ABSTRACT
MOURADIAN, TOMIK. Processing Behavior of Virgin and Waste Stream (Multicomponent
Reclaim) Polymers in Spunbond Procd&mder the direction of DBehnam Pourdeyhimi and
Dr. Benoit Mazg.

Spunbond fabrics are comprehensively used in various applications, particularly medical
and hygiene products. Polypropylene and polyethylene are predominantly the polymers of choice
utilized as bicomponent fibers in producing those fabrics. As the produaftspunbond fabrics
has been grown rapidly, the process waste, including edge trimygtamd shutdown waste
streams) are rising accordingly. Those waste streams may reach to tons of waste per day. In the
absence of appropriate reclamation, thosternas are probably landfilled. In addition, the raw
materials account for approximately-80% total cost of a spunbond fabric. Thus, the primary
motivation is to reuse waste streams as raw materials in the spunbond process.

Nevertheless, the recycliqpgocess of bicomponent fibers is very challenging. There are
several recycling methods; neither of them is completely capable of separating polymers from
spunbond fabric. The blending of polymers is an appealing and convenient way to reuse process
waste. Fom the industrial perspective, it is advantageous to use more bicomponent fibers as a
recycled input to the spunbond process. The crucial criteria for effectively reusing bicomponent
fibers is little or no impact on the melt flow rate (throughput) anek fitize. However,
incorporating reclaim bicomponent polymers into spunbond results in poor spinning.

This research was initially established by developing the methodologies and guidelines to
assess the opportunity and challenges regarding the spinniiiginfand reclaim PP/PE blend
fibers. In Chapter 4, the preliminary evaluations indicated that the properties of reclaim polymer
were not adversely impacted despite being reprocessed previously. The scanning electron

microscopy (SEM) approved that the mloology formation substantially contributed to the



performance of blend fibers. The adverse phenomenon of stikeered migration deteriorated
spinning and was recognized as the most significant issue of unsuccessful spinning of higher
content of PE or rdaim polymer. In Chapter 5, it was hypothesized that the compounding

before spinning could provide a high degree of distribution and dispersion. It was discovered that
compounding performed under superior dispersive forces created finers morphology, which
enhanced the tensile strength of fibers. The effects of compatibilizers on spinning were
meticulously scrutinized in Chapter 6. The supposed advantages of fine dispersion were
validated in enhanced fiber spinning. It was identified in Chapter 7 thatdkeserctional

modifications may lead to the incorporation of higher concentrations of the minor phase.
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CHAPTER 1: Introduction

To produce polymeric fibers, melt spinningh® most cosefficient method By
eliminating intermediate steps, msfiun filaments can be directly collected on a conveyor belt
to formnonwoven wehsknown as the spunbond procé€hapman & Textile Institte
(Manchester, 2010; Russell, 2007)

The application of nonwoven fabrics has escalated through past decades, and reliable
market requests are anticipated for the upcoming years. Spunmelt fabrics, including spunbond,
meltblown, and composites, account for the bulk medical and hygiene praddatspresent the
enormous volume. Between 2008 to 2018, their production increased by 5.7%, mainly in the
spunbonding process, contributing to 48% global sales in @QRDA/Edana; Strong Market
Demand for Nonwovens Expected to Continue.2 Page 1 of 2 © 2020 Factiva, Inc. All Rights
Reserved.2020; Memon, 2016 Regardless aforrindustrial concerns, their consumption
would be increased annually at a rate of 6.7%, from an expected $ 46.8 billion in 2019 to achieve
$64.8 billionin2024 A Gl obal Nonwovens Market to Reach
Spunbond nonwoven fabrics are hugely utilized due to their primarily low cost aaswell
reliable strengttiChapman & Textile Institute (Manchester, 2QIhHey may be used in various
applications such as medical gowdisposable diapers, masks, agricultural fabrics, construction
sheets, automotive fabrics, filtration, hygiene, geotextiles, surgical drapes, artificial cartilage,
industrial and cosmetic wipes, nappies, and protective agj@drapman & Textile Institute
(Manchester, 2010; Genis et al., 2007; Hutten, 2016; Kanai et al., 2018; Mclintyre, 2004; Nohut
et al., 2015; Ugbolue, 2009; H. Wang et al., 20Fdythermore, compared tioeir woven and
knitted counterparts, spunbonded nonwoven fabrics have good permeability and a high strength

to-weight ratio(Nonwoven Fabrics Market Global Forecast to 2025 | MarketsandManketg



The market size of nonwoven fabrics based on web formation technologies is sloguren

1.1. As it is evident, spunmelt fabrics dominate the market.
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Figure 1.1: Spun melts nonwovens market size compared to other web formation techniques
(Nonwoven Fabrics Market Global Forecast to 2028drketsandMarketsn.d.)

Most of those fabrics are produced by polyolefin bicomponent fibers. The polymers of
choice are polypropylene (PP) and polyethylene (PE); PE is often used as a secondary material
as a sheath in sheatbre structure. Also, RPE, and their blendsave been consideredstly
through decades due to their low caséxpensivenesgyvailability, good performnce, chemical
resistance, barrier properties, low density, adequate tensile strength, and lower melting point
compared t@ther conventional polymers such as polyester and ri@barfeddine et al., 2020;

Ciftci et al., 2017; Pracella, 2017Mhese characteristics result in ease of processability of
polyolefins @& well as higher yield productidiMidha & Dakuri, 2017a; Y. Yu et al., 2019)
Moreover,PP and PE blending an economically efficient way of reusing them, enhankEiRg
and PE recycling, which endordbe sustainability of plastic materiglsohse, 2013;

Mastalygina et al., 2013)



Figurel.2 displays the raw materials used in nonwoven applications in the market of
North America. Among those polymers, PP dominates the market due to its benefits; its
consumption is predicted to beogvn in upcoming year@Nonwoven Fabrics Market Analysis

And Segment Forecasts To 208@.)

North America non-woven fabrics market size by product, 2012 - 2020 (USD Million)

mPropylene = Polyester mNylon = Others

Figure 1.2: Raw materials used in nhonwoven fabrics production in the North American market

(Nonwoven Fabrics Market Analysis And Segmeme€asts To 20201.d.)

Meanwhile, as the demand for spunbond nonwovens has been growing dramatically, the

processing wastes and disposal of those materials have surged as well. The production of these

structures generates process wastes considtedpe trims, shut down, and startup waste
streams. The amounts of waste may rise-10 Svt% of total output, tons of waste per day.

Furthermore, the raw materials account for approximatef§0P@ total cost of a spunbond

fabric. As a result, it is notewthy to reuse the process wastes as raw materials. In other words,

the primary purpose of reusing is for both ecological and economic reasons.



Nevertheless, The recycling process of bicomponent fibers is very challenging, as the
existing recycling processe&annot separate materials properly.

Consequently, more attention is appealing to the reclamation and reuse of such materials. It
would be an outstanding achievement to reprocess bicomponent fibers and reuse them by
appropriate methods and process patamedjustments. The consumption and waste generated
by polyolefins are in high amounts, and more complicated procedures are required to treat those
wasteqTai et al., 200Q)For example, mechanical recycling of plastics needs to separate those
materials individually, which is timeonsuming, expensive, and complete segregation is
required, thus almost impossilfléarofalo et al., 2018a; Kuram, Sahin, Ozcelik, Yilmaz, &

Medar, 2014)

One of the most convenient and efficient ways to reuse the process waste streams is to
blend them by incorporating reclaim polymers into their virgin counterparts to make polyblend
fibers(Kuram, Sahin, Ozcelik, Yilmaz, & Medar, 2014; Tai et al., 20Q@egrating waste
streams has many advantages, such as the less negative impact on the environment by reducing
polymer solid waste, highalue recycling, straightforward, and in some circumstances
engineering new materials corresponding to desired properties at low costs without using newly
synthesized polyme(#\l-Salem et al., 2016; Bosak et al., 2005; Da Silva et al., 1997; Lohse,
2013; Nakajima eal., 1994; Ragaert et al., 2017; J. Shi et al., 2019; Utra8Ril-, 1990, 1998)
However, additional processing adjustments are necessary to compensate for the materials'
properties deficiency and immiscibility of different polymers in the mixt(#sSalem et al.,

2016; Ragaert et al., 2017)
Therefore, compounding is crucial in polyméerd preparation, regardless of ultimate

application. Although it might seem a simple process, it has the most decisive role in the final



product performance. Improper mixing of materials leads to poor performance of the final
product. To have an efficiemtixture, the fundamental mixing principles, distribution, and
dispersion forces, should be adequately fulfilled during compounding; otherwise, failures will be
detected in the subsequent procedures and final products.

Before compounding, understandingrsoprinciples related to polymer blends, such as
thermodynamics, phase separation, morphology formation during blending, and mitigating
fallouts due to the incompatibility of the materials, are essential.

Althoughthe chemical structures of PP and PEvamy analogous, they are
thermodynamically immiscibldue tothe saturated carbon atonighis behaviors detrimentato
their mechanical properti€Mahendra et al., 2019; Nwabunma & Kyu, 200 suppress this
shortcoming, differenadditivescan be applied to redutieeenergy gafand interfacial tension
betweerthetwo phases, thus increasing ttempatibilityand improwng performancéChiu et
al., 1985; Lohse, 2013; Louizi et al., 2014; Ubonnut et al., 2007)

Compatabilizing agents are materials that can modify the interface of conpberémeen
domains, hence stabilizing the structure and properties. Compatibilizers influence the structure of
polymer blends directly. Different morphologies, such as maniplet and cacontinuous, may
be conceived during immiscible polymers compoundirtgese morphologies are explained
meticulously in the upcoming chapters. There are a variety of compatibilizers have been
synthesized so far. Utilizing the most efficient compatibilizers is highly contingent upon the
types of homopolymers in polymer blend he vast kinds of compatibilizers are either-non
reactive copolymers (mostly diblock or triblock copolymers) or reactive ones containing
functional groups. The characteristics and properties of those types of compatibilizers are

thoroughly discussed.



As the mixing of polymers affects the rheological properties and the morphology
formation later, this property should be addressed precisely. In other words, to obtain important
information about polymer processing, rheological tests can be carried oet molten
polymers(Franck, 2004)There are many viscoelastic properties such as viscosity, relaxation
time, zereshear viscosity, elongational viscosity, elasticity, loss modulus, and melt strength
corresponding to the polymer blends. Among those, the melt strength may be the most crucial
factor in distinguishing the spinnability of polymer blends. The materials should provide
adequate strength in the molten condition to withstand the spinline stmesseEnsions. In other
words, the melt strength is defined as the resistance of the molten polymer against drawdown
forces.

However, melt strength and elongational viscosity measurements are not so dependable.
The latter is carried out under isothermatditions andree of any residual stresses coming
from the processingf samples. Also,isce the extruded melt is cooled at room temperature and
the stretching is likewise affected by shearing in the capillary, the melt strength analysis is not a
reliablerheologicalmeasurement systefilachopoulos & Polychronopoulos, 2019)

Due to the immiscibility of polymers, the high surface tension of components may cause
structural defects and stress concentration in the blends, resulting in breakages during the
spinning process. Therefore, melt strength and phase separation arstipé/otal issues that
should be considered for a prosperous and stable spinning process. Materials' viscoelastic
responses can deliver valuable information regarding the aforementioned issues. Besides, with
appropriate testing measurements, importantimépion related to the molecular structure of

polymers, such as molecular weight and molecular weight distribution, which proportionally



affect the processability of polymers and performance, can be derived because small structural
changes will appreciablghange the viscoelastic responfiemnck, 2004)

Two main approaches can be considered to alleviate the declared shortcomings regarding
the spinning of immiscible polymer blends. First, the continuous phase may be reinforced well
enough to overcome phase separation drawbacks and improve the melt s&ksogth
coalescence formation may be constrained by incorporating compatibilizers and locating them
among the domains' interface, diminishing defects inside blended polymer strwtiiate,
enhanceslispersion and compatibility.

To be concluded, from andustrial perspective, it is valuable to use more bicomponent
spunbond as a recycled input to the spunbond process; A key criterion for success in using
bicomponent spunbond is little to no significant impact on the throughput and fiber size.
However, incoporating bicomponent fibers into spunbond leads to poor fiber spinning,

generating a more substantial amount of waste.



CHAPTER 2: Literature Review
2.1 Spunbond Process

Some spunbonding principles must be mentioned, as the initial attempt is to acquire fibers
applicable in spunbonding. In this process, nonwoven webs can be obtained directly from
polymers in a single step. This process consists of four main simultanepsisfiaments
extrusion, drawing, deposition, and bonding. Spunbonding is the mosftognt methodor
makingnonwoven fabrics. By technological development in the spunbonding process,
microfibers with high filament distribution can be obtained sTihads to lightweight nonwoven
fabrics with softer feels and smaller pore sizes between fibers (better filtration efficiency)

(Midha & Dakuri, 2017b)A schematic of the spunbond process is showrigare?2.1.
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Figure 2.1: Schematic of an open drawing spunbonding progesdorova, 2007)
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The final properties of spunbonding products are influenced by the filaments' properties,
their orientation in the web, process variables, and bonding condiiangundappa & Bhat,
2005) Polymer's melting poinmolecular weight (MW), molecular weight distribution (MWD),
melt viscosity, and thermal bonding temperature, are the main polymer characteristics that
influence the extrusion and spinning of spunbond nonwovens. Furthermore, spinning
temperature, throughptate, cooling rate, air suction, and quenching air temperature and
pressure are some process variables that affect fiber formation in the spunbonding process
(Midha & Dakuri, 2017b)Ultimately, linear density, tenacity, elongation at break, modulus,
crosssection, crimp, morphologgndfilament arrangements are some parameters of fibers that
affect the poperties of spunbond fabri¢Russell, 2007)Table2.1 shows the material

characteristics andrpcessing variables that may affect the properties of spunbond fabric.

Table 2.1: Summary of variables that affect the properties of spunbond fdBurssell, 2007)

Polymer Variables | Filament Variables Process Variables

Linear density

Tenacity Spinningtemperature
Melting point Elongation Throughput
Molecular weight Modulus Cooling rate
Motl)?gtliilg;;’iﬁght Crosssection tgﬁggf{;’&‘% aalrr1 g
Melt Viscosity Morphology pressure
Crimp Air suction

Polypropylene fibers obtained from the ZiegMatta catalyst have significantly different
properties concerning melt spinning behavior than those produced from the metallocene catalyst
(Bhat et al., 2002)Due to identical reactive sites, the latter has higher flexibility and adaptability

9



in synthesizing and controlling polyolefins structufBbat & Kotra, 2008) Moreover, fibers
achievedrom metalloceneatalyzed propylene have narrow molecular weight distribution,
lower melting point, higher strength to weight ratio, and-edtacy (Bhat et al., 2002;
Mar ci nl i n .lec¢ontrast, polyprapyehes gatalgzey ZieglerNatta have broader
molecular weight distribution (broad tacticity distribution) compared to those catalyzed by
metallocene, hence resulting in spunbond fabrics with a more comprehensive bonding window
and higher bond strengfgbolue, 2017)Molecular weight distribution hassagnificantimpact
on fiber spinning and subsequently on the fibers' structure and progktises et al., 1995;
Russell, 2007)The structure orientation of broader MWD polymers evolves gradually and closer
to the spinneret due to their high inclination to go through sinelssced crystallization, more
elongational thinning behavior as well as higher elongatidsabsity(Misra et al., 1995)
Therefore, fibers spun from broader MWRve higher densitgndlower birefringence.
Conversely, fibers spun from narrov MWD have higher tensile strength and lower elongation at
break. Overall, higher spinline stress, faster filament drawdown force, higher crystallization rate,
greater crystailhity and orientation, higher tensile strength, and lower elongation at break are
directly proportional to the enormous molecular weight (Mpvpvided that MWD is constant
(Misra et al., 1995)

In general, PP fibegrade resins with MFR ranges of-3% and PE resins with MFRs
between 2810 are applicable in the spunbondinggesqKellie, 2016)

One of the fibers' essential chaeacstics, which strongly influences the final properties of
the spunbonding fabrics, is fiber diameter. Process parameters such as polymer's throughput rate,
spinning speed, and melt temperature directly affect the final fiber diameter. The polymer's

viscosity decreased at higher melt temperatures, which facilitates polymer drawdown force,
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leading to finer linear density. However, there are limitations in applying higher temperatures

due to the possibility of polymer degradati@hat & Malkan, 2002)Higher throughput rates

increase fiber diameter; hence greater cooling rates and spinning speeds are required to maintain
the equilibrium(Bhat & Malkan, 2002)Higher spinning speeds impose more stoesthe

spinline, which results in fibers diameter reduciiBhat & Malkan, 2002)While increasing

spinning sped reduces fiber diameter and increases birefringence values, the molecular
orientation through the fiber axis increaglsra et al., 1995)This trend is directly

proportional to the fiber's tensile properties. Fibers with heightened birefringence have greater
tensile strength and lower elongation at the break due toghertmolecular orientation

(Russell, 2007)The fibers' diameter increases at greater quench air temperature because elevated
spinline stress may be generated at the lower temperalecesasing fiber diamet@hat &

Malkan, 2002; Russell, 200Higures 2.2 and 2.8emonstrate the effect of throughput and

guench air on fiber diameter and the relationship of spinning speed with birefringence,

respectively.

Fiber diameter vs. throughput
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Figure 2.2: Relationship of throughput and quench air temperature on fiber diafRetesell,
2007)
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2.1.1 Polyolefin Fibers

Among various commercially available polymers, polyolefins, especially polypropylene
(PP) and polyethylene (PE) contribute a considie market share. Their consumption in
different industrial applicationis growing rapidly due to remarkable advantages such as
lightweight, lowcost, excellent chemical resistance, ease of processability, and recyc{ability

Al i Al Mabdadeed et al.Figure24dldasBates theomorid zansuraption afl

polymers used in the nonwoven web formation process.

Polymer-to-web
Bico & PA 2% Others 1%

Figure 2.4: Worldwide utilization of polymers to the wéMemon, 2016)
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PP based fibers have superior properties such as low density, excellent tensile properties,
good abrasion resistance, good wicking properties, and exceptional sistahemicals and
solventgMclntyre, 2004) which make them favorable in many applications such as geotextiles,
filtrations, medical, hygiene, automotive, carpet backing, and gbloimtyre, 2004; Russell,

2007) Moreover, PE fiber gradesins can be incorporated into other polymers to modify and
improve specific properties. Usually, higlensity polyethylene (HDPE) and linear lal@nsity
polyethylene (LLDPE) are the main fibgrade polyethylene3.able2.2 summarizes some

advantages and disadvantages of PP and PE fibers.

Table 2.2: Advantages and disadvantages of PP and PE fikketatyre, 2004)

Advantages Disadvantages

Low Density (0.960.96 g/cmi)

Good tensile properties Low melting point (126125°C for PE;
162-165°C for PP)

Poor dyeability

Good abrasion resistance

Excellent resistance to chemicals

Excellent resistance to microorganisms, Mediocre shrink resistance above 1D

mildew, and insects High flammability
Insignificant masture regains Inferior resilience
Good wicking properties Creep
High insulation Sensitive tghotolytic degradation

Comfortable to the skin

Besides the attributes mentioned above, PP fibers have adverse tactile characteristics
(plasticlike), which can be improved by blending with other polymers to modify the surface
texture of the fibers as well as increéibers' surface irregularitigBosak et al., 2005)The

addition of PE to PP may provide exceptional softness in blend fibers, which are not feasible by
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neat PP homopolyme(Blakajima et al., 1994)o produce fine denier filaments, medium to
high MFR (melt flow index) LLDPE is used, while low MFR HDPE resins are utilized for
filament appications(Ugbolue, 2017)Conventional characteristics of PP and PE fiber grade

resins used in nonwovens applications are summariZeahile2.3.

Table 2.3: Characteristice®f PP and PEor nonwovens application&Jgbolue, 2017)

Polypropylene Polyethylene
Density: 0.91 g/cc Density: 0.910.98 g/cc
MFR range: 121500 MFR range: 0.8300
Melting point: 160170°C Melting point: 120140°C
Highly crystalline Varying degresof crystallinity
Good mechanical properties Moderate mechanical pregies

Broad bondingemperature windov Narrow bonding temperature windo
Poor bondability to PE film Excellent bondability to PE film
Poor drape due to high stiffness| Excellent drape due to low stiffnes
Poor radiation stability Good radiation stability
Moderate stability to UV Moderate stability to UV

PE can be added to the PP in the molten state to prohibit longitudinal fibrillation (surface
peeling) of PP fibers duriniipe drawing procesgRobson et al., 1981)

In this review, the blend fibers (polyblend fibers) term is referred to as the addition of the
second component into the primary phase (dispersed phase incorporated into the matrix phase).
Therefore, a synergistic advantagfecombining different polymers in a single fiber would be
expectedJ. Shi et al., 2019)This concept can be used to integrate more reclaimed fibers and
compound them witkheir virgin equivalentsprovided that their properties should be as

improved as possible to lspun.
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Polyolefins can be compounded with other polymers to modify the fibers' properties. For
exampleadding5 wt% PET to PRignificantly increases the tensile properties and modulus of
blend fibers. lalsoheightens the straihardening behavior oflénd fibers, which is not
discovered in pure P@Rizvi et al., 2017a)Polystyrene (PS) can be addto PP to enhance
blend fibers' rigidity and creep resistarftigbolue, 2017)Blend fibers of commonly used
isotactic polypropylene with attic one may drasticaliynprove PP fibers' elastic properties
(Walter et al., 1999)Also, biobased polymers such as polylactic acid (PLA) can be blended with
PP to improve the latter's biodegradability and enhance biological and filtration applications

(Arvidson et al., 2012)

2.1.1.1 Polyblend and Bicomponent Fibers

Before proceeding, a brief clarification is required regarding bicomponent fibers and fibers
from polymer blends (fibers based on polymers blends or polyblend fibers). Two or more
polymers as separate streams are brought in contact before the spintineréiimer. In
contrast, in the latter, two or more polymers are physically melt blended in the extruder before
spinning(D R Paul & Newman, 1978; Salem, 200&igure2.5 demonstrates a schematic of

polymeric blend fibers morphology in both longitudinal and csEsgions.

