast, the
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fiber prepared with our processing methodology is as strong as more than 300 MPa,
indicating the effectiveness of the proposed strategy in enhancing the mechanical

properties of the immiscible blends.

This processing methodology may also be used for achieving additional properties
by using suitable combinations of different materials and open up new blend products
innovation. As a case study, Chapter 5 introduces the supercontraction fiber with shrinkage
ratio as high as 8 times. The fiber was prepared from simple polymer blending and melt
spinning. Specifically, polycaprolactone (PCL) and ethylene-octene block copolymer
(OBC) blends are prepared and then made into fibers with a two-step process of melt
extrusion and drawing. The SEM images of the blends indicate two types of structure: co-
continuous structure and matrix-droplet structure. Fiber made from co-continuous blend
has a supercontraction ability while fiber from the blends with matrix-droplet structure
does not. A cyclic tensile testing experiment shows that the supercontraction fiber may be

used repeatedly for multiple times.

In summary, under the guidance of interface dynamics and rheological study, a
processing methodology is proposed for preparing usable products from immiscible
polymer blends. The recycling of mixed plastics also deals with immiscible polymers with
complex interfaces. Therefore, if combined with additional efforts, the proposed

methodology may be used in plastics recycling with multiple polymers.

7.2 Recommendations

As shown above, the proposed methodology is able to effectively enhance the

mechanical properties of products made of immiscible polymer blends. To extend its
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applicability, further research should be performed to better understand the process
dynamics and address potential limitations of this methodology. As such,
recommendations for future studies are presented here for the purpose of further defining

the processing scope and understanding the fundamental knowledge.

The processing methodology uses a nearly co-continuous morphology for achieving
usable properties and reducing processing cost. However, an appropriate range of co-
continuity has not been quantitatively specified and validated. In the future studies, this
issue is worthy to be investigated both theoretically and experimentally. A convenient
method for characterizing the co-continuity should be developed and used to

experimentally validate the appropriate range of co-continuity.

In the study of interface dynamics, the evolution of interfacial orientation in different
deformation fields was investigated. At present, however, there is limited research on
quantitative characterization of the interfacial orientation of polymer blends during
processing. Investigation of potential characterization tools and methods for quantifying
the interfacial orientation is highly suggested, which can help verify the prediction
accuracy of theoretical modeling and further understand the fundamental issues of interface

dynamics.

The theoretical study assumes that the components in the blends have roughly equal
viscosity. Besides, it only considers continuous relaxation processes. However, these
assumptions may not always be valid in practical applications. For example, the co-
continuity may not be high enough or the deformation may be considerably large; in either

case the discrete relaxation processes such as droplet breakup and coalescence cannot be
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neglected. Such behavior can eventually result in decreased predication accuracy in
constitutive modeling of interfacial orientation, and therefore, corresponding adjustments
in the modeling process will be required to reflect the considerations of additional effects

in these cases.

The fiber preparation in the proposed methodology includes three separate steps -
melt blending, melt extrusion and hot drawing, which limits the efficiency of this process.
Further study about how to make the process continuous will be of great benefit for the
successful scale-up of this process. A potential method is suggested below in Figure 7-1.
After the fiber is extruded, quench air can be applied to make sure its temperature is cooled
to below the hot drawing temperature. Some parameters need to be optimized for
continuous and efficient production. For example, some additives may be added to act as
surfactant so that the extrusion speed can be increased. The diameter of the extruded fiber
may be decreased by using a die with reduced size so that a larger drawing speed in the hot

drawing step can be used.
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Figure 7-1 Proposed potential set-up for continuous production of blend fiber

The two case studies used a model system with two types of polymers, in which the
complex interfaces are constituted between two polymers. However, in the real cases of
waste plastic recycling, usually more than two types of polymers are mixed together.
Therefore, a model system which consists of three or more types of immiscible polymers
can be studied to investigate the processing conditions for preparing strong products from
such a system. Besides, currently only polymers without a significant hydrogen bonding
are involved. To further define the processing scope, case studies can be performed with

polymers which have strong hydrogen bonding interactions.
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