Figure 2.5: SEM micrographs of PP/PS (92/8 wt%)rudefibers; a) longitudinal section and b)
crosssection(He et al., 2014)
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Typically, polymeric blend fibers have a matfikril morphology in which a minor or
dispersed phase as droplets or fibslsnplanted inside a matrix or primary phdSalem,
2001) The shape and distribution of the dispersed phase within thewouasi phase are highly
relevant to the blend composition, rheological properties of the blend components, compounding
techniques, and interfacial properties between blend components that ultimately influence blend
fibers' morphology formation and perfornta{Salem, 2001)All those features, as mentioned
above, will be discussed in the upcoming sections. These types of fiber have some superiority
compared to their bicomponent counterparts. Polyblend fibers can be made by conventional
spinning methods applicable for honodymers, and no specialized spinning equipment is
needed, so they are less expensive than the production of bicomponer{Siabens, 2001)A
schematic of the typical fiber spinning process is illustratédgare2.6. As said earlier, it can

be used to spin polyblend fibers.

Heating plate

Gear pump
Filter pack '
l‘—--.-

Spinneret

e
Cooling air —
—_—

Roller —» (0 A
Winder —-

Figure 2.6: A schematic othehomopolymer iber spinningprocesgNishio et al., 2017)
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A good mixture of components is desired before spinning. As the melt blend is passed
through the spinneret, the dispersed phase paréiotesiongated from the spherical shape into
fibrils by the extensional forces. The extent of this elongation and the minor phase particles'
stability generally depend on the components' rheological properties and their interfacial tension
(Salem, 2001)When the minor lpase's viscosity is lower than that of the matrix phase and the
interfacial tension between the components is low, the droplet deformation is preferred under
shearstresse to generate high aspect ratio fibrils. Subsequently;diglibuted dispersed pba
particles with finer size and more stabilized morphology can be achi§aésm, 2001)As the
melt blend emerges from the spinneret, the extensional forces become dominant, increasing
dispersed phase deformation and molecular orientation inside the extended drothlets.
condition, droplets deform from spherical shape to the ellipsoidal, further developing blend
fibers' structuréHe et al., 2014; Salem, 2001)

The various crossectional structures of bicomponent polypropylene and polyethylene
fibers have been extensively used to produce nonwoven fabrics due to their outstanding
properties. Blend fibers with bicomponent structures are used in plenty of appkcstich as
feminine care, baby diaper, adult inconsistence products, absorbent core in wet wipes,
hydroentangled medical disposable textiles, and filtration produgtsolue, 2017)Polyolefin
blend fibers are usually used as a bicomponent structure in the spunbonding process rather than a
bi-constituent structure (matrixoril structure). A schematic diagram of the bicomponent

spunbonding mcess is depicted irigure2.7.
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Figure 2.7: A Schematic diagram of bicomponent fibers spunbonding pr¢cesst al., 2017)

In this process, fibers with various cressctional shapes or geometry can be achieved to
promote the performance of fibers. A schematic of different esestions of bicomponent fibers
is shown inFigure2.8. Nevertheless, fewer research activities have begorted supporting the

application of polyblend fibers (fibrilnatrix structure, not bicomponent ones) in the

ORCES

spunbonding process.

Eccentric . .
Sheath-core sheath-core Side-by-side
round round round
Pie segments Pie segments Islands in sea
round hollow round

Figure 2.8: Crosssection of the bicomponent fibg3eopura et al., 2008)
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The bico fibers can contain PP and PE properties in the final application. In these types of
fibers, PP is used in the core layer, which provides physiopkpiies such as tensile strength
and abrasion resistance. In contrast, polyethylene is used in the sheath layer, which maintains the
preferred softness, drapeabilihand feels, andnhanced elongational properties. These
improved softness propertiesRP/PE bico fibers are desirable for hygiene applications
(Ugbolue, 2017)For instancek-igure2.9 shows different spunbond fabrics' softness made by
homopolymer and bicomponent fibers. ASPUN is a polyethyleneditaete polymer from Dow
Chemical Company, and POP stands for polyolefin plastomer. Polyeghgehits blend with
PP and polyolefin plastomer have the highest softness. Higher crystallization rates of
polyethylene result in a higher level of surface crystallinity, leading to higher fiber surface
roughness. This phenomenon reduces the fibersiaeetfof friction, consequently incraag

fibers' softnesgUgbolue, 2017)
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Figure 2.9: Softness of spunbond fabrics made by different polyrfidgbolue, 2017)
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Softness is a term related to the mater@isfficient of friction (COF) and flexural

rigidity, which can be characterized by atomic force microscopy (AfeMpolue, 2017)

2.2 Fibers From Reclaim Polymers

Reusing or reprocessing the waste stream of polymeric materials is an appropriate way to
make materials with enhanced properties. The reclaim term is considered the fibers obtained
from the second cycle of processifgy Wang, 2006) These fibers can be made from textile
waste or used textilefAlbrecht et al., 2006)in other words, the reclaimed fibers can be attained
from process waste or pesbnsumer waste. The primary desire to reuse fibers would be
ecologically and raw materials cdstimprove sustainabilityAlbrecht et al., 2006)

In the production waste of the spunbonding process, the edge trim and scrap are
significant. Trimmings from the edges of a spunbond PP fiber may be generated during fabric
manufacturing. However, those trimmings can be suppbe#t tb be reprocessed by the
appropriate extrusion equipmédMcintyre, 2004) Reclaimed fibers from thermoplastic
polymers such as polypropylene, polyethylene, polyester, polyamide, etc., may be reprocessed to
make granulate@lbrecht et al., 2006; Russell, 200However polymer melt properties should
be sufficient enough to meet the expectations. Tilesdingvirgin polymers with reclaimed
equivalentss suitablefor makinginnovative materialsvith modified properties. The textile and
nonwoven industries are no exception in this regard. With a proper blending nieéhod,
reclaimedpolymerscan be appropriately compoundeih their virgin counterparts produce
raw materialdor different appkationsused in the spunbonding process. In this case, the
complex separation methods are avoiflddonnut et al., 2007Moreover, the materials'
structure and composition can be easily recognized in the waste process, and dyeirastar

cost are satisfactorfAlbrecht et al., 2006)
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On the other hand, disposing of those materials in landfills generates more waste, which
may have detrimental impacts on the environment. The fibers of nonwoven fabrics can be
reclaimed when the life of fabrics is oy@atf. Wang, 2006)this happens in consumer waste
textiles. In polyolefins postonsumption waste, compéeseparation is not feasible due to their
analogous density and structure similafitgse et al., 2004; Sonnier et al., 2008)ere are
many waydo extract PP and PE from other mixed plastic waste streams in polgolEfiese
techniques areftentime and energgonsuming, complex, archallengingto applyas well as
the perfect separation of the components might not be achievadderdingly, todevelop
sustainable plastic productheblending of mixed plastic waste streams is des@so
massive cleaning procedures are requiMdntyre, 2004) Figure2.10illustrates differettypes

of textile waste.

| Consumption of textiles |

Public Long-life technical
Hausholds institutions products
Production waste Consumer waste

undefined waste
soiled waste

+ defined waste
+ clean waste
+ exploitation is interest no interest of causers in recycling

of causers (producers) few recycling applications
+ many recycling + industry for collection and exploitation of

applications textile waste is developing

+ use of experience from other industries like
plastic recycling is possible

Figure 2.10: Different textile waste origin and characteristidsorecht et al., 2006)
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Nevertheless, lessened mechanical properties would resiaétandinary reclaiming of
polyolefins due to the incompatibility of the componemtd ianpurity contents inside reclaimed
polymers(Bonelli et al., 2001)

Some critical issues in blendjnwaste materials with virgin polymeskould be explored
thoroughly. Many polymers are thermodynamically immiscible, resulting in ineffective
interfacial adhesion, unstable morphologesjeventually, low mechanical propertigsarofalo
et al., 2018a; Louizi et al., 2014dditionally, the waste stream of reclaimed polymers has
already experienced several processestiagthavedeteriorated its mechanical, thermal, and
viscosity properties. The irreversible thermddative degradation causes chain scission,
crosslinking or removal of a substituent, resulting in reclaimed materials with inferior properties
to their virgin counterpartéMadi, 2013) Polyolefins' molecular ahmolecular weight
distribution may be reduced by reclaiming and reprocessing in extrusion processes, which
compromise viscosity properties sequentially, deterioragpignability(Mclntyre, 2004)

Those issues may be alleviated by implementing suitable compatibilizers andhgdjust
process parameters such as extruding pressure, feeding rate, and temperatorecerhe
mentioned aboveill be discussed entirely in the following chapters.

Utilizing compatibilizerscan improve and enrich the properties of virgin and reclaimed
blends(Graziano et al., 2019)t has also been reported that implementing suitable types of
fillers and coupling agents can improve reclaimed polyolefins' rgeabproperties, leading to
enhanced mechanical propert{Bgrtin & Robin, 2002; Garofalet al., 2018h)The composition
proportion ofreclaimed and virgin polymers in the blend system and the viscosity ratio of those

components are decisive factors in morphology formation, affecting final product properties.
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Thus, it is imperative to cortl and stabilize the morphology of waste stream blends with their
virgin counterparts to reach desirable properties and valuable pr@dectsort et al., 2018b)

Reprocessing of polypropylene leads to reduced melt viscosity, i.e., irccreakdlow
index (due to the thermoxidative and mechanical degradations) and severe melt shearing
during compoundingThis performance is attributed to molecular weight reduction, which
negatively influences polymer strength and elongation at break. In contrast, molecular weight
reduction facilitates the polymer chain's mobility and foldability, increasing the degree of
crystallinity and elastic moduluySmal et al., 2018)

So far, many works have been investigated to evaluate the properties of the PP/PE
reclaimed polymers by incorpoiad virgin homopolymers of either PE or PRbano, Sanchez,
et al., 1998; Albano, Sanchez, et al., 1998; Bonelli et al., 2001; Madi,. Zi8)majority of
them have reported the improved properties of the reclaimed blends. However, most of the

investigationsoncentrated on applications rattigan fiber spinning.

2.3 Thermodynamics of Polymer Blends

The blending of polymers has always beemxetiting topic to provide specifiand
synergistigproperties barely achievable by homopolymers. Improving impact strength and
chemical resistancare somdeaturesattained inpolymeric materials blendin@lom et al.,

1998; Chiu et al., 1985; Do et al., 1996; Genovese & Shanks, 2004; Ono et al., 2009; Rek et al.,
2008; Saffaet al., 2014; Sonnier et al., 2008; Taib et al., 20E8) instance, polystyrene is used

as a dispersed phase to imprdvemechanical propertiesf polypropyleneln other cases,

blends are inadvertently engendered during polymerization due torsige rgactions and

branched chains such as lalensity polyethylenéEitouni & Balsara, 2007)The cost is lavays

an issueby mixing polymersthe ultimate cosof productamay be reduced remarkably
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(Shangging Li et al., 2017; Oyama et al., 20830, involving the econd component in the
polymer mixturemayenhane processabilit{Kaseem & Ko, 2017; Kram, Sahin, Ozcelik,
Yilmaz, Kuram, et al., 2014; L. A. Utracki, 1982; Vervoort et al., 2018b)

Through recent decades application of polyolefin blends such as polypropylene (PP), high
density polyethylene (HDPE), lodensity polyethylene (LDPEand linear lowdensity
polyethylene (LLDPE) have been develomgghificanty. Polyolefins have advantages such as
high chemical resistance, inexpensive, low coefficg@ftfriction, easy processability, energy
efficient,economically appealing materiatc.(Al-Al i Al Mabadeed et al .,
2008; Ugbhole, 2017) Thus,blendingpolyolefins to obtain prefablecharacteristics has
becomaattractivein different industries. Besides the advantages mentioned admwe,
obstacles related to polyolefin blendske their blending procedure complicatiglbst
polymers havelistinctivechemical structures, making them incompatible, resulting in poor
interfacial adhesion and inferior mechanical propertiesnce, thoséypes ofissues should be
considered in polymer mixtures amticipate phase behavior and blendrphology effectivel.

One of the fundamental factorsnmixing polymers is the thermodynamics of polymer
blends which help us predict and monitor the key factors involamgixture of polymers.

Therefore, regardless of their applicatianderstandig and predicting their blend
behavior is required to reduce process defects efficiedtlg of thecritical characteristis
recommendefdbr realizingpolymer blend behavior is theliermodynamic term.

Many factors are involved in this featuseich as nscibility and immiscibility of blends
which may lead to phase separation. As we laneady beefamiliar with, mostpolymers are
inherently immiscible, resultingp phase separation afmlv mechanical propertigedited,

2002) Miscibility is an aspecbf polymer blendswhich clarifies a mixture containing two or
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more components to form a ephase system (homogeneous). Moreover, compatibility is
another term related fwolymer blendswhich have a critical role in th@dend systems' structure
stability and morphology formation. The compatibijttgsition on the ultimatproperties of
materialss undeniableCompatibilizers are materials that can provide the aspectsomedt
above relevant to compatibilitfhe application and properties of compatibilizers are described
thoroughly following this chapter.

Shortages ithe understanding@f miscibility in binary mixtures of polyolefins make it
hard for us to addreskeir blends' phase behavior. Howevpolyolefinshave the most
chemically simple structure$heyare categorizedsmacromolecules whose specific chemical
interactions are limitedue to thecompletely saturated sp3 carbon structurigich leads to
immiscibility (Nwabunma & Kyu, 2007 )urthermore, polyolefins' gh crystallinity and lack of
functional groups in their structure cause low surface energy, hindering their appliCaticin
et al., 2017)

Each of thoseritical parameters regarding blend thermodymanimiscibility, phase
separation, etci} briefly discussed in the following paragraphs of this revigve factors like
polymer glass transitidsrole indefining miscibility ofblendsystemsare clarified. The function
of complementary methods suchdepression of melting pointasso outlined The most
commonapproachrelated to polymer blends is stilie Flory-Huggins theoryThe main features
of this theoryaredescribedsfollowed by other investigated methodsich agheequation of
state (6S). Intermolecular interactions affect the polymer blends thermodynamic terms such as
enthalpy and interaction parameter; hence, their functions and types of molecular bonds are

summarized.
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Consequently, understanding the thermodynawfipolymer blends offers us a
conspicuous way to forecast whether a polymer blend is miscible or immidtiédkn provides
information about the physical and mechanical properties of miscible blend$eatities the
width of theinterface among imm@ble blendgIsayev, 201Q)

Polymersare highly viscoge materialstheir diffusion into the equilibrium state is slpw
generating extra heathenmixed, subsequentlgausng degradation. Thus, it is hard to discern

polymers' thermodynamical tesnsuch as phase diagram or the Fldnggins binay interaction

parameter, 1, ». Furthermore, polymeric materials are processed under stress and high fipw rate
which inhibit them from reachingnequilibriumcondition Due to these difficulties revantto
macromoleculésharacteristics, scientistseainclined to use low molecular solutions to assess
polymer blends' thermodynamsicThus, applying laboratory data on an industrial scale is not so

reliable(edited, 2002)

2.3.1Miscibility and Phase Behavior

Phase behavior in polymeric materjagher in solution or blendss differentfrom small
moleculesThe larger macromolecular size of polymers is the main reason fatisisiepancy
Mixing entropy is the driving forcer miscibility in small moleculeswhile this parameter is
insignificantfor polymers(Isayev, 201Q0)Polymer blends can reveal miscibility, phase
separationi.e., immiscibility and partial miscibility. Combinatorial entropy contribution is the
mostcrucialfactor regarding low molecular weighblgmers which is very large compared to
high molecular weight polymers. Due to this reason, solselvent mixtures have a wide range
of miscibility compared to polymesolvent combinationg@ndmiscibility in polymerpolymer

mixtures isvery rare. Fornstance, ®#lendof hexaneethanol is misciblewhereas their high
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molecular weightmixtures of polyolefins and polyvinyl alcoh@rehighly immiscible(Robeson,
2007)
To further clarify, it is necessary thiscusghe mostritical factor related to the mixture of

different canponentsasgiven in equatior2.1).

DG, =1 TS, 2.1)

m

Where DG, is the Gibbs free energy ofixing, DH, and DS_areenthalpy and entropy of

mixing, respectivelyTo have a miscible polymer blerttie free energy of mixing should be
negative( ae®). Although this is an essential requirement for miscibility, it is an insufficient

requirementThus, the following condition should be satisfied, too.

au* g, 0
&> 0>0 (2.2)
¢ Wi TP

Where/ . is the volume fraction of the dispersed ph@seszek A. Utracki, 2002)

Negative values of equati@@.2) (even thouglee G<0) can create an area in the phase diagram
where the mixture will separate into two phases of compofientseson, 2007)'he positive
amount of tis equation shows that the blend is miscible andohasestability (Donald R Paul

& Bucknall, 2000)

The magnitude of interactions between molecat@sesponds to thenthalpy termae H,
whereaghe available number of arrangensgior the systenis associated witthe entropic
term,ae §. As mixingleads tancreasing the disorder of the system, the latter term is a positive
amount. This explanation valid for low molecular weight mateis. Thesignificantentropy

changes are driving force$ miscibility, resultingin more negative amounts f@Gibbs' free
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energyand favomg miscibility. Additionally, when there are attractive interactions between two
components, the enthalpy terrmiegative leading to miscibility. For an ideal solution,
intermolecular forces between the two parts are sipaifadae kh= 0. Thus, miscibility is

attained wheme kha 0for components with similar chemical structucespecific interactions

such as dipolelipole and hydrogen bonding among the blend compofisatgev, 201Q)

In generaltheincreasing temperature in lower molecular weight matergsislts in more
miscibility as theT aa3ncreases; thuse @ attains negative values. Conversely, in high
molecularweight polymers, the interactions between two components weaken as temperature
increases due to molecular motion and reaching a point where the system is inclined to separate
into two different phase@sayev, 2010)T aaS3s negligiblein these systems, and other factors
like temperaturelependenge Hhvalues cause the miscibility decreases with increasing

temperaturéRobeson, 2007)

Polymersolvent mixtures usualldisplay upper critical solution temperatures (UCST). On
the other hand, some polyrgolymer blends exhibit lower critical solution temperatures

(LCST). The phase diagram of polymer blends is depict&ibure2.11 (Robeson, 2007)
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Figure 2.11: Phase diagram illustrating UCST and LCST behaviors in polymer b{eadsek
A Utracki & Wilkie, n.d.)

The binodal curve is relevant to the equilibrium phase boundary between thepsiagge
and the phasseparated region in this diagram binarysystems, this is due to the chemical
potential of an individual component, which becomes equal in both phases, as shown in the

following equationRobeson, 2007)

Dnf = Oh  Dn =P @3

In whicha andb stands for the phasesand2 represent two polymer&ven if the phase

diagram for polymer blends withsignificantdifference in their molecular weight is non
symmetrical, the experimental phase diagrams for components with similar molecular weights
are symmetricallf phase separation occurs, the binodal identifies the contribution of each

componentich phase. The tie line, displayedrigure2.12, can be utilizd to recognize the
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relative amount of each pha®&y. using equatiorf2.4), the volume fraction of each component

rich phase can be determin@bbeson, 2007)

fo _fo- 1

Tar
f, F i

a

(2.4)

Wheret stands for the total composition of the components mentionéidume2.12.

Polymer 1 Polymer 2
Rich phase Rich phase

Phase separated region

b b~ o
T

Single phase region

o

0.2 0.4 0.6 0.8

9,

Figure 2.12: Tie-line for determining phase compositiRobeson, 2007)

-

At highly immiscible polymers, the phase diagram ithetwo-phase regionwhere the
binodal curves overlafney-axis at 0 and 1.0 volume fract®nn contrasthighly miscible
polymers express a singdase behavior, and itehallengingio define UCST or LCST (if they
exist). UCST may not be identitiat low temperatuedue tothe glassy statenvhich impedes
molecular motionand at higher temperatures, befobserving phase separatidhe polymer
degradegRobeson, 2007)

According to the phase diagram of polymer blerkigyre2.11), there are three regions

with different leves of miscibility:
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a) between the two binodals, there is a shpglase miscible region.

b) four fractures metastable region between binodals and spinodals.

c) two phaseseparated "spinodal” areas of immiscibility, surrendered bgpimodals

(edited, 2002)

By considering the temperature effect on miscibility, the origin of the critical point can be

noticed. In 1982, Patterson detected three main characteoiticsb i

nary

nteract.i

1, 2. free volume, specific interactions, and dispersion. Temperature affects these parameters in

different waysDispersion and free volume interactions are predominant in lower molecular

weight systera. Asshown in Figue 2.13, the sm intersects the criticafalueof the binary

interaction parameter in two points (these two points are UCST and LCST).
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Figure 2.13: The contributions of dispersive forces and vekime, whose T dependence can
result in a UCST and LCST behavior, determiningof polymer solutiongLeszek A Utracki &

Wilkie, n.d.).

On the contraryspecific interactions are the dominant factopatymer blends'

miscibility, identified by a considerable negative value thateases with temperature. The total

amount of these interaction parameisrsriticalin one place (LCST). Thimvolvementof those

parameters is exhibited Figure2.14.
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Figure 2.14: Free volume and specific interactioontributionsaffect the interaction parameter
in polymer blendg¢Leszek A Utracki & Wilkie, n.d.)

Altogether, phase separation occurs when changes in compasiteonperatureand
pressuref a singlephase system force it to either metastable or spinodal regiomph@ke
separatioomechanism is different in these two cas#sw nucleation followed byhe growth of
phaseseparated domainandthe singlephasesystem enterthe metastablarea This process is
called nucleation and growf{NG). On the other hand, when the system is forced from a single
phase to the spinodal region of immiscibilittye phases separate impulsively. This process is
known as spingal decompositio(SD), where instant segmental density fluctuatmecursand
eventually intensifies in amplitudllowed by wavelengtljedited, 2002)Figure2.15

represents the density fluctuations in these two mechanisms of phase sgparatio
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Figure 2.15: A Schematic of the density fluctuations during the spinodal decomposition (SD) and
the nucleation growth (NG).eszek A Utracki & Wilkie, n.d.)

According to this figure, three stages are denoted: Early stage, while the amplitude grows,
the wavelength is steady in SD; intermediate stage, both the wavelength and amplitude alter;
final step, the wavelength intensifies only due to the coarseningsstogbereas the
concentration amplitude is maximuiireszek A Utracki & Wilkie, n.d.)Figure2.16illustrates a

simple description of the phase separation mechanisms:

Nucleation and growth

0]
° o O @)

O
o e @ o

Spmodal decomposition ;‘ .'|’

Figure 2.16: Nucleation and growtandspinodal decompositiomechanisms in binary polymer
blends(Leszek A Utracki & Wilkie, n.d.)
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Determiningthe phase separatiqgrocess and its associated boundary lines can be a vast
topic outside of this study's scape

When uniform (homogeneous) binary mixturestan@ught to a temperature where the
mixture's free energy evolves curving points, phase separation might Bicpure.17)

(Sanchez, 1983)

free energy
of mixing To

To T

binodal

0 B’ B” 1
composition

Figure 2.17: A Gibbsfree-energyof mixing diagramas a function of composition achosen
temperaturgwhere phase separation is possi{bleszek A Utracki & Wilkie, n.d.)

The tangat points to the energy curve (the chemical potentials of two phases are identical)
define the binodal, which implies miscibility limi(seszek A Utracki & Wilkie, rd.). If the
system is between the binodal and spinodal (metastable region), phase separation will happen by
the nucleation and growth mechanism. Conversely, if the system is inside the spinodal (unstable
areg, thespinodal decomposition mechanism (dgiion-controlled phase separation) causes the
phase separatioithe boundarie®f metastability, where the curvature alters from positive to
negative and the second derivative of free energy is aegmdicated by the spinodéleszek A
Utracki & Wilkie, n.d.) Unlike thenucleation and growth mechanistine spinodal

decomposition mechanism creates a-phase structurthatis uniform and interconnected. A
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viscose blend is essential to notecgpinodal decomposition mixture. In low viscosity mixtures,
nucleation and growth mechanismominate in the metastatzone (even at high cooling rates)
before reachingn unstable region.

Conversely polymer blends are perfectly suitafide studyingspinodal decomposition
since high molecular weight polymer liquids are inherently visdéseexample combinatiors
of polystyrene/poly (vinyl methyl ether) and blends of poly (stywemacrylonitrile)/poly
(methyl methacrylate) are compatible blends and exhibit LCST behBl\ioleation, growth,
and spinodal decomposition were detected in the formsehasn inFigure2.18 (Sanchez,

1983)
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Due to the slow rate of the diffusi@ontolled process and the small-gexing enthalpy
of miscible polymer blends, it is hard to pinpoint the phase separation in partially miscible

polymer blends.
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In some literaturea UCST behavior has begenerallyobserved in polyolefin blendand
they reported that even phase separation existed in the melt condliteeverin UCST
systemsthe blends become more miscible at higher temperatarether words, the phase
diagram of polyolefins shows phase separation upon cooling down, but manypteysie
separation when heated; they are characterized as LCST behavior. In some cases, polyolefins
show both LCST and UCST behavidhese diversities of polyolefins' phase behavior are
related to saturated hydrocarbons that interact through van der &dadsspersive forces
(Lohse, 2013)

In the PP/LDPE blend, based on Flériduggins theory, we expect interactions between
repeat units tve similar, but that blend is highly incompatifiRajasekaran et al., 1995)

In generalthe miscibility ofpolyolefin blendsdlepends on molecular structure,
componentgomposition, and mixing temperature. Polyolefins have a nonpolar strughioch
is the main reason for their bléadmmiscibility. This immiscibility causes phase separation and
eventually weak mechanical properties of thnéxtures. In polyethylene leinds with various
levels of branches, increasing branch content and branch length decreases miscibility. In other
words, blends of polyolefins havinigroadbranch distributions might have two immiscible
phases. One key poititatneedgo be mentioned i$at if the mixture contains twimmiscible
polyethylensat the crystallization temperature, each component crystallizes separately and
createsa disperse and continuous phaseepending on branch density, these phases crystallize
at different temperaturdblwabunma & Kyu, 2007)Despite having similar struges in their
structural groupssuch as methyl, methylene, and methine, mioseasyto anticipate the
miscibility of the polyolefins Most characterization methods are not proper to detect phase

separation in those systems. The other factor regardiggleins miscibility is molecular
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packing. The conformation of polymer in the melt allows or inhibits its interactions to the extent
that makes the blend immiscilfidwabunma & Kyu, 2007)
Overall, the solubility of polyolefin blends Imigely dependent on the chemical

configuration of polymer chains, thenlgth, andhelocation of side groupd.ohse, 2013)

2.3.2Glass Transition and Melting Point of Polymer Blends

Unlike primarily miscible solutionspolymer blends are predominantly immiscible.
Although the thermodynamatinterpretation of miscibility is clear, the methods utilized to
detectmiscibility and the size of homogeneity in miscible bleadsdebatable. For instance,
light scattering only may be discovered whieehomogeneity size is larger than 100 nm and the
variance in refractive index more prominenthan 0.01. The glass transition temperatliggs
the most commonly used method to investigate miscibMigasuringly is simple and the
blendsthat exhibit a singl@y are considered miscible mixture. But, still, there are some
limitations relevant to measurifg that should be considered. When the amount of the second
component is less thaenwt%, identifying Ty becomes inconsideratBesideswhen theTg
difference between twelenents is aboutene (this method cannot be used.

On the other hand, many others like Schultz and Youwg $teown thafly is sensitive to
the degree of dispersipnot thecomponents' thermodynamic miscibilifyor example, in
PS/PMMA blendsa singleTy was observed, but double peaks were detected when this blend
was annea&d. Moreover, other scientists like De Oliveira and Glasser in 1994 and Sauer et al
1996 showed that three types of glass transition behavior might be detected due to the
comporents' chemical structurelending conditionand composition. They displayed that at
some low temperatures, polymer mixtures showedTyspbut when theait blended at high

temperatures, the combination showed a sifigfgeak Fnally, at intermediatéevel
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temperatureghe blend showed a single broad péadited, 2002)In general, blending affects
the Ty of the system. A miscible blend exhibits a sinfjentermediate to th&gys of the two
componentswhile an immiscible blend represents multiple transitions. These behaviors are

illustrated inFigure2.19 (Isayev, 201Q)

Compatibility

Heat Flow

v

Temperature

Figure 2.19: DSC thermograms for a) a miscible blend, b) miscible blend close to phase
separation, c) partially miscible blend close to phase separatidd) immiscible blendlsayev,
2010)

There are many methods to assess glass transition temperatures, such as dynamic
mechanical analysis (DMA), dielectnielaxation spectroscopy (DRS), nuclear magnetic
resonance (NMR@anddifferential scanning calorimetry (DSC). Among the mentioned methods,
DSC is the most commonly used one. This method can meggsunelting temperaturel(,),
enthalpy of fusiong H), glass transition width, and heat capacity. For example, the DSC
thermogram of poly (Hactide) with high molecular weight polyethylene oxide (PEO) is
depictedn Figure2.20. The melting point of the two components decreases with increasing

second component composition.
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Figure 2.20: a) PPLA/PEO blend thermaams as a function of PEO concentration (wt%), b)
phase diagram of PLLA/PEO blends [dotted lingb&havior related to blending composition,
solid lines: T (critical point) and Tm]Isayev, 201Q)

It can be concluded that the glass transition temperature of polymer blends is proportional
to the omponent compositiofisayev, 201Q)
Several equations have been created to determine the glass transition temperature of blends

so far. One of them which is used currently is the Fox equation for the binary systems:

DT
-T 25
T Tos (2.5)

1

TQ

WhereTy is concerned with the blendly, i is the glass transition temperature of pure
component, andx; is the weight fraction of componeintAccording to equatio(2.5), only the

properties of pure ingredients are predicted. Another equation to detéigmn@&ordon and

Taylorequation
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X1T 1t kGT(l 'Xl)T 2
T, =—=2 - 2.6
’ X1+kGT(1 'Xt) (20

ket is evaluated from experimental data and expresses unequal contributions of components to

the blend. The other equation is the equation of Kwei:

- Xng,1+ k.<W(1 ')S)Tg,z
T, = x k., (1 %) Hox(1 %) 2.7)

Index 2 inequatiors (2.6) and(2.7) are related to the high&s component. Fully miscible
systems are denoted hysingle glass transition temperature for all blend compositions. In
immiscible systems, pure components' glass transition temperature doesn't chatige with
composition ratigBrostow et al., 2008)The other method generated to predictligef binary
systems is Bretwo-Chiu-KalogerasVassilikouDova (BCKV) equation. They suggested for the
simplest cas€ly is a linear function of composition, and for real issues, they determined the

deviation from linearity, as is depicted in equati@:3):

DT, =T, T T [xT, 0 +) Tl (28)

In this equationee | can be a parabola, wheeT, =x(1 x)a herea,is a parameter for a

givensystemae T is maximum at ¥=x>=0.5. Consequently, they reached their final equation for

a system of any complexity:
T,=xT, €1 0T, ¥l % [a®a2% 1) a2 x+1} aRx ¥ @9

For exampleresults for blends of PVA/PE are showrFigure2.21:
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Figure 2.21: Tqresults for PVA/PE copolymers as a function of composition. Symbols are
experimental resultsom the BCKV equation(Brostow et al.2008)

In simple miscible systems, the Fox equation is used; with increasing system complexity,
the GordorTaylor equation, Kwei, and eventually, BCKV equations can be applied. It should be

mentioned that the number af in parabolic sysims to characterize the experimental data is

dependent on the system complexity for polymer blends and copol{Brestow et al., 2008)
Moreover, this method is utilized when other previously mentioned metianaot
describe the complexities. For example, one ottiraponents might be crystallized partially, or
asymmetrical changes of enthalpy and entropy may occur, or when blending results in
contraction or expansion of the molecular volume, these methods (Fox, Sagon, and
Kwei) are not reliabléPezzoli et al., 2018)
In addition toTy determination, ther complementary methods, such as the melting point
depression, were usedftotherunderstand polymer blends' thermodymes This method is

based on reducing the melting temperature of one component in the other one's presence.

41



If miscibility occurs polymers' chemical potential should be less than in their pure state,
which results iradepression of melting point. The melting point analysmuiimerouslyused to
assess the miscibility of polymer blends. This methadofirst initiated by Nishi and Wang
(Nishi & Wang, 1975)

The melting point depression expresses important informatout blend systems
particularly when a crystalline polymer is blended with an amorphous one. A partially miscible
blend and immiscible blend systems do not exhibit the depression of melting point. The melting
point of miscible systems depressssedbly with increasing thesecond component's cent
(in this caseamorphous polymer content) due to the remarkable interactions between
components. It is essentialdatline that polymers' melting point is influenced by
thermodynamial and morphologicaldctors such as crystalline lamellar thickness. Thus, the
equilibrium melting point ought to be considered to dgtishthe thermodynamal effect from
themorphologicaldevelopmen Hoffman and Weeks have obtained the relationship between the

isothermalrystallization temperature; Bind apparent melting point,Jthus:

T =hT, 1 AT (2.10)

T is equilibrium melting temperaturé is related to the lamellar thickness of crystals

encountered ithemelting processwhichis defined as a measure of stabili@iu et al., 2003)
Based orFlory-Huggins theory anthe Nishi-Wang equation, the melting point

depression is identified by equati(l1l) (Qiu et al., 2003)

1 1 _ R\, eInf, 1 1
_ - _ - _ 4 + = f E f )
I (blend T, ( purg DH }/g m ( m [n) ! f (21D
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Where, T_(pure and T (blend are the equilibrium melting point of the pure

crystallizable component and the blend, respectiviely. is the heat of fusion of piectly
crystallizable polymery is the molar volume of repeating units of the polymers, m is the degree

of polymerizationand 7 is the volume fraction of thiglend's component® is the universal gas
constant C1.2is the polymetpolymer interaction parametemd subscripts 1 and 2 refer to

amorphous and crystalline polymers, respectively. When the degree of polymerization of
components is larg#hese terms (mand m) in equation2.11) @n be ignored for high

molecular weight polymerghus, the interaction parametér2 can be defined as:

(@]

_DHva 1 1
RV, ¢ T, (bleng T pure

o

5 6 £ (2.12)

This method incorporatdgding the melting temperature of a crystallizable component or
equilibrium melting temperature in the blend and calculates interaction parariretars
method, the samples first are crystallized at a particular temperatadeiquate time to be fully
crystallized then the samples are melted to determine melting temperature. The equilibrium
melting temperature may be obtained by extrapolating the resulting straight line to intersect with
the line whenT=T.. Sometimes expenental errors might occur, so it is proposed to avoid
calculating and comparing the interaction parameter using the Wiahg equation. In other
words, it is impossible to calculate the interaction parameter when no melting point depression is
detected. Alditionally, polymers cannot be mixed easily due to their high molecular weights
although the chemical interaction between some polymers might be giikégolyolefins)
This fact can be described the Flory-Huggins theorywhen molecular weights @omponents

are low, themiscibility driving forceis mixing entropy(Mamun et al., 2018)An example of
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melting point depression is shownkigure2.22, where a miscible blend of poly (butylene
succinate)/poly (ethylene oxide) was mixed; the presence of PEO reduces the melting point of

PBSU.
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Figure 2.22: The Leftsidefigure showghe HoffmanWeek plot for PBSU at 20/80 blends. The
right sidefigure displaysthe equilibrium melting point of PBSU/PEO blend vs. weight fraction
of PEO(QIiu et al., 2003)

2.3.3Prediction of Miscibility in Polymer Blends
Various statistical mechanic theories and models have been generatesstigate
polymer blendsmiscibility behavior. There are lattideased models such as Fldfyggins
theory, the famous one, and-tdftice models such as the equation of state hEurtore,
computer simulation models have been more attractive for special applications in recent years.
Many of them require complicated mathematical calculations and are claimed to be the most

precise methods, but most seem impractical for conventiopataions

2.3.3.1 Flory-Huggins Theory
Among all the statistical thermodynamical methods presented so far, theHeiggyins

theory is the most common method feodeling the free energy of binary polymer mixgire
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given in equatiorf2.13) (Eitouni & Balsara, 2007)This model is a latticbased thery which

initially created for polymer solutions.

DG —/alN Ju 4N o/ _ asCa o
kT nN gNE 7

(2.13)

In thisequation T is the absolute temperatufe is the Boltzmann constanti; is the

volume fraction of components is the volume of each monomer the chaini, 3 is the total
volume lEiis the number of monomemnd €»s is the interaction factor of Florfuggins. The
favorable condition for mixing results in negatife this means that the interaction of two parts

produces low systemnergy, whictdefines exothermic mixing condition and favorable
interaction.Converselythe minimalinteraction between two homopolymers leads to an increase

in theenergy of the systenin this case £ is positive, indicating the endothermic condition of

mixing andmediocre interactiobetwe@& componentg§Sanchez, 1983)

According toequation(2.13), the first two termgorrespondo theentropyof mixing; this
is because mixing two polymers increases the randomness of the,ggsteasing entropy and
reducingthe free energy of mixingVe can also assume that larger chains have less mixed
configuration than small chainso withgrowing molecular chainse S decreaseBates, 1991)
In other wordsthe entropy term in polymer biels favors mixing, buts function reduces with
increasing polymer chain lengtihis insignificant at higher molecular weight polymers such as
commercially used polyme(®onald R Paul & Buknall, 2000) In polymer blendsy; for both
components is largéence the combinatorial entropy becomes srifiallis theblend system's

miscibility or immiscibilityi s c | ar i f i e das (heszek Agracki & Witkie, n.é.y m,
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We can also further assgssymer blends' phase behavinyr inserting the binary
interaction model into the Flouggins theory. This model is dpgable to evaluate miscibility
maps, isothermal phase boundaraasl UCSTtype phase separatia.is better to assume that
the phase observations are studied at the spinodal conddisimsplify evaluating phase
behavior. This presumption isevitade whencomponents' blend composition and molecular
weightare almost similar, where the binodal and spinodal curves overlap. In cahiasitical
composition shifts toward the part with lower molecular weight in blend systems with different
molecularweight componentdBesidesnolecular interactions tharethe main factor in
determining blend phase behaviother factors like molecular weight, blend ratio, copolymer
composition, pressure, and temperatueg influence blend phase behavidimong trese
parameters, temperature, molecular weightl copolymer composition have been studied more
frequently(edited, 2002)

Despite its convenient applicability, FleHuggins heory has some failures thahibit its
application in many situations: first, this modehsed orthe lattice modeldoes not consider the
free volumes in polymers and only talk®mbinatorial entropy into account. Second, it is applied
in concentrated solutionsot diluted onesand finally, specific chemical interactions are not
considered, and iappliesto nonpolar moleculegScheffold et al., 1996)Regarding these
shortcomings in latticeased modelanpany other theories have been generated. Most of them
seem less practical, tir@®nsuming and require more complicated mathematical calculations.
However, these theories are used in more complex situations, waEtery-Huggins theory data
may not bereliable as was already discussed. One of these approachesadady Coleman
Painter who utilized an additional term tthe Flory-Huggins equation by athert e r my &G

related to the specific interactions in polymer blendshown in equatio(®.14).
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RT &m m a RT

The brackets' first term refers to equat{@ri3) and DIS‘F is relevant to the excess free

energy of mixing related to the hydrogen bonding (wheth&r & B-B). ma and ng are ratios of
volumes of two components to that of a lattice site. Tiimgonmight be more complicated
when other factors, such as Albonded monomers and unassociated polymers in hydrogen

bonding, are consideré¢dnderson, 2018)

2.3.3.2 Computational Models

In addition tothelattice model, ther methods in which moleculesaspread in a-3
dimensional space have been considered. One of these models, the perturbed chain statistical
association theory (RSAFT) equation of state model, is developed to assess miscibility in
pharmaceutical amorphous dispersiohsderson, 2018)

In the PCSAFT model, each molecule chain is decreased to a chain of spherical segments;
each segment may interact with other parts of other molecules by van derWfaatons,
dipole-dipole interactions, and hydrogen bonding. The residual Helmholtz energy is applied in

the PCSAFT model to calculate the sum of different contributi@®sidic et al., 2014)

ares: ahc +adisp aassc (215)

Wherea™ is the harechain contributiona®® is a dispersion term for the van der Waals
interactionsand a****“ is for the H-bonding contributiorfAnderson, 2018)
The united atom model is alsavay to predict the miscibility procedure accuratéty

this model.each carbon atom and its hydrogended atoms are integrated into a single
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interaction sitethis results in a smaller number of interaction sildsch improves

computational efficiency. In this method phase behavior of a-sharhhydrocarbon can be
assessed. Among computer simulation mqdétste Carlo (MC) and molecular dynamic (MD)
are the most precise computational models to investigate polymer bidmysare capable of
gettingexact results in determininte statistical melanics of mixing. Unfortunately, these
approaches have limitations, too. As polymer chains consist of thousands of monomers, it is
impossible to expect each chain to folldve same phase separation pattern simulated by the
molecular dynamics method. Thelpmer reference interaction site model (PRISM) might be
used to gain the structure of polymer blends. This theory uses ways to estimate the local structure
of polymer melts without using computational simulations. This approactdeiee the

physical preperties of polymer blends amétermine the effect of surrounding chains on the

intramolecular interactiofHeine et al., 2003)

2.3.3.3 Equation of State (E0S)

The equation of state calculations has a critical functionality in vapiolysner systems
applicatiors. The equation of state model predicts the vajiquid phase quilibria according to
the statistical mechanical methods. The PVT measurements of polymer melts provide
information about volumetric behaviavhich is precious information about the equation of state
scaling constants. Yet, this information is not walbegh to understand the hydrogen bonding
donor/acceptor capacity or polar character. One convenient apprazarinetcty applying this
model isusing a simple equation of state known as NRHB (Random HydrogeiBonding).

This model assigns two characstigs to each pure polymer. Ofgatureis attributed to a

specific volumeV, " , and the other character is related to segmental interaction free eyiergy

p )
The free energy is given by enthalpic and entropromonents as follows:
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g =e T 298.15)¢ (2.16)

This method considers one universal volume per segment for all polymersi{gsittole).

One of the most common ways to approach polymers by the equation of state is to attain
scaling constants from volumetric parameters or PVT data. For further confirmation, these data
might be examined by data of polymers derived from other methods. Foplexdralinear
solvation energy relationships (LSER) approach has descriptors obtained from inverse gas
chromatography measurements; these descriptors can be compared with descriptors of the
equation of state for furtheerification For a polymer withauany hydrogen bonding capability
(for examplepolypropylene), the cohesive energy density (CE)ch is equal to the square of

thesolubility parameter, can be estimated by NRHB
» U .
ced=d < #(d, ¢) (2.17)

U andV are the potential energy and volume per mole of repeating units, respectively.
Both parameters are achievable by the equation of state. These estimations are valid for non
hydrogen bonding polymers. In polyméraving both proton donor and acceptor grospsh as
nylon 6, PVT data are also available. These data may not be used appropriately unless the acidity
or basicity data from complementary methods such as IGC (Inverse Gas Chromatography) are
extractedThefree energy change upon hydrogen bond formation might be calculated with this
data When the hydrogen bonding interaction free energy is determined, the NRHB equation of
state may be applied to gain the equation of state scaling constants and theralio¢h&o
cohesive energy density of hydrogen and-hgdrogen bonding interactions. The PVT data are

available for polymers such as PdG8dPMMA, which own either acidic or basic groups, not
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both (heterosolvated compounds). These polymers do not incapgadiogen bonding in their

pure form. The hydrogen bond is made only with other compounds having complementary
groups. Therefore, for the polymers capable of forming hydrogen bonding, the NRHAB equation
of state may be applied to the PVT dsitailarly to non-polar polymers. Consequently, their

scaling constants are dedud@énayiotou, 2018)

2.3.4Solubility Parameter

The solubility parameter is introduced by Hildebrand and Sebith is used to predict
thec p ar a mepolarrsystems. n o n

G parameters are calculated by differences in solubility parameters of pure components

which are given in equatig2.18) (Eitouni & Balsara, 2007)

C =

nref
I(BT( g - (2.18)

Wherel is the solubility parameter of componentsis the volume of the lattice site.
In many kinds of literatures is independent dfii andN; andis a temperaturdependent term.
Also, G can be estimateddm thebinodal and spinodal curvéBitouni & Balsara, 2007)A
considerable shortcoming of equati@il8) is that only positive values afcan be obtained
Only positive deviations from the free energy of mixing are feasible (dispersion force and weak
polar force are the only molecular interan8® This method cannot consider negative deviations
from the free energy of mixing due to the favorable interactions between comp@redgsson,
2018)

Interestinglythe thermodgamic properties of binary systems can be determined by
identifying a single interaction parameternevertheless, the blend composition and molecular

weight of components are evident. Theoreticalli, dependent on energetic interaction
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monomers in th system. Practically is a quantity figured out experimenta{ledoma et al.,
2008)

The experimental and calculated valuethefsolubility parameter of various polymers are
exhibited inTable2.4.

Various attempts such as Hansen solubility parameters have been introdiuctteto
enhance solubility parameter thedoyinvolve hydrogerbonding and polar intertions. In this
experimentmiscibility data correspond with partial solubility parameters: dispersiQnpplar
(Up), and hydrogen bonding componeit) (interactions. But this approach is only semiempirical
due to the lack of thermodynamical explanati®desidesthis method does nobnsider the
requirement of different functional groups such as hydrogen bondstambacceptar
(Anderson, 2018)

One of thesignificantdifficulties regardinghe solubility parameter is its poor
reproducibility. Selecting different types of commercial polymers and different sets of solvents
may lemarkably change the measuted herefore, thenost significah disadvantage dhe
solubility parameter is the lack of entropic and interaction effedtswise, otherfundamental
factors such as structural (isomeric), orientation, or the neighboiug gffects (steric effects,

functional groups) are not considered in this apprdaebzek A Utracki & Wilkie, n.d.)
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Table 2.4: Solubility parameters, experimental and calculated values for common polymers at
298K. All tivalues are in (J/mEY (Leszek A Utracki & Wilkie, n.d.)

Polymer Experimental o Calculated o
Shinoda 1978 van Krevelen 1976 Grulke 1989 Coleman 1990

PTFE 12.69 12.7 - -

PDMS 14.94 - 14.90-15.59 -

PE 16.17 15.8 15.76-17.09 16.4

PP - 16.8-18.8 18.80-19.20 15.2

PPG - 15.4-20.3 19.20 17.4

PIB 16.58 16.0-16.6 14.50-16.47 14.8

PS 18.63 17.4-19.0 17.40-19.80 19.5

PVAc 19.24 19.1-22.6 18.00-22.61 19.7

PMMA 19.44 18.6-26.2 18.58-26.27 18.5

PVC 19.65 19.2-22.1 19.20-22.10 20.3

PET 21.90 19.9-21.9 21.54 23.6

PMAN 21.90 21.9 - 244

CA 2231 - 22.30-23.22 -

PA-66 27.84 27.8 22.87-23.37 -

PAN 31.52 25.6 25.60-31.50 283

The FloryHuggins equation can be applied to predict phase diagrams on polymer blends,
provided thatis presumedo be a function of temperature andependent of molecular weight
and blend composition. However, some polymer blends showedithdéep@dent on the
volume fraction of components and molecular weight. Thus, understanding the thermodynamics
of polymer blends requissther complicated methods that deviate fribiaFlory-Huggins
theory(Nedomeet al., 2008)

Homopolymer blends have demonstrated various types of phase separation. Some
combinatiors exhibit phase separation in heatwtereas others show phase separation
cooling. These behaviors are relevang,tevhether it increases or decreases with temperature. In
many blendsg changes with temperature are Aorear, which demonstragemore complex
phase diagrams. In many polymer blendsgtharameter is positive and increases linearly with
1/T. In other wads, if the temperature dependede known (might be defined experimentally

from binodal and spinodal curves using related equationrs)en: ¢ ( T) = A+B/ T.
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In contrast, if the relation betwedime c parameter and 1/T is ndmear, it can be fitted
intoa quadratic f unc tAandB camcbe ifgntified bylatclihg thetvauesr
of G. A reflects entropy contributiomvhile B is related to enthalpy contribution. One example is
shown inFigure2.23. In such a blend, increasing temperature results in miscil#ity.

mentioned above, this behaviserreferred tasan upper critical solution temperature (UCST).
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Figure 2.23: An example from polymer blends in whighincreases linearly with 1/{Eitouni &
Balsara, 2007)

A two-phase is anticipated for these blend systatmeom temperatures, basingle

phase would be observed abov&pacifictemperature.

2.3.5Cole-Cole Plot

Alongside the methods mentioned above, other tools generated from dynaafianical
experiments can be used in determining miscibility and mechanical relaxation properties of
binary systemg$A Ajji et al., 1988; Ho et al., 2002; thstedt 1941, 2016) The rheological
measurements become more considerable when light scattering and optical microscopy methods

cannot provideeliable results for phase diagram and phase separation temperature. Particularly,
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when the componenitefractive indices are very similar due to the close chemical structures or
equal density, the application of those methods becomes inappropriateiged tiy the

samples' transparen¢W. Yu et al., 2011)On the contrary, even insignificant structural changes
during phase separation can be correlatiglal polymer blends' viscoelastic responfidaang et

al., 2012) For nstance, frequeney n dependent
viscosity as a f uwhichtiskoown as the GolBode plotesaslich gtaol td
assess whether the system is heterogeneous or homog@beaisl., 2004; Niu & Wang,

2006) This method was first established to investigate the dielectric properties of amorphous

materials(Ho et al., 2002)Regardless of composition, the semicinglet is indistinguishable in

miscible blends, confirming a uniform relaxation mechanism.

I n

plots change with blend compositi@nd the semicircles overlap eat¢her(Ho et al., 2002)
Figure2.24 shows LLDPE/LDPE blends at different compositions. None of the blends are

identical, which endorses the immiscibility of this blend system.
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Furthermore, this tool may be used to define the phase transition temperature of the blend.
Miscible polymer blends demonstrate one complete arc, whereas geetpnasition can be
identified once the second arc appears in immiscible bigndgi et al., 1988; Minstedt 1941
, 2016) For exampleFigure2.25 shows a mixture of polystyrene and polyvinyl methyl ether in
which the system is midalie at 130C as one complete arc is observable. In contrast, the phase
separation occurs at 140, where the second arc appe@\jji et al., 1988; Minstedt 1941,
2016) When the temperature dependence of a polymer blend's miscibility is analyzed, this

method can be applidd Ajji et al., 1988; Minstedt 1941, 2016)
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Figure 2.25: Cole-Cole (imaginaryd vs. dynamia] part of complex viscosity * plot for
PS/PVME 80/20 at four temperatui@sunstedt 1941, 2016)

2.3.6Intermolecular Interactions

It is necessary to describe the types of intermolecular interactions in polymers in which
they contribute considerable influencetbermodynamic terms, enthalpy, and interaction
parameter . The most common attractive force

Table2.5.

55



Table 2.5: Attractive forces frequently involved in interactioj@oleman, 2017)

Type of Interaction
Type of Molecule .
yp Interaction Strength
Non-polar small molecules or polymers Physical Weak
Weakly polar molecules or polymers Physical Weak
Strongly polamolecules or polymers PhysicalChemical Intermediate
. Intermediate
Hydrogenbonded molecules or polymers Chemical
Strong
Molecul r polymers that inter h .
olecu .eso polymers that interact by the Chemical Strong
formation of chargéransfer complexes
lonomersi hydrocarbon polymer inin .
onomersi hydrocarbon polymersontaining Chemical Strong

ionic groups

The interaction between ngrolar molecules is considerédwe a k 6 compar ed t o
ones. The nature of these interactions is related to the RT at ambient tempStgtpose two
molecules or segments of polymer chains locate next to each other to maximize the attractive
forces. In that cas¢heir energy of dsociationeeE can be cal culsated using
distribution to measure the fraction of moleculesropolymers, the fraction of segments. In this
case, these fractions would have energiese significant han t he ener gy of di s
(energies lgher than interaction strengths of about 3kcal/mole). Thus, less than 1% of
interacting units would have enough energy to dissqdiaitemainly happens istrong
hydrogen bonding interactions in polyamides, polyphenols, etc. Hence, the weak interaction
bonds are physical interactigrad strong interactions are related to chemical interactions like
hydrogen bonding. The physical interactions are those incorporating Ldisp@rnsion forces
and weak dipolar interactions. The potential energy of mixtuitsthis typeof interaction can
be figured out usinthe pair-correlation method represented by Hildebrand and Scott. The

energy of vaporizatigrky, is used as the energy term. So, the energy of interaction between
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similar molecules can be obtained enipentally. The energy of interactions can be determined

in terms of cohesi ve ener gsyhe thaanwluneyor sol@ilitg gu al s
p ar a mdQoleman, 201 7)It should be mentioned that this relationship is betweerpotar

molecules.

On the other hand, chemidateractions are strong and are dependent on orientation. The
most common intermolecular forces associated with polymer blends are hydrogen bonding
dipoles, etc. Howeventher chemical forces aoencerned with polymer blerdsiscibility,
such as chargeansfer complexes and ionic interactiptiey are lessritical than hydrogen
bonds and strong dipole interactions. The importance of these chemical bonded is &t they
form species wittparticularstoichiometry (dimers, trimers, etcHurthermorethe functional
groups encountered in hydrogen bonding or dipole interactions are placed in a specific part
molecule, and through thathemical interactions dominate over physical interactions. It should
be noted that dipole interactions occur betweeammubleculegColeman, 2017)

In conclusion, we have kicowledged that blending polymers is an interesting topic for
scientists and industrial sectors to attain their desirable properties. Thus, understanding the
principle of thermodynamics of polymer blends is crucial. Miscibilitplehds and their phase
stability should be investigated deeply to prevent defedtsch negatively impact properties
the final product structure. Plenty of methods and theories have been issued to understand
polymer blend behavior. Floiuggins theory is still the most command convenient method
despite its shortages. Applying the most practical apprdepinds entirelgn the features of

the study, the type of final product, athe application.
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2.4 Compatibilization of Polymer Blends

As discussed in previous sections, polyshblending results in novel materials with new
characteristics. However, polymer blends' inherently immiscible behavior leads to phase
separation, less interfacial adhesion between two components, and eventually, inferior
mechanical properties that inftitheir application(Francesco Paolo La Mantia et al., 201i)
heterogeneous polymer blend systems, the interface between d@ainsalin determining
mechanical propertigdordan et al., 2018The presence of a third party is required to mitigate
and overcome those deficiencies in polymer blends. Surfacaswelknown materials to
decrease the free energy of immiscible fluids by adsorbing to the interface of materials
(KarkhaneRYousefi et al., 2017)Compatibilizers are materials with the same function as
surfactant agents.HeEse materials, whose characteristics are similar to low molecular weight
emulsifiers, maye located in two immiscible polymers' interfacial regi¢@. C. Chen &

White, 1993)

Moreover, they are capable of changing the morphology of polymer blends. However,
other factors may impact morphology, such as the chemical structure of polymers, application
conditions, type of processing technigue, and sdR@mactive molecules such as vinyl monomers,
methacrylic copolymers containing reactive functional groups, and maleic anhydride are
indispensable to compatibilize immiscible polymer blefigsaczak et al., 2018)n other
words, copolymers or compatibilizers containing functional groups resultri@ imeractions
between blend phases that finer blend morphologies can be acquired. The functional groups in
compatibilizers enhance the connection between polymer phases by being located at the
components' interfaces and forming new physical or chemicald§Dobrovszky & Ronkay,

2016) Applying compatibilizers might generate different droplets, such as a sphere, laminar and
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fibrillar particles in the dispersed pha$@ancesco Paolo La Mantia et,&017) Other types of
compatibilizers, such as graft and block copolymers, have been deveagdthnce immiscible
polymer blends' propers€Zhao et al., 2018a)Yhe chemical structure of the compatibilizer has
a remarkable effect on its performance. For instance, graft copolymers have loweranolecul
chain mobility than block copolymers, which hinders their efficiency. Tamigsccurate balance
between graft length and density is required for graft copolymers

On the contrary, block copolymers with a triblock structure have superior effectiveness
diblock ones due tpassinghroughthe interfacawice (Zhao et al., 2018ajCompatibilizers can
be located at the interface of two polymers or involved in the bulk pivase) affectgarticle
breakup(KarkhanehYousefi et al., 2017)Predominantly, compatibilizers can incredse t
interfacial adhesion between two phases as well as revise morphology by reducing the

coalescence dhedispersed phase during blendii@ao et al., 2018a)

2.4.1Phase Morphology of Polymer Blends
2.4.1.1 Immiscible Polymer Blends

As compounding and incorporating compatibilizer affect polymer blends' morphology and
structure formation significantly, phase formation development during polymer melt blending
should be clarified.

In mixing immiscible polymer blends, by the deformatmfithe dispersed phase into
lamellas, followed by fibrils and droplets formation, the morphology is ev@hiedt & Ghosh,
1992; Lyngaaglorgensen, 1996; Perilla & Jana, 2005)

Different factors, such as polymer molecular structure, composition, interfacial tension,
melt viscosity ratio, and intermolecular interactions, are involved in polymer blends' phas

morphology. Also, processing conditions such as mixing time, temperature, type of flow, etc.,
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influence polymer blends morphology. Eventually, the ultimate morphology has a remarkable

impact on the blended polymers' mechanical, thermal, barrier, amdlgptbpertiegPracella,

2017)

Among the factors mentioned earlier, interfacial tension and viscosity ragsseatiain

the morphology evolution of polymer blen@alsule & Isayev, 2016)

The polarity differences of the structural units can define interfacial tension between two

polymer melts. A more significant polarity difference between units results in higher interfacial

tensions. This term is independent of temperature and molecular \(Rédghtle & Isayev,

2016) Table2.6 shows the interfacial tension for some polymer melts blends.

Table 2.6: Interfacial Tension Between Molten Polymer Bleli@alsule & Isayev, 2016)

Polymer Blends

Polyethylene/Polypropylene
Polyethylene/Polystyrene
Polyethylene/Polysulfone

Polyethylene/Poly(phenylene sulfide)
Polyethylene/Poly(methyl methacrylate
Polyethylene/Poly(ethylene terephthala

Polyethylene/Polycarbonate
Polyethylene/Polyamidé
Polyethylene/Polyamide

Polypropylene/Polystyrene

Polystyrene/ Poly(methyl methacrylate

Melt Temperature
(°C)
180
290
290
180
290
290
290

250
180

Interfacial Tension

(dynes/cm)
1.2
4.1

6.57.0
71.2-7.9
9.0
9.29.4
12.513.0
12.813.2
10.6
3.7

1.2
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Furthermore, polymerization influences the interfacial tension of polymer blends. For
instance, the polymers catalyzed by metallocene showed lower interfacial tension and higher
compatibility compared tthoseprocessed bthe ZieglerNata catalysin polyolefin blends
(Samuel et al., 2019)his is attributed to the more chain entamgénts and more significant
interdiffusion length formation throughout with the interface of two domains which may be
corroborated by transmission electron microscopy (TEM) and atomic force microscopy (AFM)
methodgSamuel et al., 2019)

Various measurement technigues have been introduced to calculate the interfacial tension
The pendnt drop is the most famous one, followed by thread breakup, rotating drop, and
imbedded fiber retraction (shape evolution of fibers) metiiBdisule & Isayev, 2016 he
pendant drop method has some obstacles in polymers due to the high viscosity of polymer melts
that high tempetures and annealing times are required to reach an equilibrium. Thus, the study
of heterogeneous structures and thermally unstable materials, which cause phase separation, by
pendant drop analysis might not be pract{faltschke et al., 2002%enerally, the interfacial
tension calculation may not be accuratpatymer blends such as PP/PE, whose melt density
differences are not significa(@amuel et al., 2019)

Another critical factor in the morphology formation of polymer blends is the dispersed
phase's viscosity ratio to the matrix. The lower the viscosity ratio, the higher deformation that
prevents coalescence formation of the dispersed phase, i.e., at igvesity ratios, the
dispersed phase undergoes elongational deformation and breaks up readily; this generates
microfibrillar structuregH. M. Lee & Park, 1994)Thus, the blend of low viscositlispersed
phase and a high viscosity matrix phase is favor@blé/ang et al., 2015)n this comimation,

shear stresses can be transferred effectively from the high viscosity matrix to the low viscosity
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dispersed phase, facilitating the deformation and breakup of the disperse{LpNdarg et al.,

2015) More uniform and smaller dispersed phase particles may be achieved in the lower

viscosity ratios, which lead to thinner microfibrils with navrparticle diameter distributiofi..

Wang et al., 2015)or exampleFigure2.26 shows different blends of PS and PP (90/10 wt%).

As it is clear, in images E and |, where the
deformed to highly fibrillar shapeSimilarly, in images F, G, and J, where the viscosity ratio is

1.00, too oriented ribbon shape deformation is noticeable. On the otheohbnel]ipsoidal

deformation is observed in image H, where the viscosity ratio is 7.69

Removal of matrix

Before Stretched
i

. s

After tape extrusion

A=1.00

A=7.69

Figure 2.26: SEM images of PS and PP blendDAPP/PS blend before stretchingHg PS/PP
longitudinal section by tape extrusion))ldispersed phase after PS remd@kaWang et al.,
2015)

The morphology formation of immiscible polymer blends is irregular and unstable, which

results in changdaas morphology or coarsening if it is not stabled fast enough by cooling
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(Willemse, 1999)Overall, two primary morphologies might be created in immiscible polymer
blends: The caontinuous and discrete phase structures. Different practical properties such as
mechanical, electrical, and barrier may be attributed to tmosphologies. For instance, PE/PP
co-continuous morphology has a superior Ydangodulus to homopolyme(€harfeddine et

al., 2020) The characteristics of the morphologies, as mentioned above, are desctiged in t

following paragraphs.

2.4.1.1.1Matrix -Droplet Morphology

In this type of morphology, also known as the discrete phase structure, the second polymer
or minor phase (dispersed phase) is distributed ipringary component (matrix phase) by
droplet formation, whassize is dependent on melt viscosity ratio, blend composition, shear
stress, and interfacial tension. As an exanfpilgyre2.27 demonstrated a blend of PP/HDPE
with different compositions, where HDPE is the dispersed phase. It can be noticed that by
increasing the ratio of the dispersed phase (here HDPE) from 0 to 30 wt%, the droplet size
grows; this causes the droplets to collide with each other; eventually, coakescenrs. A
coarser morphology is observable at the blend ratio of 70/30 (image c). Moreover, the
distribution of particles is not uniforin the dispersed phasghichimpairs stress transfer, and
underminesnechanical properties. theimage (d), wher¢he blend ratio is 60/40, unlike
other images, a econtinuous phase morphology (described later in this passage) is observed
where phase inversion might happen, and both components are interconnected to each other as

well (Graziano et al., 2019)
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Figure 2.27: SEM images of PP/HDPE blends with different composit{@rsziano et al.,
2019)

A fine dispersion of small droplets may be achieved when the dispersed plissasity is
less than the matrix phase's viscosity. On the contrary, a coarse dispersion of the second
component with #roadpatrticle size distributiowill be detected when the second phase's
viscosity is higher than the viscosity of the matrix ph¥igell-developed droplet deformation
may occur at higher shear rates, low interfacial tensions, and high matrix vistbsity
formation of droplets is related to the breakup and deformation processes of the dispersed phase.
Therefore, the ultimate morphgjp can be attained when droplets' breakup and coalescence
reachequilibrium (a balance between shear and interfacial forces). Coalescence is a phenomenon
that causes the particlestbedispersed phase to collide with each other, and recombination
happenswhich leads t@bigger particle size. This unfavorable effect (collision and
recombination) can be avoided if the viscosity of the matrix is higher than an absolute value and

the particle size of the dispersed phase is below a spagibant At concerrations of about 0.5
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wt% or less of the dispersed phase, the coalescence may not occur. If coalesuesiogcieda
finer morphology may bebtained(Graziancet al., 2019)There are two breakup mechanisms:

Stepwise and transient, showrFigure2.28.

]
Q Q l
O Q Q O |
OOO¢OO¢OO¢O OO0

Figure 2.28: A schematic of breakup mechanisms from left to right: stepwise and transient,
respectively(Graziano et al., 2019)

Stepwise equilibrium is valid only for Newtonian fluids in simple shear flow and viscosity
ratios from 0.1 to 1 (the types of flows are explained in the folloparggraphs). At Ga (Ca is
thehcapil |l ary number o introduced by Tayl or,
shape of particles of the dispersed phase is spherical, and their final droplet diameter can be

calculated by the following equanh:

4G, 4)

9z, h

D= h 2.5

r (2.19)

|-O:Or=

The droplet breaks when D >R
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Conversely, in the transient mechanism at Ca > Qhe dispersed phase has a thread
form, and it breaks when D <[ A single particle is stretched into a liquid thread in this
mechanism, and it breaks into many smaller spherical droplets. Irreversible deformation achieves
when:
Ca > 23 Cauit for simple shear flow and Ca > & ait for extensional flowgGraziano et
al., 2019) In this mechanism, the final particle diameter can be calculated by the following

equation:

_4Gh. °0.84
ah

D (2.20)
According toequationg2.19) and(2.20), Gis the interfacial tensiom,is the shear rate},
is the matix viscosity, andj, is the viscosity ratio of the dispersed and matrix ph@Sesziano
et al., 2019)When the viscosity ratio is higher than 1, the 0.84 vialeguation(2.20) is
positive, and it is considered negative when the viscosity ratio is smaller than 1. Nonetheless, this
is only applicable when the concentratafrthe dispersed phase is very l@amdthe coalescence
is insignificant. The occurrence thfetransient breakup mechanism is recorded in highly viscous
thermoplastic polymer&Graziano et al., 2019)
It should be outlined that blend compositremarkaly influences the phase morphology.
Furthermore, increasirthe concentration of dispersed polymer resultexpandng the
coalescence phenomenamd ultimately the size of particles of the dispersed phase increases.
Thus, the viscosity of components has a substantial effieestimating blend morphology
(Pracella, 2017)The influence of these two factothg composition ofingredients and polymers
viscosity) is nticed in the blend of nylon 6 with polystyrene; when two polymers have the same

viscosity, the matrix phase is the polymer with the highest proportion miktere On the
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contrary, when one polymer has a greater viscosity than the other, the matebdbpbases the
polymer withlower viscosity evethoughthe content ofthe high viscosity polymeis
approximately 80% of the blend.
This behavior can be used to produce sheath bicomponent fibers where the lower
viscosity polymer tends to surrender thgher viscosity one due to the easy deformation in the
higher shear rates in the capillary wall regi¢@alem, 2001)
Besides the factors above in determining phase morphology, other factors such as
interfacial tension, shear rates, and processing condition haneekedle impact on forming
phase morphol ogy. Taylor clarified those fact
the following equation: the ratio between hydrodynamic stresses and interfacial stresses

(Graziano et al., 2019)

caz/m ® (2.21)

In (2.21), B is the diameter of the dispersed phdse the interfacial tensior, is the
viscosity of thematrix, andois the shear rate.

Taylor's equation considers how the equilibrium condition between shear and interfacial
forces influences particles' structure stability and dimension. An equilibrium condition is
obtained when these two counteracting forces balance each other, and the apitieay c
number is attained. The interfacial tension between two components is a driving force preventing
domain deformation, which develops coalescd@raziano eal., 2019) For capillary numbers
greater than Ga, the droplets become unstalflaally breakingdue to the irreversible

stretching and deformation. On the other hand, when capillary numbers are smallerthan Ca
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the interfacial tension is sificant, and the dispersed phase is inclined to keep its spherical
formation(Graziano et al., 2019)

It is essential to state that the Taylor model is vatily for Newtonian fluids and simple
shear flow.

Another critical factor in the morphology eutibn of polymer blends is the tyjoé flow
during melt blending. Types of flow are classified into two categories: one is the simple shear

flow in which segmerst of melting polymers slide over each other in the same direction;
this occurs only in Newtonian fluids. Besides, the minimum capillary is gained when the
viscosities of two components are similar to each other, and at viscosity ratios above 4, the
breakupof droplets is not feasibigraziano et al., 2019The second type of flow is extensional
flow (2-D elongation), in which the parts of polymers flow awayowsvdrd each other. In this
case, the breakup may occur at very high viscosity ratios. In polymeric materials, which are
viscoelastic fluids, the flow type is between the flows mentioned above.

Other morphologies with discrete phase structures suchesdikie coreshell, onion ring,
and dropletin-droplet (i.e., cecontinuous) might be detected during the polymer mixing process.
For examplefibrils and fiberlike structures can be formed by the deformation of the dispersed
phase in the elongationabfl field or during melt extrusion procesg€sacella, 2017)The
dropletin-droplet morphology has been reported in compatibilized and reactive processing
systems. Blending polymers at compositions in the range of phase inversion might result in a
dropletin-droplet structug that is highly relevant to tiseirfaceof thedispersed phase area and
the components' interfacial tensi@®racella, 2017)The properties of polyblend fibers are
exceptionally related to the dispersed phase morphdlrgyncesco Paolo La Mantia et al.,

2017) Each morphology can provide specific properties. For instance, fibrillar morphologies
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lead to enhanced tensile projpes, lamellar structures resulting in better barrier propesdies,
droplet/matrix morphologies promote the impact properties afwbobnuous morphologies,
including properties of both polymer componegiisllemse et al., 1998)

Figure2.29 shows the SEM micrographs of PP/PET (75/25 wt%) blend sanifiie
matrix phase is polypropylene, and the dispersed phase is PET, whose particle size is large with
broad particle size distribution. It is noteworthy that the shape of the dispersed phase articles
relatively elongated due to the elongational ésrduringhe extrusion process. This particle
shape is not observed in compatibilized blend samples due partitdes’ tiny sizewhich

inhibits further elongatiofFrancesco Paolo La Mantia et al., 2017)

Figure 2.29: SEM images of PP/PET extruded blend samples: a) PP 75%/PET 25%; b) PP
75%/PET 25%/K 2.5%; c) PP 75%/PET 25%/K B3tancesco Paolo La Mantia et al., 2017)

According toFigure2.29, adding small amounts of compatibilizer (SEBS grafted with
maleic anhydridefirastically changed the morphologynlike the uncompatibilized sample, the
compatibilized ones have enhancéége adherencand the particle size of the dispersed phase
is also smallerWith theincreasing copatibilizer contenf(from 2.5% to 5%)particles’ sizés

much more diminishefFrancesco Paolo La Méa et al., 2017)
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2.4.1.1.2Co-continuous Morphology

The cacontinuous morphology might be achieved when two polymers are highly
interconnected through a continuous structure. Polymer blends having this structure can possess
the combined properties of both polers(Graziano et al., 2019The application of shear rates
close to phase inversion, estimated by the volume fraction of components and the ratio of melt
viscosity, is the main factor for having a-continuous phas@racella, 2017)A disperseghase
turns into a continuous orfArgoud et al., 2014)Chemical structure of components,
composition, rheological parameters, and phase inversion phenomemoitiGaactors in
immiscible polymer blends to form @mntinuous morphology. This morphology can be
observed in partially miscible polymer blen@acella, 2017)it should also be mentioned that
the coalescence of densely packed elongated droplets or threads is somdiireeadeo
continuous morphologgArgoud et al., 2014)A semiempirical equation has been introduced by
Miles and Zurek to anticipate

co-continuity and simultaneous interpenetrating network:

Ny b (2.22)

2 A

>

According to(2.22), d is the components' viscosity, afids the volume fractiofGraziano
et al., 2019)

As compatibilizers affect interfacial tension, droplet formation, and coalescence
phenomena, they can develop a system with robust interactions at tfecag®f immiscible
polymer blends, resulting in an evolvedaantinuous morphologgd. Li et al., 2002)

Additionally, blends with cacontinuous morphology can establish porousemats by
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extracting one of the components with a selective sol{@nYu et al., 2016)In immiscible

binary systems, the viscosity ratio has a critical role in determining the position of phase
inversion. In compatibilized ternary systems, thecoatinuous morphology can be developed at
higher concentrations compared to binary systems without compatibilizers. In other words,
polymer blends with low interfacial tension may have a vast region-obouous
morphology.The onset of percolation phenomena and continuity advancement occurs at low
concentrations. Hence, the low interfacial tension in binary systems results in highly stable
elongated structures that doloreak during melt processgk Li et al., 2002)Some literature
states that as tlmmpatibility increases between two components, theootinuous phase
morphology is probably replaced by uniform dispersion ofliepersed phases bgnsistent
droplet sizegKang et al., 2015)For instance, as shownhigure2.30, adding the content of
ethylenebutyl acrylateglycidyl methacrylate terpolymer (EB&MA), the transform of phase

morphology is observable.

Figure 2.30: Images of PLA/PP (70/30 wt%) blends with different content of compatibilizer. a)
0, b) 2.5 wt%, c) 5.0 wt%, d) 7.5 wt% e) 10.0 wikang et al., 2015)
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Therefore, a preserved-continuous phase may be achieved at a specific critical
volume fraction. Above this crucial point, the-continuousmorphology is stable and may not
break upWillemse, 1999)For more understanding, a blend of PE/PS is depictejime2.31,

where the blends show a-continuous morphology at 27 and 35 vol% PS.

Figure 2.31: SEM images of PE/PS blends. (alel)e blend's morphogy with 27 vol% PS
before and after 10 min annealing; (c, d) tkend's morphologwith 35 vol% PS before and
after annealing, respectivefWillemse, 1999)

As shown inFigure2.31, both blend ratios show a-oontinuous phase morphology before
annealing. In contrasthe cecontinuous morphology broke up in the blend vidgthvol% PSand
changed to the dispersion form during annealing. Conversely, in the mixture with 35 vol% PS
the cacontinuous phase did not break up during annealing; just a coarser structure was formed
by annealing. As A Result, there is a critical volumaetion between 27 and 35 vol% where the
co-continuous morphology does not break(\Willemse, 1999)Figure2.32 shows the formation
of co-continuous phases in different blend ratios. Obviously, at 17 vol% PS the structure is

dispersedike, and after 27 vol% PS, the-continuous morphology developed.
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Figure 2.32 SEM images of PE/PS blend frordacontain 17, 27, 3%nd 46 vol% PS,
respectively(Willemse et al., 1998)

Besides the mentioned factors in deternurimase morphology, the compatibilizer's
structure may also change its morphology. In asymmetric block copolymers, the more extended
block portion can be packed to the minor phase side of the intenéacsting the interfacial
tension to inhibit the mirmgphase fibers' breakup, which improvescomtinuous morphology
formation(C. Yu et al., 2016)Nonetheless, asymmetric block copolymers have their
shortcomings. It takes a long time for diblock tdwbEt into the interface, which is not
commercially favorable. The shorter block causes the interface to becomandeeiable to
transfer shear stresses during melt processing. Furthermore, the block copolymer's longer side
should be the same as the dispe phase and much longer than the shorter If©cKu et al.,

2016)

A few kinds of literature outlined that the shape of the dispersed particles can affect the
formation of cecontinuous morphologgcontinuity of one phase within the other). For example,
in spherical particles, the continuity (percolation) of the minor phase may happen at

concentrations above 16 vol% droplets, while in the case of fibers, this value is much lower. At
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the low volume ifaction of the minor phase, a-continuous structure might be formed when the
minor phase contains extended sisdpéngated) in which droplets can touch each other. Thus,
processing conditiorsignificantly influencehe formation of cecontinuous morphology.

Eventually, as mentioned already, all minor phase material becomes part of a single continuous
structure at a certain volume fractigafully continuous phase of the second component in the

matrix phase is achied (cecontinuous morphologyWillemse et al., 1998

2.4.1.1.3Morphology of PP/PE Blends

As statedalready, the blends of PP/PE are immiscible despite their similar structure. In this
case, the second component cannot be dispersed uniformly or homogeneougbyimahe
phaseresultingin high interfacial tasion and facilitated coalescenceluédispersed phasthis
leads to poor stress transflruthe interface, low interfacial adhesj@nd ultimately poor
propertieqGraziano et al., 2019However, some literature asserted thatv materials with
enhanced properties could be produced in more complex PP and PE arrangements that positively
integrate each component's proper{i@saziano et al., 2019Different catalyzers (ZiegleNatta
and metallocene) modify the interfacial adhesion of PP/PE blends. Various processing conditions
such as cooling rate can change ifiateial tension as well. The$actors mentioned aboveve a
remarkable impact on interfacial adhesion by affecting the crystallization of the components and
the alignment of their chains at the PP/PE inter{@aziano et al., 2019or instance,
polymerized PP and PE with Ziegidatta catalyzemwhich has a heterogeneous propgamrgults
in poor interfacial adhesion duedaveak interface between componerslymerization with
ZieglerNatta results in polymers with large amorphous-agstallizable structuge this leads
to an excess amount of amorphous oligomer at the interface, inhibitingraeréacial

crystallization which causes low interfacial adhesion.
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On the other hand, PP and PE processdtidynetallocene catalyzer show strong chain
entanglements between the two components' crystalline eediberefore, the interfacial
interlocking betweetwo polymers' crysts is significantincreasing interfacial adhesion by 40
times higher tham theformer condition(Graziano et al., 2019Anacther factor that can enhance
crydals entanglement is the cooling rate. Lower cooling ratesPdhdsagevith higher
amorphous regions result in easy chain pullout and kinetically trapped entanglements,
respectively(Graziano et al., 20190\ schematic of these interfaces in PP and PE blends is

shown inFigure2.33.

Entangled Kinetically Easy Chain Excess
Crystals . Trapped Pullout Oligomer
Entanglements

Figure 2.33. A schematic of different interfaces between polyolefBsaziano et al., 2019)

2.4.1.2 Miscible Polymer Blends

The composition, chmical structure of components, and the miscibility role in the melt or
amorphous solid phase significantly affect the morphological characte(Rtarella, 2017)Iin
the case of miscible polymer blends, the ultimate morphology is comparatively homogeneous. A
singlephase ontaining two polymers is formed due to specific interactions, such as hydrogen

bonding between two polymer componef8alem, 2001)
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2.4.2Compatibilizing Agents

As mentioned briefly in the introduction section, polymer blegdesdmechanical and
physical properties can lobtained provided that a finely dispersed phase is presented, which
should defy gross phase segregation. The compatibility between two immiscible polymers may
be promoted by carystallization and crosslinking, which stabilize the morphology and inhibit
coalescencéXanthos & Dagli, 1991)Furthermoe, specific interactions such as hydrogen
bonding, iondipole interactions, acilase, and transition metal complexation can improve
polymer blends' compatibility with suitable functionalized groups. The most common way to
compatibilize the polymer blendsto utilize copolymers (either blodk graft) whose segments
can interactvith the blend componen{Xanthos & Dagli, 1991)Compatibilizers are considered
types & materials capable of decreasing interfacial tension between paiitsioding
mechanical properties by enhancing interfacial adhgdlambunma & Kyu, 2007)The
principal functiorality of compatibilizersare

1) To redue the interfacial tension and progifiner dispersion by preventingalescene
formation (by locating at the interface of two components, the mobility of interface is inhibited
by surrounding particles d¢ifiedispersed phasehich blocks coalescence formation. This
phenomenoiis called steric stabilization or steric hradce)(Graziano et al., 2019; Leszek A
Utracki & Wilkie, n.d.) This phemmenon is depicted iRigure2.34, 2) To stabilizethe
morphology during processing stages against shear and thermal, effieicBTo develop
interfacial adhesion ithe solidstate. Like surfactants, compatibilizers can reduce interfacial
tension, but it is hard to achieve an enhanced interfacial adhesion in theta@lid/Vith

selecting an appropriate compatibilizalt thosetasks abovenay be providedLeszek A Utracki
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& Wilkie, n.d.). Compatibilizers can be either added separately to the polymer blends or created

in-situ by blending with polymerhaving functional grougXanthos & Dagli, 191).

Broader
Interface

Figure 2.34: Steric stabilizatiophenomenoiiGraziano et al., 2019)

2.4.2.1 Non-reactive Compatibilizing Agents (Block Copolymers)

In general, compatibilizers can be applied either by diblock, grafted copolyoners
reactive compatibilizationThe compatibilizer structure is prominent in the fornaexd the
required amount can be managed dligrhly (C. L. DeLeo & Velankar, 2008Different types of

copolymers used ithe compatibilization process are showrHigure2.35.

TS

Diblock copolymer  ‘Triblock copolymer Graft copolymer

Figure 2.35: Different kinds of copolymer&Graziano et al., 2019)
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Among nonreactive compatibilizers, block copolymers are the most prevalent ones used
as compatibilizerdglue to their more homogeneous and wetlered stictures thamandom
copolymers. Additionally, they can form more interfacial bridges at the interface. It is
recommended that the compatibilizers first are blended with the matrix phase than with the
dispersed phase to have the most efficient stabilizatitime interface; this results in stronger
bonds between the components and compatibil{Zznaziano et al., 2019)

One part of this block or graft copolymisrmiscible with one of the polymers in the blend,
and the other segment is miscible with the second polymer in the m{Ralseile & Isayev,

2016) In other words, effective compatibilization occurs when ddatk copolymer segment
interacts with one of the blend componentgl@®ating at the interface of two immiscible
polymers, block

compatibilizers can reduce the interfacial tension between two phases, prevent coalescence
formation andprovide stability which results in enhanced interfacial adhegRadonjiet al.,

1998) Thesecompatibilizers can be prepared either by grafiolymerization oblock

copolymerization. The schematic of block compatibilizers is showAginre2.36.

COMPATIBILIZATION OF POLYMER BLENDS

POLYMER |

SEGMENTA —»

INTERFACE

SEGMENTB [—» POLYMER Il

O

Figure 2.36. Compatibilizing block copolymegiPalsule & Isayev, 2016)
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A high level of stored energy at the interface of two polymers (due to the immiscibility)
leads to instability in the blend structurbence, oarser structuremay beobtained (particularly
in co-continuaus morphology)which are not favorable. Applying block copolymers such as
SEBS can reduce the interfacial tension and eventually suppressatisening ratf_opez
Barron & Macosko, 2014 Furthermore, moleculareight, the concentration of block
copolymersand block asymmetry have assentiafole in block copolymet®fficiency.
Symmetrical copolymers can reduce interfacial tension significantly at concentrations above the
copolymer CMC (critical micelle conctation) points in either of two waykopezBarron &
Macosko, 2014)One of the famous block copolymers used extensively in different blend
systems is SEBS (styrem¢hylene/butadienstyrene)a triblock copolymerCompatibilizing
polymer blendsmprovetheelasticity effect due to the interfacial changes. For instance, adding
SEBS copolymer to PS/PE blerm@sluceghe coarsening rate and interfacial tensibenhances
systems elasticitygonfirmed by increases complex viscosity and the elastic modulus. These
two factors didt change with time which is credited to stable morpholagypezBarrén &
Macosko, 2014)For more understanding of compatibilizexect on polyner blends, a blend
of PP/PS (90/10) was studi@dacaubas & Demarquette, 200The morphology of the

extruded sample withoatcompatibilizer is depicted iRigure2.37.
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As it is evident, the blend has a fibrillar morphology. The combination was compatibilized with
two different compatibilizers, SBS and SEBS. The TEM micrographs of compatibilized blends

are demonstrated Figure2.38.

Droplet of PS encapsula;te‘dl 7

SEBS, respectivelfMacalbas & Demarquette, 2001)

According to these micrographs, SBS segregates theptmase due to the weak
interaction between the compatibilizer and the two components. In contrast, SEBS surrounded
the droplets of the dispersed phase (PS) and is located at the interface; this proves SEBS is more
efficient than SBS in compatibilizing thidend systenfMacaubas & Demarquette, 2008)any

other block copolymersuch as ethylenpropylene rubber (EPR) and ethylgm®pylenediene
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terpolymer (EPDM)an be applied to compatitaé polymer blends to reach the optimum level

of stability.SimilartoSBS and SEBS, they can make #nteract
electrostatic interactions or electron clouds. Due to their nature, these copolymers can provide a
high level of toughass and impact strength to the polymer blend. Overall, it is stated that olefin

block copolymers such as ethyleoetene block copolymers are highly efficient as a coupling

agent to compatibilize immiscible polymer blends such as PP/PE I§féraisano et al., 2019)

Other factors can also influence compatibilizers' efficiency and effectiveness, such as molecular
weights of homopolymers and copolymenolecular veights of blocks in the copolymer,

number of blocks in the copolymer, and chemical structure blodkRe@donj i | , 1999)

2.4.2.2 Reactive Compatibilizers
In polymer blending processes homogeneous phase structure is desirbé promoted
by sufficiently chosen compatibilizers. This feature can be obtained by reducing domain sizes by
preventing coalescence phenomefamationinside the polymer blends. In thesesof reactive
compatibilizers, a chemical reaction such as covalent bonding occurs at the interface of domains
(Argoud et al., 2014)Many reactive compatibilizers are graft copolymarsl in somevorks of
literature grafting is deihed as reactive compatibilization. In reactive compatibilization, the
compatibilizers might be generated directly at the interfaces of components during melt
blending, so this process is prominent asito compatibilization or reactive blending. In this
type of compatibilization, one polymer consists of reactive groupasidally, whereas the
other does not contain any functional group. Therefore, reactive groups can be involved in the
latter and make it a functionalized polyntBalsule & Isayev, 2016)Polyesters and polyamides
have carboxylic or alcoholic and amine end groups, respectivielys, These polymers are

intrinsically reactive. They can be compatibilized by the interfacial chemical reaction between
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reactive groups at the interfasghichresults in a compatibilized blend structure at the interface
of two component§C. L. DeLeo & Velankar, 2008)Jnlike block copolymers, reactive ones are
more efficient because they are cheaper, less complicated, more comfortable to manage, and
lower viscosity, hence easier melt processiige lower molecular weights and shorter chain of
reactive compatibilizers help them move freely over the interfacecardtually better

interfacial interactions. Also, they camost probably béocated at the interface of the
componentgGraziano et al., 2019)

Some literature mentioned thatsitu formed graft copolymers with low molecular weight
backbone chains could form-continuous morphologies regaedks of the minor phase in the
polymer blend. As is stated already, the asymmetrical graft copolymers can have a negative
impact on the blend properties. They matrtransfer shear stress properly; therefore, symmetrical
graft copolymers (dual compatibilizz areessential to transfer shear stress during melt blending
when caecontinuous phase morphology is requif€d Yu et al., 2016)

One of the most significant reactive additives, which can improwascible polymer
blends' compatibilizations maleic anhydride (MA)Dobrovszky & Ronkay, 2016Maleic
anhydride is a multifunctional monomer grafted to polymer backbones to allocate highitseacti
toward amines, alcohols, hydroxyl groups, and thiols. Different types of grafted polymers and
copolymers can be achievbd this reactive modifieisuch as HDPHE-MA, PP-g-MA,
ethylenepropylenediene terpolymer (EPDM-MA), and styrendutadienestyrene terpolymer
(SEBSg-MA) (Dobrovszky & Ronkay, 2016)These compatibilizers can be applied in various
immiscible polymer blends such as HDPE/PP, PS/PP, PE&®Ro enhance their tensile and
impact properties. Furthermore, with compatibilizing polymer blepdiymer waste recycling

may be enriched due ttecreasinghe brittleness of mixed polymer waste by additives
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(Dobrovszky & Ronkay, 2016)Jor instancekigure2.39 shows blends of 50/50 PS/HDPE with
and withouta compatibilizer. The reactive SEBEMA compatibilizer was used in this

immiscible polymer blend.

Figure 2.39: Blend of PS/HDPE with different SEB&MA composition: a) 0% SEB§-MA;
b) 0.125% SEBS-MA; c) 0.25% SEBSy-MA; d) 0.5% SEBSg-MA; e) 1% SEBSg-MA,; f)
2% SEBSg-MA,; g) 4% SEBSg-MA; h) 6% SEBSg-MA; i) 10% SEBSg-MA (Dobrovszky &
Ronkay, 2016)

According to this figure, the blend without compatibilizer has a wide droplet size
distribution whose droplet diameter is frequently higher than 10 um. With increasing reactive
SEBSg-MA compatibilizer content, a more homogeneous structure with decreased droplet size
is obtained. This reactive compatibilizer is settled at the interfaeebe two components. The

styrene blocks of SEB§MA are miscible with PS, whereas the ethyldngadiene blocks may
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interlock with HDPE phases. Accordingly, new bonds can be formed; the coalescence
phenomenon is inhibited, resulting in a smaller drogilet in the dispersed phase and more
stable morphology. Consequently, the interfacial tension between the two components can be
reducedDobrovszky & Ronkay, 2016)n another example, the commlizer effect on the
PET/PP blend morphology is depictedrigure2.40.

According to this research, EAG (ethyleaerylic estemlycidyl methacrylate ternary
copolymer) is used as a compatibilizer. It contains olefin groups that are compatible with PP, and

it has epoxy groups at the end of the EAG chain, which can react with the end groups of PET.

(¢) 5% EAG (d) 7% EAG (e) 10% EAG

Figure 2.40: SEM images of PET/PP blends with different EAG composst{®ark et al.,
2018)

As it is observable, the blend without compatibiligeows separated phases clearly, which
confirms the two components' immiscibility. With the increasing content of EAG, the size of

particles of the dispersed phase (PP here) decreases, and more uniform blends are attained.
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Moreover, the interfaces betwegispersed phase (PP) and matrix (PET) are well covered with
compatibilizers, which enhangeompatibility between the two phagg&ark et al., 2018)

Several ways canebcarried out to prepare a compatibilized polymer blend. For example,
reactive compatibilizer, which consists of two parts, is used to blend polyethylene and
polyamide Each piece of this compatibilizer is capable of reacting with each polymer
exclusivey. First, one polymer reacts with one reactive group of compatibilizer; then, this
combination reacts with the second reactive compatibilizer group. Finally, this self
compatibilized combination reacts with the second polymer, and a compatibilized pblgnaer
is provided(ODED et al., 2011)Usually, reactive compatibilization is utilized when one of the
componets contains a reactive group. For instance, if the blend system consists of
polypropylene and polyamide, modified polypropylene grafted with maleic anhydride or zinc
ionomers of ethylenenethacrylic acid can be used as compatibili¢Exerhart et al., 1996)

In general, functional groups such as maleic anhydride, acrylic acid (AA), ethwigie
acetate copolymer (EVA), maleimide (M§ndglycidyl methacrylate (GMA) can be grafted to
nornreactive polymers such as polyolefins to make them compatib{i&ed. Chen et al.,

2018)

In concluson, polymers' blending has been an exciting topic scientifically and industrially
as novel materials with enhanced pntigs can be achieved without synthesizing new polymers,
which may be very costly. Howeveheblending of polymers has ifalloutsdue to the
immiscibility of polymers. Compatibilizing is a very famous and practical way to suppress the
drawbacks of imnscible polymer blends. These materaifect polymer blend structure.
Therefore, it is crucial to assess different types of morphologies formed theimglt blending

process. The matrdgroplet and cacontinuous morphologies are the main occurringcstines
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during blendingThe cxemical structure of components and compatibilizer, the composition,
viscosity ratio, and interfacial tension are the key factors in determinimgdighologyof the

blend polymershatsignificantlyinfluencethe ultimate prgertiesof blends Compatibilizing

agents stabilize and develop the morphology of immiscible binary systems. These materials can
reduce the interfacial tension by preventingcoalescence phenomenon; meanwhile, a

favorable fine dispersed phase morpholmggbtainedwhich improves the polymer blend
propertiesVarious types of compatibilizetsave been synthesized so. fAmong those, block
copolymers and reactive compatibilizers ardely used in immiscible polymer blendshd&
determining factors foredecting the most efficient compatibilizers are the type of

homopolymers, the desired morphology, and demanding prapertie

2.5Compounding

Compounding is the most critical and challenging $tegszek A Utracki & Wilkie, n.d.)

Due to promptness, efficiency, and simplified features, compounding is the most preferred
polyolefins blending methofNwabunma & Kyu, 2007)Polymer blends or polyblends is a term
that can be considerddr the mixture of various polymers or copolymers by techniques such as
mechanical mixing in compoundersdagxtruders (the most prevalent methods), dissolving
ingredients in solvents, and latex blend{hgA. Utracki, 1982)

The fundamental knowledge about thermodynamieeology and phae formation of
polymer blends is vital to conceive a broader perspective about polymer materials' compounding
process.

The performance dilend systems is determined by how the materials are processed
(morphology and stability). In contrast, the compositis the main factor that defines the cost of

polymer blendgLeszek A Utracki & Wilkie, n.d.)Mixing, blending, and compounding are
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actions that combine matesahto one group. Nonetheless, these terms have distinct definitions
in polymer processing. Mixingff r act i ons or the physical act of
Usually, integrating additives such as pigments, lubricants, fillers, and antioxslealied
Acompounding. 06 Eventually, the formulation of
(Leszek A Utracki & Wilkie, n.d.)Thepoor performancef polymer blendssuch as weak
mechanical properties and insufficient thermal stability, caattokutedto the lack of proper
mixing ste (Leszek A Utracki & Wilkie, n.d. Therefore, the degree of entanglement,
temperature, composition, and uniformity of molecular weight are the key factors in the excellent
performance of polymer blends provided by suitable compourfdesgek A Utracki & Wilkie,
n.d.)

Screw extruders (twin or sifegscrevs) are general processing techniques in
manufacturingpolymer blends. This technique involves mostly various steps sequentially as
follows: pre-treatment of components, feeding, melting, mixing (distributive and dispersive),
interfacial reaction, and product formation (pellets or other fo(Ralsule & Isayev, 2016)
Singlescrew extruders have many benefits, such as being broadly available, low cost, easy to
operateandhavingno issues from high backpressure. However, insufficient dispersion is their
main drawbacKGale, 1997)Singlescrew extruders work on friction and corapjan to convert
pellets to melt while the shear stress is not very high in the melting zone. Therefore, dispersive
mixing will hardly be applied by singlecrew extruder§Gale, 1997)A schematic oasingle

screw extruder crossection is shown ifigure2.41.
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Figure 2.41: A schematic o singlescrew extrude(Kutz, 2016)

Twin-screw extruders contain two parallel screw shafts, eitheotadting or counter

rotating inside a barrel. A schematic ofratating and countenotating screws is given iigure

TR

Corotating screws Counterrotating screws

242

Figure 2.42. Co-rotating and countemotating screwgMount & Wagner, 2005)

Compared to their single counterparts, tsarew extruders have some advantages such as
efficient mixing, efficient pumping aniéss dependency on the materials' flow properties,
uniform distribution of residence time, faster and consistent heat exchange from the barrel
surface to the material, and appropriate handle for high moisture and sticky materials. On the

other hand, theinigh cost and device complexity are the main shortcon{Besk, 2018.
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2.5.1Mixing Principles
Hydrodynamically, two types of fluid motion are identified: a) laminar, when the flow is
smooth, and b) turbulent, corresponding to the chaotic or abnormal mateszek A Utracki &

Wilkie, n.d.) Thefollowing equation gives the Reynolds number to recognize these two flow

types

Rel LVr [/ (2.23)

L is the capillary sizey isthe flow velocityr i s t he fl ui d density, al
viscosity. Usually, turbulence commences when the flow velocity surpasses the critical value of
V=200 k m/ a&s,r£16098 kg/nkand L=0.01 cm). As molten polymers stream has a high
viscosity, the turbulent flow is not anticipated for them; thus, the laminar fluid motion is the
dominant mechanism in high viscosity mater{gsabchi et al., 2019; Leszek A Utracki &

Wilkie, n.d.)

2.5.1.1 Laminar Flow
I n this mode, the sylkmeammthat#ownwedsi der ed fdApas
morphological changes do not influence flow behavior. In other wordspthponents'
interfacial and rheological propersiare the samgeszek A Utracki & Wilkie, n.d.)In this
case, the flow is always stretched, and no coalescence is formed. Thus, the materials are
adequately deformeénhancing the mixing conditidiheszek A Utracki & Wilkie, n.d.)
However, in reality, two phases have different rheological and thermodynamical properties, so
the morphological and flow changes are influenced by each other until an equilibrium is attained.
This nodel isunsuitable for immiscible polymer blends as shear coalescence and

thermodynamic coarsening ocdqlueszek A Utracki & Wilkie, n.d.)Moreover, as the mixing
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time (the time required to attain a specific level of homogeneity) is more significant than
turbulent flows, the mixer's efficiency in laminar flow is indispenséidegbchi et al., 2019;
Neerincx et al., 2011)

It can be ideally applied in mixing analogous polymer blends, teatyrerhomogenization
of polymer melt, and mixing the same resin polynfeeszek A Utracki & Wilkie, n.d.)

In processing technologies such as sisgieew extrudes working under the shear mode,
the flow should be suspended and its lines randomized to have an enriched mixing condition
(Leszek A Utracki & Wilkie, n.d.)The otal increase of interfacial area will be proportional to
the square of strain in randomly oriented elements when the interfacial region is improved by

repeating the proceg¢kseszek A Utracki & Wilkie, n.d.)

R@J2R, @R ( @) (229

Where R is the interf achissiodebigutlized in statica o , and

mixers located at the end thfe screws in extrudefseszek A Utracki & Wilkie, n.d.)

2.5.1.2 Chaotic Flow

Two velocity fields will be engendered by applying two forces, such as shearing and
heating, or enacting two kinds of motidrhe interaction of these fields results in chaotic mixing
formation(Leszek A Utracki & Wilkie, n.d.)Stretching and folding dispersed phase domains,
which makea nonsteady state situation, are the principle of chaotic mifiegzek A Utracki &
Wilkie, n.d.)

In high viscosity materials, chaotic mixing flow is an effegtway to impose efficient

fluid compounding. The flow type is shear, not an elongational fl@waraiya etl., 2006)
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To breakdown dispersed phase particles into microdroplets-sstew extruders and
internal mixers are compounding devices that may apply extreme shear to provide thaf¥eature
J. Wang et al., 2013Hence, those techniques may deteriorate magepiaiformance using
severe shear, breaking the chemical bonds of polyfeds Wang et al., 2013n addition, in
the blending of immiscible polymer blends, by stretching and folding dispersed and matrix
domains, lamellar structures similarth® dispersed phaseeagenerated; thus, developing thin
lamellae and high aspect ratio fibrils which can be endured for a longer time in chaotic mixing
(Dharaiya et al., 2006; Peadll& Jana, 2005; J. J. Wang et al., 20T3)nsequently, small
droplets with a narrow distribution will be formed. Due to the instant transformational
morphologies, the fibrillar and lamellar structures cannot be gained bystnaw extruders and
interrmal mixers(J. J.Wang et al., 2013)

It is reported that chaotic mixing hampers droplets' coalescence formation, leading to finer
dispersed phase morphology in the blending of immiscible polyfDéi@aiya et al., 2006;
Perilla & Jana, 2005Furthermore, mass and energy transfer are facilitated in the chaotic fluids,
which can enhance distributive mixinig singlescrew extruderéBouvier et al., 2019; Jana et
al., 1992; Perilla & Jana, 2003)ue to the excellent distribution of minor phases, chanikers
can incorporate conductive additives to thermoplastic polymers in a lower weight fraction of
particles compared to traditional mix¢@hougule & Zumbrunnen, 2005; Danescu &
Zumbrunnen, 1998; Dharaiya et al., 2006)

In general, two main mechanisms involved in mixing: distributive mixing, which
corresponds to the hargeneity of the mixing process, and dispersive mixing, which relates to
the reduction in dispersed phase particles and finer dispersion of the péPaitede & Isayev,

2016)
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2.5.1.3 Distributive (Extensive) Mixing

This mechanism distributes particles all over the melt. This proseshieved by
breaking and recombining the melt stream and is aslogar procesdMount & Wagner, 2005)
In this process, the eggglanerated particles (particle size reduction) are uniformly distributed
throughouthe product volumeThe interfacial area between components is stretched and
distributed consistently as wé€bogos et al., 2012)n other words, the interfacial area boosts
linearly with time (Palsule & Isaye, 2016) High stresses atgnecessaryand the flowinduced
strain is the foremost factor in distributive mixi(@ogos et al., 2012A diagram of distributive

mixing is depicted irfFigure2.43.
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Figure 2.43: Distributive mixing mechanisrtMount & Wagner, 2005)

Higher shear rates are required to enhance distributive mixing by shallower channel depth
or higher screw speed. The critical point is that by increasing screw diameter, viscous dissipatio
heating rises, too, leading to low heat tranfRaisule & Isayev, 2016 herefore, extruders
usually run at slower screw speeds, whiapair mixing efficiency(Palsule & Isayev, 2016)

Application of strain (shear and elongation) achieves fluid homogenidagsaek A
Utracki & Wilkie, n.d.)

Singlephase fluids, mixing of miscible systems, or a multiphase system, blend, or

composites, mixing sheaensitive polymers and additives, fibrous materials, &giu dspect
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ratios fillers are considered distributive mixif@ogos et al., 2012; Mount & Wagner, 2005;

Leszek A Utracki & Wilkie, n.d.)

2.5.1.4 Dispersive (Intensive) Mixing

Large particles are broken up and dispersed by the dispersive process. In this mechanism,
the particulates size reduction occurs eitheroinesive components such as solid fillers (de
agglomeration) or in liquid droplets and additives (droplet deformation and breakup), polymer
blends, alloys, or two or more polymer resin systei@egos et al., 2012; Mount & Wagner,

2005) A diagram of dispersive mixing is shownkigure2.44.
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Figure 2.44: Dispersive mixing mechanisfMount & Wagner, 2005)

For deformation and breakup of the digssl phase, thermodynamical (interfacial tension)
and rheological properties (stress, strain, and viscosity ratio) are crucial, so they are taken into
account in the dispersive condition, i.e., there are physical differences between major and
dispersed pls®e componentd eszek A Utracki & Wilkie, n.d.)

Domains of the dispersed phase are broken down by applying a high level of either shear
or elongational stress@alsule & Isayev, 2016Matrix materials, agglomerated filler particles,
gel particles, and liquid drops may be the dispersed pl@sg®s et al., 2012; Leszek A Utracki
& Wilkie, n.d.). High flow stresses are required by increased viscosity of high shear or
elongational rates to deliver dispersive forces to outperform the cohesive forces of the
immiscible droplet§Gogos et al., 2012; Palsule & Isayev, 20T6)e following figure shows
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thatbothmixing mechanisms should lpeovidedconairrentlyby compounding devicdsr

efficient mixing

Dispersive
Mixing
- / Reduces Particle \ s
:: Sizes ::.: _:' :::-
o9 Distributive . ] oo T ]
' . s & | - .. . » * « s *
! Mixing
Not Mixed ® * » Well-Mixed
Dispersively and
@ o 9 L] Distributively

Redistributes
Particles Uniformly
in Space

Figure 2.45: Distributive and dispersive mixing of immiscible compond@sgos et al., 2012)

2.5.1.5 Extensional Mixing

In processes such as fiber spirg, foaming, film blowing, biaxial and uniaxial stretching,
where the flow is not parallel, the deformation is influenced by the elongational flow field.
Nevertheless, those mentioned processes are not related to (hesagk A Utracki & Wilkie,
n.d.)

In order to provide sufficient distributive and dispersive mixing conditions, the geometry
and type of screw elements play an essential(@éeson et al., 2017For instance, in twin
screw extruders, dispersivaximg occurs in the kneading blocks by the shear flows to disperse
the suspended droplets with different viscosity ratios. In contrast, distributive mixing can be
acquiredby altering conveying element€arson et al., 2017, 201&)n the otkr hand, it was

experimentally approved that elongational flows are more efficient in dispersing droplets over a
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wide range of viscosity ratid@ouquey et al., 2011; Carson et al., 205f)ecifically,adequate
dispersive mixing cannot be efficiently appliegthe shearing flows/hen the size reduction of
dispersed phases is requi(€hrson et al., 2018Extensional deformation can provide better
dispersive and distributive mixing conditions, extensive flexibility, and reduced melt temperature
(Rauwendaal, 1999, 200%iaochun et al., 2015With a series of convergence and divergence,

a polymer melt blend is forced to pass through those orifices where the droplets are elongated
and dispersed, leading to elongational flows to the syétesrek A Utracki & Wilkie, n.d.)

The extensional flow becomes more critical in viscosity ratios above 4 when shear flows
individually cannot maintain droplets' breakup prod€sarson et al., 2018Pevices providing
convergence and divergence flows can be added to the-sorgle or twinscrew extruders at

the end of a melt pump to establish extensional gtsassenhance dispersive mixif@arson et

al., 2017; Pierrot et al., 2017 schematic of the elongational flow mixer is depicte#igure

2.46.

L 1
\\\\\\\\\\\\\
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Figure 2.46:. A schematic of the extensional mixing device: a) mixing chambers, b) pistons, c)
mixing elementd) feeding unit and channel, e) outlet chariBeluquey etl., 2011)
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For exampleFigure2.47 shows a blend of PS/HDPE mixed and prepared by shear
deformation (Brabender compounding machine) and elongational deforn@iganly, the
dispersed size is decreased remarkably by increasing the mixing time regardless of mixing type.
Moreover, dispersed domain particles are reduced more drastically in the extensional flow mixer
thanin the Brabender mixer due to the intensixéeasional flow in the former mixer compared

to the latter, which mainly provides shear fli@fdtaochun et al., 2015)

© @
Figure 2.47: SEM images of PS/HDPE blends compounded at 60 rpm: a) Brabender mixer with
1 min mixing time, b) extensional mixer with 1 min mixing time, c) Brabender mixer with 3 min
mixing time, d) extensionanixer with 3 min mixing timgXiaochun et al., 2015)

However, due to the higpressure drops and some other technical drawbacks such as the
exact size of circular orifices (constant convergence ratio supports sufficient mixing for some
systems, not for others) as well as high trial and errors and reptggiugg in the case of any
modification of blend composition, the application of this type of mixer is linfBediquey et

al., 2011; Leszek A Utracki & Wilkie, n.d.)
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2.5.2Mixing Parameters

During the polymer mixing process by screw extruders, some significant extrusion factors
may influence polymer blends' final morphology. Torque, screw rotation speed, temperature,
residence time, and throughput are practically critical extrusion factated¢o the morphology
development and final product propert{€® Loor et al., 1994; Shon et al., 2008)

The compounding methods would have different residence times, which influence the
morphology of polymer melts. The screw processes, either single or twin, impose a high shearing
level but short resideredime.However,compounding in internal mixers requires longer
residence time and less intense shearing l€kelel & Jaziri, nd.). Figures2.48, 2.49, and

2.50compare the effect of processiog compounded polymers' morphology formation.

Figure 2.48: a) blend of PE/PS/SEBS 80/20/0 prepared by internal mixétehbyl of
PE/PS/SEBS 80/20/0 prepareddsinglescrew extrude(Kallel & Jaziri, n.d.)

Figure2.48 (a,b) shows a blend of PE/PS without compatibilizer, compounded by an
internal mixer and singlscrew extruder, respectively. The domain particle size re mo
extensive and ellipsoidal due to the coalescence formation. In comparison, the blend prepared by

a single extruder shows narrower dispersion of the spherical patKelésl & Jaziri, n.d.)
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Likewise, a blend of PE/PP/EIRMA prepared byatwin-screw extruder provided finer
and narrower dispersion of dispersed particles than those supplied by an internal mixer. This

trend is sbwn inFigure2.49.

Figure 2.49: a) blend of PE/PP/EB-MA 80/20/7 prepared by internal mixer; b) blend of
PE/PP/ER)-MA 80/20/7 prepared bgtwin-screw extrude(Kallel & Jaziri, n.d.)

Interestingly, the compatibilized blend of PE/F®)(re2.50) extruded bya singlescrew
extruder provided finer particle size of disperpbdse compared to those prepared in a-twin
screw extruder. This behavior might be due to the teideusion of blends in a singkerew

extruder(Kallel & Jaziri, n.d.)

Figure 2.50: a) blend of PE/PS/SEBS 80/20/7 prepared by sisgiew extruder; b) blend of
PE/PS/SEBS 80/20/7 prepareddiyvin-screw extrude(Kallel & Jaziri, n.d.)
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2.6 Rheology of Polymer Blends

Undeniably, one of the essential tools to analyze polymer alloys and blends is to
characterize their rheological properties. Polymers are characterized as viscoelastic materials.
They are neither perfdy viscous liquids nor completely elastic solids. The rheology area
consists of materials with a finite modulus and quantifiable visc@®#gwald & Rudolph,

2015) A viewpointof rheology is shown ifigure2.51.

__ Solid _J ~ Fluid _J

Rigid solid Deformable solid Viscous fluid Ideal fluid
(Euclidean solid) (Pascalian fluid)

Elastic solid Non-linear solid Non-Newtonian Classic fluid
(Hookean solid) fluid (Newtonian fluid)

Rheology J

Figure 2.51: A viewpointof the field of rheologyfOsswald & Rudolph, 2015)

Eisenschitz, Rabinowitsch, and Weissenberg recommended a triangular coordinate system

to simplify the frontiers of the rheology field in 1921, illustratedrigure2.52.

_____________ e a ... Kinetic energy
b ... Elastic or stored energy
c ... Dissipated or lost energy
>
&
Fo %
o .0 +
I §&
oG \ )
AN
C
\T/a/
T
o Viscosity °
Euclidean solid or (Newtownian fluid) Steady state flow of
Pascalian fluid a Newtonian fluid

Figure 2.52 Rheological energy in triangular coordinaf€sswald & Rudolph, 2015)
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In this energy triangle, the interconnection between energies can be merely expiained.
all rheological phenomena, the work or endrgthe form of kinetic energy, elastor stored
energy, and dissipated or lost energy can be exemp(issiwald & Rudolph, 2015According
to Figure2.52, thedistancea is the portion of the total energy signified by kinetic engedgstic
or stored energy is characterized by the fradbiainen dissipated or lost energy is typified by
the fractionc.

where:a+b+c =1. Hookean solid or perfectly elastic solid corresponds to elasticity shown
by line AB. VertexA relatesPureEuclidean solid (Pascalian liquid when on the i, where
all the external work is transformed to kinetic energytlfie case of a too stiff body). All exterior
work is dissipated or lost in the perfectly viscous liquid or Newtonian fluid, signified by the line
AC, labeled viscosityA is relevant to an infinite Reynolds number on the A@vertex
Ultimately, the IneBC, known as relaxation, corresponds to the creeping viscoelastic Tlbers.
creeping or Stokes flow is represented by ve@ewhere theReynolds number is meager
(Osswald & Rudtph, 2015) The question that is always asked is whether a polymer is
considered liquid, solid, or viscoelastic material. This issue can be answered by the Deborah
number De), initiated by Marcus Reiner. This number is dimensionless, specifitteby

following equation:

De=— (2.25)
Where theastands for relaxation time amgls the processing time. The effecttbé

process time scale on a materidesormational behavior is measured. A Deborah numbeés

an elastic solid, whereas a Deborah number of zero corresponds to a viscous fluid. This number
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fluctuates between 0.1, for the low rafedeformation and 10, for the higate of deformations
(Osswald & Rudolph, 2015)

Polymer melt properties can be associated with process capability tr(fertaliacsk, 2004)
Polymersmelt flow may be analyzed by the Rheological tests and provide vital information
about polymer processing. Furthermore, as the solid materials become molten and vice versa and
experience temperatuneduced alterations from amorplsto crystalline, rheological properties
can continuously be evaluated to discover those modificatfaack, 2004)

This topic would be broad enough to be discussed based on different typesyampoly
blends, flow behaviorktc The materials' viscoelastic responses are the determining factor in
morphology formation, alongside interfacial tension. These issues have been discussed
thoroughly in previous sections. Additionally, in blend systarnhsrethe dispersed phase has a
higher concentration and the multiphase systems are not transparent, optical microscopy methods
are not weHsuited. Therefore, materials rheological data can be used to analyze morphological
changes in blend polymeflartin et al., 2000Q)

When polymer blends are treated with various stresses, they present complicated flow
behavior that doe&rchange proportionally with blend compositidWachowicz et al., 2008)
Polymer melts have very high ndtewtonian actionsAdditionally, polymer melts are exposed
to stresses and deformation during several processing operations such as extrusion and injection
molding Therefore, to optimize the processouanditions, it is essential to be acquainted with
the \viscosity variatiorwith the shear rate at different blend ratjdéachowicz et al., 2008)

Polymersflow behavior is strongly related to molecular weight; this is the main structural
factorwith respect to the melt flow performan@&anck, 2004)A slight difference in molecular

weight may reflect substantial changes in rheological resp@hiéastedt, D16). At low shear
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rates or frequencies, the viscosity is called Newtonian orstezar viscosity, directly
proportionate to the molecular weigRranck, 2004)Above a critical molecular weighivi),

the molecular chain entanglement occurs in which theseear viscosity is proportional to
about 3.4 power to the molecular weigRtanck, 2004; Han, 2007; Minstedd15). By
increasing shear rates, melt viscosity reduces furtherirttthe Newtonian region. This
phenomenon is known as shear thinning behavior, the most criticdlewtonian property in
polymer processing. The inception and extent of stieaningbehavior vary among polymers
(Franck, 2004)This term can be associated with molecular weight distribution. At the same
molecular weight, polymers with broader molecular weight distribution demtanstraar
thinning behavior at lower shear rates thancorresponding narrower molecular weight
distribution(Franck, 2004)Figures2.53and2.54display the viscosity changes as a sensitive

estimation of molecular weight and molecular weight distribution differences in polymer melts.

Molecular weight
—e—130 000
—O— 230 000
®— 320 000
®— 430 000

Viscosity n* [Pa s]

Slope 3.08 +/- 0.39

Zro Shear Viscosity, [Pa 5]

2
10% [P —

ol T T il T 4l T ol
0 10" 10® 10" 10 10°  10*  10°

Frequency w a, [rad/s]

Figure 2.53. Complex viscosity vs. frequency of a polymer at different molecular weights
(Franck, 2004)
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Figure 2.54: Molecular weight distribution differences jrolymer meltgFranck, 2004)

The presence of branching in polymetsucture also modifies the melt viscosity. The
number, size, and flexibility of branches are crucial factors that influenecegheiscosity
(Franck, 2004)Long-chain branches generate more chain entanglement, increasing melt
viscosity at low frequencies compared to their linear counterparts with the same molecular
weight(Franck, 2004)Furthermore, lIng-chain branches grow the elasticity of polymer melts.
More shear rate dependent on viscosity is observed irdanghed polymers rather than linear

ones. The consequence of branching on the complex viscosity is illustr&igdre2.55.
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Figure 2.55: Influence of branching on the complex viscosity and dynamic m@eianck,
2004)
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The branching also affects the extensional viscosity in the elongational stresses. At higher
strain rates, the extensional viscosity increases with-ébiagn branche@~ranck, 2004)For
instanceFigure2.56 shows bottpolyethylenes' branched and linear structuresv-density
polyethylene (LDPE) has a long chain branched structure, unlike lineatdosity polyethylene
(LLDPE), which has a linear structurghe elongation viscosity increases remarkably at higher
extensional strains in LDPdie to the longhain braches. This phenomenon is known as
strainhardeningFranck, 2004)The extensional deformationdeucialin fiber spinning to

anticipate process performance.

LDPE 494A

LLDPE PL1880

s ] r
193 -
] A
10°4 P LDPE (branched)

/) 7 —m— extension rate 0.1 s-1
1 « F m— extension rate 1 s-1
10°4 /f LLDPE (linear)

o— extension rate 0.1 s-1
®— extension rate 1 s-1

10 T o rTrTTTg LR | L AR | L
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Timet[s

Figure 2.56: Extensional viscosity of LDPE (branched) and LLDPE (liné&ranck, 2004)

Elongation Viscosity n_*(t) [Pa s)

As we are dealing with immiscible polymer blends, the main concentration vaii the

viscoelastidoehaviorof those blends

There are rheological functions that involve in blend systems which declare system
responses such as storage and loss madudindG ), shear or extensional viscosities, complex
viscosity ('), and relaxation timelif. With aiming by other complementary tools suclthas
Cole-Cole plot (imaginary and real viscositiésvs.d ), each of those characteristics can express
specific information regarding melt blend structure and prop€tties. Utracki, 1988) To
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better understand the blend system resprisis recommended to assess the rheological
properties of those systems under minimum structure alteration, as flow behavior and structure
development in blend systems are inversely proporti@na. Utracki, 1988) Therefore,

among characterization methods, the measurement of rhedlpgiparties is extensively used

to describe homo and blend polymers' behavior.

2.6.1Melt Elasticity

One critical viscoelastic propgrin polymer processing is undoubtedly molten polymer
elasticity. The capability and rate at which macromolecules can tettineir original size,
shape, and position once the applied force is removed are identified as melt elasticity, a
measurement of storage ene(anthos et al., 1997)n other words, the mechanical energy
stored (recoverable) during deformation, which is a measurement of structure) is characterized as
elasticity(T. Chen, 2012)Robert Hooke first introduced this term in the seventeenth century. Its
primitive concept was created based on the relations between force and deflection in linear
elastic solidsAs shown inFigure2.57, the elastic component of a material is related to using a
spring. An extending part is reflected by the spring; nevertheless, the sheaisgarbbézed by

the spring[Osswald & Rudolph, 2015)

Figure 2.57: A schematic representation of Hookean s@@dswald & Rudolph, 2015)
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Once the load is employed and remains persistent, the spring deforms. When the load is
released at timepithe material will promptly revert to its initial form. This behavior is p&nt
in Figure2.52, where the energy is stored and entirely retrig@sbswald & Rudolph, 2015)
This behavior is detected in other materials such as polymers.

The melt elasticity can be addressed to various viscoelastic functions such as storage
modulus, extensional viscosity, melt strength, recoverable shear strain, eeixamressure
drop, anchormalstress differenceg<anthos et al., 1997However, nanergy dissipatioand
norttime dependency behaviors are usually referred to as elastic prop¢aiigisos et al.,
1997)

Melt elasticity is considered the primary determining factor of viscoelastic melt behavior
and the leading cause of die swell phenomdfigyre2.58) and surface roughness of materials

(T. Chen, 2012; Franck, 2004)

No
Die
Swell

\1//
/j\\

Viscous
Viscoelastic

Figure 2.58 A schematic ofthe Die-Swell Phenomenon in polymer me{&lot Die Coating
Rheology Expert Analyses from the Rheology Lald.)

In the case of excess elasticity, more shear is required to decrease the viscosity of
viscoelastic materials, generating significanrmal stress differences due to the elasticity,
which leads to the melt fracture, a common spinning instability phenonfén@men, 2012)In

other words, if a polymer is compelled to deform and move at speeds leading to processing times
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less than the polymer's relaxation time, the stresses can proliferate until they surpass the melt
strength, resulting in melt fractur@®@sswald & Rudolph, 2015pifferent types of melt

instabilities will express themselves depending on the process. During elongational deformation,
such as fiber spinning, melt fracture can occur. Thus, when the drawing speed is too high, the
stresses grow ahead of getting a chance to relax until the thread breaks or (Ostwedd &
Rudolph, 2015)A schematic of melt fracture during polymer extrusion is givefigare2.59.
Reducing extrusion speed and increasing melt temperature are recommended to remove melt

fractures (Osswald & Rudolph2015)

Figure 2.59: Melt fracture of a polymer during extrusi¢@sswald & Rudolph, 2015)

Overall, four meas@ments can be carried out to evaluate melt elasticity: 1) the storage
modulus,G; 2) the normal stress differendé,, 3) the extrudate swelB; and 4) the entranee
exit pressure drofe (Bagley correctionfLeszek A Utracki & Wilkie, n.d.)The results of all
four methods are welligned in the homogeneous polymer melts. The last two approaches
should not be used in polymer blends teasure melt elasticity, as the results are not related to
the molecular deformatiofbeszek A Utracki & Wilkie, n.d.)

By grafting, crosslinking, branching, anttbding, the molecular weight (M and
molecular weight distribution (MWD) can be modified, which affects the melt eladiiditya,
2016; Nwabunma & Kyu, ZI¥; Xanthos et al., 1997)

A broader molecular weight distribution or a tiny amount of high molecular weight
materials can increase elastidify Chen, 2012)In general, polymers having narrow molecular
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distribution have lower melt elasticity and strength, which cause them to obtain finer denier
filaments, as there are no requiremeatapply extreme draw forces. On the contrary, broad

MWD favors melt elasticity and strength. If finer size fibers are desirable, the broad MWD

inhibits further drawing of the fibers, resulting in more fibers breakage due to the draw resonance
and poor spinability (Gupta & Kothari, 2012)

There is a strong correlation between polymdi&/D and their elongational viscosity, an
essential factor in fiber spinning preses. At low elongational rates, the elongational viscosity
of narrow MWD polymers is three times their shear viscosity (like Newtonian fluids), and at
higher rates, the elongational viscosity increases. They reveatisaraening behavior and
larger elmgation at break, which increases by reducing molecular weight. In reverse, in the
broad MWD polymers, the elongational viscosity decreases by increasing elongational rates, and
they exhibit strairsoftening performancgewin 1918 & University), 2007)

Polypropylene has a linear structure, which results in low strain hardening in transient
elongational viscosityFujii et al., 2019) By adding some branched polymers such as LDPE,
which can indae strain hardenin@Graebling et al., 1997jhis obstacle may be compensated.
Moreover, the drawdown force of PP can be improved as(lAgii et al., 2019) For instance,
Figure2.60 shows the blends of PP/HDPE and PP/LDRPH.DPEcontained samples,
elongational viscosity deviates positively from the straight line, exhibiting strain hardening. This
trend is not detected in PP/HDPE blends. In the former system, LDPE droplets become rigid at
the higher strain regions, generating higsteesses, increasing apparent elongational viscosity,
and eventually higher strain hardening. In the latter blend, no strain hardening is noticed due to

the lack of longchain branches in the HDPE struct(ffeijii et al.,2019)
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6 (a) PP/LDPE (95/5) 6 (b) PP/LDPE (85/15) 6 (c) PP/LDPE (70/30)

190°C 190°C 190°C
> % @
g 5 : ‘ Q‘N, 5 ¢ i 4 i‘_.i 5 B 7
= wl = £ Lé W= /
.:1 0.1s" ; 0.1s" :; 0.1s
£ 4 i i 0.2s" E 4L i.02s' | Z 4 0.2s
? P 04s 2 04s 2 04s
= 0.8s" = 0.8s" - 08s
5 i 32s" 32s" y 3.2s
-1 0 1 2 %3 0 1 2 -1 0 1
log [t(s)] log [t (s)) log [t (s))
" (d) PP/HDPE-H (70/30) . (e) PP/HDPE-L(70/30)
190°C 190°C
% g
9: 5F i . K 51 .
= 0.2s = i
= 4 : : 1 = 4pA : 0.1s
04s
g 0.8s" g - ° 2 2
b K. 0.8s"
3 i i 3L
-1 0 1 2 1 0 1 2
log [t(s)] log [t(s)]

Figure 2.60: Elongational viscosity overtime at different strain rates at°Cofor PP/LDPE and
PP/HDPE blendé-uijii et al., 2019)
2.6.2Melt Strength

Indeed extrusion processes are subjected to the polymer's melt st(Engilkland, 2013)
For instance, blow molding, film making, sheet, pipe and profile, and extrusion coatings are
processes that patyer's melt strength that can provide stabilyankland, 2013)

This feature is not excluded from fiber spinning, where molten polyometsrgo
stretching and drawing procedures; the melt strength can be used as an essential factor to analyze
the drawality of polymer meltgMuke et al., 2001b)The force in which the melt strand breaks
is defined as the melt strength or resistance to the drawdown forces. It indicates the extensional
performance of a polymer méltau et al., 1998; Muke et al., 2001Ir) other words, the melt
strength is the resistance of the polymer melt to deformation or extension of the flow rate
(Frankland, 2013D. Y. Kim et al., 2017)This term is significant, particularly spinning

polyblend fibers, because a second or third component may drastically influence the melt blends'
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spinnability. It is worth to be noted that the melt strength results caredeonfy to investigate
the drawability of polymers, not the rheological properties. The polymer melt previously
experienced shearing in the extruder and the die. Also, neither the temperature nor the strain rate
is uniform during stretchinHans Martin Laun & Schmidt, 2015; Muke et al., 2001b)

A schematic of a melt strength test-apt(Gottfert Rheotens) is depictedrigure2.61.
Once tke polymer melt emerges from the extruder die, it is drawn by two cenatéding

pulleys.

oo ooo

- oo oo

Spinneret die ———

Dieswell —— \

[ 16 mm

Polymer melt strand ———>

Counter rotating wheels

Extended
melt strand

Figure 2.61: A diagram of nelt strength testdSingh et al., 2016)

The velocity of rotating rollers is incessantly increased, and tensile force on the drawdown
polymer melt strand is documented until polymer melts break. The tensile force and the speed at
which polymers melt breaks are considered the melt strength andeyahelt drawability
(Singh et al., 2016During stretching, the tensile force can be contrived either as a function of
time or the rotating rolletspeedMuke et al., 2001b)igure2.62 demonstrates LDPE's melt
strength measuremeas a function of drawdown velocjtgbtained from the Rheotens

instrument
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Figure 2.62 LDPE melts strength as a function of drawdown velocity provided by the Rheotens
instrumentBernnat, 2001)

The draw resonance effect is detected from curve oscillation at higher draw ratios due to
the fibersdiameter variation during spinning. This term would be substantial in fiber spinning
when uniform fiber diameter is expect@ernnat, 2001)

The dropweight method can also be used to estimate the melt strength, and it was claimed
that its results were in good agreement with melt tensile flow me{ktudst al., 2002)In this
method, the time between melt breaking from the die and ejection of the melt, which emerges
from the die of the melt index instrument, is recorded and weiihee@t al., 2002)The
polymer's melt strength sgnificantwhen the measured weight is higher. For example, the melt
strength of polyethylene measured by dvegight and extrusion rheometer is displayed in

Figure2.63, where both measurements are in good correlation.
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Correiation Coefficient = 0.997
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Figure 2.63. Melt strength measurements of polyethylene by dvemht andRosand capillary
extrusion rheometdiHo et al, 2002)

Molecular weight (M,), molecular weight distribution (MWD), crystallinity (X%), and
polymer molecular branching structure are important factors that may affect melt strength
(Frankland, 2013; Xanthat al., 1997)For example, longer branch polymers used in blending
can inhibit the flow of matrix polymer and generate more chain entanglement, leading to
heightened melt streng{P. Y. Kim et al., 2017; Mark, 2009; Nwabunma & Kyu, 200dnhear
structure polymers and narrow molecular weight polymers have lower melt strength due to
insufficient chan entanglement or interactio(i3. Y. Kim et al., 2017; Nwabunma & Kyu,

2007) Besides, crosslinked polymers or additives can enhance melt strength by making
crosslinks on the matrix polymer's linear structiii@nkland, 2013)This concept would be
beneficial for blending linear pgamers such as PP with losadpain branching structure polymers
such as LDPE to improve melt strengthfosther preventing mels flowability (Ho et al., 2002)
Typically, the drawdown force (the vital force to stretch a polymer in the melt) and strain
hardening are low in linear structure polymsush as polypropylen&uijii et al., 2019)

Although PP and LDPE are immiscible, the mentioned drawbacks can be improved by applying
brancheestructure polymers such as LDHBRile to its chain stretching, LDPE can provide
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strainhardening between branch points during elongational. fldmce hardening happens,

LDPE becomes very difficult to be further deformed, and it behaves like rigid fibers inside
composite matrices, generating high stresses by localized deformatiotudlye PP matrix
domains are influenced by exceedingly localized deformation, increasing extensional viscosity
(Fujii et al., 2019)Figure2.64 shows the drawdown force of PP blends with LDPE and HDPE.
As seen, both polyethylens increased the drawdown force for PP. As it is said, the LDPE
provides strain hardening due to its highly branched structure. In comparison, HDPE does not
have long chain branches, hence unable to provide strain hardening. The slight increase of
drawdown force in the PP/HDPE blend was attributed to the higher cooling rate of HDPE

compared to PP and its possible nucleating beh@vigii et al., 2019)

200 : : ,: :

Z

£

3

[t —

€ 900 H — .

[ =

3

T

=

S

0O 50 Kk -
0

PP 85115  70/30  85/15  70/30
PP/HDPE-H PP/LDPE

Figure 2.64: Drawdown force of PP and its blends with HDPE and LDRKii et al., 2019)

The extensional viscosity is sometimes associated with melt strength. However, these two

terms are not relatively connected. It is not an expressive way to interpret and correlate the
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diagram of melt strength resu(tensile stress vs. drawdown speed) into extensional viscosity
due to the molten polymer's nomiform strain rat€Frankland, 2013; Singh et al., 2016)
Nevertheless, extensional viscosity was defined by a series of eqy&iiogis et al., 2016; M.

H. Wagner et al., 1998; Manfred H. Wagner et al., 2002)

VF
s=—— (2.26)
VO
e—l Inév
= g{g (2.27)
hezf_ (2.28)
e

Where G is the tensil eisthedilanceat exdrtsiort sheedintet at i n
die; V is the speed of wheels where the polymer strand is pulledaff;the strand diameter; Ls
is the distance between the capillaryeexit an
the extensional viscosity.

Unlike extensional viscosity, the shear viscosity term is frequently used in many polymer

proceses, correlated with melt flow index (MKD. Y. Kim et al., 2017)Polymers with greater
average molecular weights and low MFI cause more molecular chain entanglements in the melt,
resulting in high resistance to extemsal deformation and eventually higher melt strength.

In polymers with the same MFI,dbewith broader molecular weight distribution tend to
have higher melt strengthau et al., 1998)However, in some literature, it is mentioned that
melt flow index measurements cannot be the determining factor of melt st(Eragthland,

2013)
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It is recommended that the data obtained from the oscillatory rheometer can provide
crucial informationd assess melt strendgfrankland, 2013)For exampleFigure2.65 shows
the relationship between loss {Gnd storage ( modul i with frequency (
graph, lower crossver points of two moduli owertical and horizontal axes ascertain that the

melt strength improve@d-rankland, 2013)

Use G"/G' Crossover Data To Compute Melt Strength
10

01 —m— Storage Modulus G'

W o —o— Loss Modulus G"
01 —v— Complex Viscosity n*

.01 01 1 10

Figure 2.65: Relationship between loss and storage moduli at different frequéRrcaedland,
2013)

The crossover point is an indication of the materials' relaxation time. The shifting
direction ofthecrossover point gives insightful information regarding molecwlaight and
molecular weight distribution. For instance, if the croger point occurs at much higher
frequencies, the polymer structure has likely smaller polymer chain lengths because shorter
polymer chains tend to relax sooner, i.e., at higher fregegenConsequently, the material has a
lower molecular weight. The opposite is true when the evgss point shifts to lower
frequencies, indicating the presence of long chains and higher molecular weight materials,
resulting in more chain entanglements &igher melt strength. Nonetheless, the coas
point might not be detected in some samples at the process temperatures.

To acquire the crossver point, the Tim&emperature Superposition theory (TTS) can be

included. A sequence of isothermal curvwel be achieved when oscillatory rheological
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measurements are conducted at different temperatures and over a constant frequency range.
Those curves may be superposed within horizontal or vertical moves when the nfatkvals
the TTS principldMacaubas & Demarquette, 2002)

This theory assumedbkat as the temperature increases, the sample relaxes further, allowing
one to change higher temperatures to lower frequencies from the reference temperature and
lower temperatures to highfrequencies. This behavior wibnsiderably expand the measured
frequency rangéor the temperature of interest. Integrating the TTS theory, the frequency range
can be extended to much higher frequencies than the instrument can measure. The TTS model
may fail in immiscible and heterogeneous polymer structures, where each phase has a different
relaxation mechanism and specific temperature dependdaoe 2007; Macaubas &

Demarquette, 2002; dhstedt 1941, 2016; Leszek A Utracki & Wilkie, n.d.; Van Gurp &

Palmen, 1998)Although this theory might not be applicable for inhomogeneous structures, it
was reported working for some immiscible polymers such as PP/PE lacsubas &
Demarquette, 2002/an Gurp & Palmen, 1998When the components' activation energies are
close to each other, or the composition and volume fraction of one of the parts is small, the TTS
model may work regardless of the components' immiscitiMan Gurp & Palmen, 1998 able

2.7 depicts both types of blends that obey and do not follow the TTS theory.

Table 2.7: Blend polymers that follow and fail TTS thedqlyan Gurp & Palmen, 1998)

TTS holds TTS fails

PS/PVME
SAN/SMA
SAN/PCL
Miscible PMMA/PVDF
PPO/PS
sPS/mPA
PS/PCHMA

PEO/PMMA
1,2PB/PIP
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Table 2.7:(cortinued).

SB/PB
PS/PC
HDPE/LDPE PS/PMMA
PS/LDPE
. LLDPE/LDPE
Immiscible PE/EVA
PAG/EVA
PS/PB PS/PEA
PE/PP SAN/PMMA
PP/EVA

Other theological terms such as zshear viscosity and relaxation time may be considered
to estimate the blend systems' melt strength. As already asserted, miylteerp'achain
entanglemergignificantly affectamelt strength. Conversely, theformation ratés influenced
by untangling chainfHo et al., 2002)Thus, it is stated that two rheological terms of polymers,
zerashear viscositydp) and relaxation timet §), are relevant to chain entanglement strength and
rate of chain untangling, respectivéhyo et al., 2002)

The relatiorbetweerthose two factors is shown in the following equation:

(2.29)

Wh e r” & the|complex viscositylpis the zereshear viscositygis the shear rate (1/s), m

is the powerlaw exponent constant anBOis the relaxation timelhe melt strength

demonstrated synergistice havi or i n the bl eoamﬂtoexy\ilsitede ms i n

positive deviations from the mixing rul€ontrarily, when the system melt strength revealed

antagonism behavior, neithdzrnorto indicated any psitive deviation from the mixing rul@he

melt strength showed a slight improvement in any positive deviations by thosdHereisal.,

2002)
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During polymer processing, two main processing factors influence melt strength: extrusion
parameters (flow rate and temperature) and drawing parar(eteederation and draw distance)
(Keawkanoksilp et al., 2012; Muke et al., 20Q1b)

It is mentioned that the melt strength of some polymers, such, ascRfases by
decreasing melt temperature, which is related to the molecular weight distribution of polymers
(Lau et al., 1998; H M Laun & Schuch, 1989; Muke et al., 2001b; Stadlbauer et al., 2004; M. H.
Wagner et al., 1996)

Some reviews stated that the melt strength increased as the molecular weight distribution
broadenedGuillet et al., 1965)

For some polymersuch as PP, a sharp increase in melt strength at lower extrusion
temperatures close to its Hileg point has been reportédau et al., 1998)This phenomenon
may be due to the flomduced crystallization in the structure of polypropylene in the capillary
die entrance, where polymer melt is extended in the converging flow, especially at low
temperatures and higpressure conditions. More developed crystalline structures may be created
when polymer melt is stretched by pulléisu et al., 1998)

As polymers are being affected by shearing in the extruder and die, increasingtésw
mayrise and generate more shear stresses in the melt. As a result, larger elongational forces are
required to extend the melt, improving melt strer(gtiu et al., 1998; Muke et al., 2001B)pr

instanceFigure2.66 shows the correlation between melt strength and extruaterfor

polypropylene.
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Figure 2.66: Relationshipof melt strength and extrusion rate of PP at ZD0Lau et al., 1998)

As it is evidentthe melt strengthof PPincreases linearly with increasing extrusion rate
(Lau et al., 1998)

When polymer melt emerges from an extruder, it experiences stress relaxation. As a result,
macromolecules do not have adequate tinrelax after shearing in the extruder dahddie at
short draw distancesindering longchain molecules entanglement and realignraent
increasing melt strengi{iMuke et al., 2001b)Therefore, it would be expected that more chain
entanglements would occur by incorporatimgnched additivegesulting in more resistance to
extensional deformation and higher nstiength.

It has been declared that the melt strength remained constartheadtitreasing velocity
of pulleys, i.e., there are no significant changes in drawdown forces at higher rotating roller
speedgKeawkanoksilp et al., 2012; Muke et al., 200IH)is behaviomight be due to the
previously oriented polymer molecular chains which slip over each other, and no more force is
required for their alignmerfKeawkanokilp et al., 2012)Nevertheless, the initial transient
elongational behavior tends to increase slightly due to the higher heat loss to the surrounding

environment at lower acceleration raf®hike et al., 2001b)
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The melt strength data can provide vital information to determine the draw ratio. This issue
will be very critical in the fiber spinning process. Thelt extensibility will decrease as its melt
strength increases, leading to draw ratio reductibhske et al., 200b). Figure2.67
demonstrates thelations between thadraw ratio and melt strength of two different

polypropylene grades.
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Figure 2.67: Melt strength and @ ratio relationshigMuke et al., 2001b)

According to this figure, each point represents the melt stresgtihto recognize the draw
ratio threshold at which melt instability initiates. Polypropylene grade MA3 shows more stability
and broader process operation windows than polypropylene grade(Mike et al., 2001b)

Thermal stability is the other important factor related to polymer bldisviscoelastic
responses such as storage modulus, complex viscosity, anchhdasrping dot change over
time (Mohammadi et al., 2012frigure2.68 shows a time sweep test of an HDPBRE blend at
290°C for more than one hour. As can be seen, the viscoelastic responses did not show any
significant changes during trials; thus, the blend can certainly be stable at temperatures lower

than 29C°C.
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Figure 2.68: Time sweep experiment of HDPE/LDPE (75/25) blend at’29Grequency of 0.1
rad/s, and strain of 5¢ohammadi et al., 2@).

In addition to the Col&€ole plot (described in th&3.5section), other complementary
methodssuch as the Han plot (@nd G), which are sensitive to phase separation behavior, can
be carried out to characterize the thermorheological propé@igsammadi et al., 2012 his
method is independent of temperature and frequency. A straight line without deviation will be
observed at different temperatures, provided that the microstructure of a binary system does not
change with temperatu(®ohammadi et al., 2012fFor examplekFigure2.69 depicts the Han
plot for an HDPE/LDPE(75/25) blend. According to this figure, a single curve is noticed for
each sample at various temperatures, confirming phase stability. The straight line shows two
moduli are equal (Gnd G). The small part of the curve above the linear line corresporttie
elastic component of the modulus. Under the eoy&s point, a transition occurs in melt
behavior, and the viscose component of the modulus domidtdsmmadi et al., 2012)n

really miscible blends, Gs linearly proportional to G and the system is independent of

temperature and compositig@huang & Han, 1985)
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Figure 2.69: Han plot of HDPE/LDPE (75/25) blend at different temperat(ivishammadi et
al., 2012)
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The other complementary method used alongside the Han plot is th€@elplot. The
right side of this plot is related to the viscdaghavior of the melts. In contrast, the lower regions
of the real part of viscosity (da) correspond
elastic(Mohammadi et al., 2012At lower temperatures at which molecular motions are
restricted, polymer chains' relaxation mechanism is slower, increasidgrtamicpartof
viscosity, and the parabola in the G@lele plot becomes largéRoland & Santangelo, 2002)
Figure2.70 demonstrates the Coefeole plot oftheHDPE/LDPE (75/25) blend at different
temperatures. As it is apparent, the plot does not change with temperature, which approves the
blend microstructure's stability.

Furthermore, therare no signs of tails and bimodal curves at thefieguency region of
the curves (right side of the Celeole plot), which confirms the component do not achieve their
relaxation mechanism individually. This behavior further confirms that the systeradiblmias
well as homogeneous. On the other hand, in immiscible systems in which the interface is
generated, a second relaxation mecharugrforming an extra peak or beginning of a tail at

hi gher val ue sintleiColafole plogMolmammaeliretvale, 2012)
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Figure 2.70: Cole-Cole plot of HDPE/LDPE (75/25/) blend at different temperatures
(Mohammadi et al., 2012)
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CHAPTER 3: Research Approach

3.1 Problem Statement & Initial Hypothesis

The spunmelt fabrics classified as spunbond, meltblown, and their composites are widely
used in many applications such as hygiene, medical, filtration, and automotive industries. The
primary raw matrials are polypropylene (PP) and polyethylene (PE), predominantly made in
bicomponenstructuresMeanwhile, the production of these structures leads to significant
amounts of process waste, which can reach to tons of waste per day. This issue I critical
concerning, as the raw materials account for approximate809® of the total cost of a
spunbond fabric. Therefore, it would be encouraging to use more bicomponent fibers as a
reclaimed input to the spunbond process. Nevertheless, incorporating tbespunbond results
in poor fiber spinning. In addition, from an industrial perspective, the critical criteria for reusing
are minor to no impact on the melt mass flow rate (throughput) as well as the linear density of
fibers.

Consequently, the poor sping of fibers can be ascribed to many reasons. It may be
hypothesized that the materials have been processed previously; thus, their previous thermal
history may have caused degradation and deteriorated their flow properties. The latter may cause
viscosityvariations, which influence morphology formation. Moreover, the materials are
extremely immiscible, which generates phase separation and poor spinning. Therefore, blending
and compatibilization are required to improve waste stream properties.

Ultimately, the poor performance of the blend can be attributed to insufficient mixing.
Hence, it is hypothesized that compounding prior to spinning can enhance uniformity as well as

dispersion. Accordingly, the blends will be compounded by the Brabender-sanglgextruder
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compounding machine available at The Nonwovens Institute at the desired ratios before

spinning.

3.2 Characterization Methods

In order to approach the issue, both reclaim polymers and their virgin equivalents will be
mixed with the majority componer®P, at the required compositionguaherevaluate the
available challenges and opportunities. The initial hypotheses will be validated or disapproved
by the characterization methods. The thermal analysis carried out by DSC reveals the thermal
history of polymers and their degree of immiscibility. Besides, thermal gravimetry analysis
(TGA) will be employed to identifghe degree othermal degradatiodue to the previous
processeas well as th@ossibleexistence of contaminants or additives.

The met flow rate (MFR) will define whether the flow rate of components is within an
acceptable processing window. Furthermore, the rheological measurements at low shear rates
will be utilized to study blends flow properties in different aspects. For instdreckss and
storage moduli can disclose important information if structural changes occur due to the chain
entanglements. This characteristic is associated with the relaxation spectrum of components
involved in the blend structure. Besides, other visctielessponses, such as the CGlale plot,
will be applied to investigate the homogeneity of blend structure.

The fibers will be spun according to the most commonly used fiber size in the spunbond
process. The spinning parameters are set to achiears filthin a linear density of2 denier
equal to 17.821.5 um in diameter. Thus, the throughput per capillary per minute and spinning
speed will be adjusted to attain the desired fiber size. Once the spinning process is stabilized, the

highest possiblepgnning speed and applicable draw ratio will be investigated.
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The morphology of fibers will be examined by scanning electron microscopy (SEM)
images. In order to provide clear images of the morphology to distinguish the phases, the cross
section of fredall (undrawn) fibers will be fractured cryogenically by liquidrogen.

Subsequently, the morphology will be quantified by determining the average droplet size of the
dispersed phase. Ultimately, the performance of fibers will be correlated to their morphology and

tensile properties.

3.3 Effect of Compounding

As blendng is the most crucial step in polymer blend technology, it is indispensable to
explore the effect of compounding on the spinnability of blend fibers. Firstly, the polymers will
be mixed by the conventional dbjending method, also known as salt & pep(|@&P), to
investigate the behavior of blends during spinning while they are not compounded. Afterward,
the blends of interest will be compounded by a t8d¢rew extruder. In this case, the high
capability of the dispersive forces will be leveraged to pi@adequate dispersion and finer
morphology. In addition, the spinning results of blends prepared by the-sorgle extruder
will be utilized to deliver a broader scope for comparing mixing methods. The compounded
samples will be spun according to trefided approach for spunbonding.

This section will cover how the morphology is influenced by different mixing conditions.
The spun fibers will be evaluated by the methods from the previous stage to establish the

correlation between morphological changessile characteristics, and spinnability.

3.4 Role of Compatibilizers

To alleviate the drawbacks created by the incompatibility of components, two different

compatibilizers will be applied to the compounded blends. It is postulated that a high degree of
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dispersion, which leads to finer morphology, will improve the spinninggss. Three main
parametersvill be considered to investigate the role of compatibilizer in spinning: a) the type of
compatibilizer, b) the preparation method, and c) the concentration of compatibilizer. The
chemical structure of compatibilizers and noollar weight play a critical role in their
effectiveness. Also, the route of mixing can determine the mechanism of compatibilization. It
will be shown if compatibilizers are inhibited from sufficient interaction between components or
if their chain mobiliy may be facilitated to decrease the interfacial tension. As the
compatibilizers are usually high molecular weight materials, their concentration significantly
matters. The excessive amount of compatibilizer generates micelles, which will negatively
impactthe efficiency of compatibilization, consequently spinning. The two compatibilizers of
interest will be compounded by both PP and PE to make a masterbatch to investigate the role of
mixing order. Before spinning, the minor phase will be incorporatedybbldnding. Then, the
main masterbatch will be diluted by adding PP and PE, depending on the mixing order. It will be
advantageous to make a masterbatch from a compatibilizer, as its ratio will be conveniently
adjusted by adding PP or PE.

The saturation nt of compatibilizers will be defined by the emulsification curve, in
which, above it, the amount of compatibilizers may be futile.

Ultimately, the efficiency of compatibilizers will be evaluated by the morphology

development, fiber formation, and tdegproperties of fibers.

3.5 Effect of Crosssectional Modification

The primary objective of this part is to analyze howasssectionaklteration may affect
the spinning of PP/PE. In this scenario, it will be analyzed to understand how much PE can be

sucessfully incorporated into PP suitable for spunbond processing. A systaifttureof
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bicomponent fibers, appropriate to integrate minor phases, such as-igkihesea (I/S)

structure, will be considered. It will be prompted to impose the PP/PEshieiodthe islands and
examine the possibility of incorporating a higher concentration of PE. Upon a successful
spinning, it will be endeavored to increase the volumetric ratio of islands to contain a higher
content of PE. The diameter of dispersed pdetes will be determined by software such as
ImageJ. Additionally, the morphological variations between blend and bicomponent fibers will

be discerned by SEM.
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CHAPTER 4: Polypropylene/Polyethylene Virgin and Reclaim Blend Fibers

4.1 Abstract

High-demanding spunbond fabrics generate a massive volume of process waste. They are
frequently made by bicomponent fibers. Additionally, reprocessing those fibers is a complex and
challenging procedure. Thus, there is tremendous motivationde ltomponent fibers in the
spunbond process. In this study, the fiber formation of the most widely used polymer blends,
polypropylene (PP) and polyethylene (PE), used in the spunbonding process, as well as the
spinnability of their reclaim counterpartgere investigated to comprehend the existing
challenges in reusing of bico fibers. The polymer blends were appropriately compounded before
spinning to prepare a wdtllomogenized and dispersed mixture of the components. Probably,
polymers are not perfectiyixed during the short time of melt spinning. The compounded
polymers were characterized thoroughly to further understand blend polymers' behavior during
fiber extrusion. The DSC thermographs confirmed the polymer blend's immiscibility regardless
of blendratios, as wells as the existence of two ingredients in the reclaimed polymer. Besides,
the TGA approved there were neither contaminants nor degradation in reclaim polymer. The
rheological properties of molten polymers were assessed, as dynamic viscoetpsinses
provide vital information regarding blend molecular structure and phase separation. Hence, the
flow behavior of compounded polymers was studied thoroughly to correlate the results with the
fiber formation capability of virgin and reclaim bleedmples. The reclaim polymer's viscosity
didn't decrease severely, further declining the hypothesis regarding weak melt viscosity due to
the reprocessing. However, complementary methods like the@adéeplot and moduli
crossover point revealed substainplase separation, and flow incompatibility leads to failed

spinning. Fiber spinning was carried out at two different temperatures according to the most
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commonly used fiber size in the spunbonding process. Fibers containing 5 wt% PE concentration
were thespinning threshold of virgin and reclaimed polymers at%l,Gvhereas only 2 wt% PE

was spun at 23%C. The tensile properties of fibers were conducted accordingly to evaluate the
fibers' performance, and their association to processing conditionsesmtidoimposition was

studied. The fibers' morphology was analyzed by scanning electron microscopy (SEM) to

recognize the effect of processing conditions and composition ratios on morphology formation.

4.2 Introduction

The application of nonwoven fabrics has me&tensively grown through past decades and
still is expanding in different industries. Among various nhonwoven web formation methods, the
spunbond process is the most favorable due to its advantages: lighter weight and tougher with
much higher breaking @hgation than woven fabrics; higher potential for producing high
strength nanofibers as bicomponent structBhat & Malkan, 2002; Yeom & Pourdeyhimi,

2011) Also, eliminathg intermediate steps in fabric production increases the production rate and
reduces the final product cost. Spunbond nonwoven fabrics have been used widely in many
applications such as hygiene, medical, civil engineering, filtration, masks, automatpet, ca

and industrial application@iutten, 2016; Mcintre, 2004; Russell, 2007; H. Wang et al., 2010)

Nonwoven webs can be achieved promptly from polymer melts by extrusion processes
(Bhat & Kotra, 2008; Midha & Dakuri, 2017a)mong polymers of choice, polyolefins,
particularly polypropylene (PP) and polyethylene (PE) are being used broadly in fiber spinning
due to their exceptional advantages such as low melting temperaty@reeessability,
inexpensiveness, chemical and solvent resistance, low density, high insulation, stain, and soil
release, abrasion resistance, and good mechanical st(Araghiusamy & Das, 2010; Fourne,

1999; Mclintyre, 2004; Russell, 2007Mhese polymers are predominantly used as bicomponent
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fibers in a Beathcore structure. The application of bicomponent fibers has been developed
remarkably. The lower melting point PE as a sheath can be molten more rapidly and facilitates
the adhesion of fibers to make stronger bonds with other fiblessain et al., 2009; H. S. Kim

et al., 1999; Maradianet al., 2020)while the higher melting point PP as a core preserves
structure. Those PP/PE bicomponenéfcan be used as medheafficiency filters(Dai et al.,

2018)

Nevertheless, the production of spunmelt fabrics generates enormous amounts of edge trim
as well as process startup and shutdown waste streams. Those wastes may surge to tons of waste
per day. Moreover, the raw materials account for nead§07% total cost of spunbond fabric
production(levtushenko, 2012)The recycling process of bicomponent fibergasy demanding.

As different polymers are used in bicomponent fibers, recycling will be complid2ésdles,

from an industrial point of view, it is crucial to reuse bicomponent fibers or edge trim in

spunbond with the most negligible impact on the throughput and fiber size. Hence, there is
considerable interest in reusing these waste streams asvtheatarials in the same process for

the same or similar products. With appropriate reclamation and reprocessing methods, those
waste streams can be reused as raw materials; otherwise, they may be disposed of in the landfill.

One of the most convenient waio reuse PP/PE fibers and their waste stream is to attain
polyblend fibers from their mixtures, while mechanical recycling and materials separation is
complex. Nevertheless, there are some challenging concerns in reusing the waste stream of
polymers. Typally spinning PP/PE blend fibers and their reclaim equivalents leads to poor
spinning processes and failure. It can be hypothesized that the reclaim polymers have been
previously processed, so their thermal, melt flow, and eventually, mechanical @ peati

have deteriorate(Rahimizadeh et al., 2020)herefore, the reclaim polymers can be
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compounded with virgin counterparts to improve waste stream prop@ti€alem et al., 2019;
Vogt et al., 2021)Thermal analysis may show the possible immiscibilitpafmer blends and
whether or not thermal degradation happens during reclamfatoh u Hsi en Li & Wo o,
Olhagaray et al., 2012; Sohel et al., 2018; Sutanto et al., 2006; Woo et al.,A6a@Pphase
separation occurs due to the polymers' immiscibility, resulting in poor melt strength and fiber
spnning. The materials' viscoelastic responses can exhibit differences between polymers' flow
properties. In addition, the rheological properties of the components, compounding methods, and
interfacial tension are the major factors that influence the srapbdistribution of the dispersed
phase within the matrix phase, affecting blend polymers morphology formation and the
performance of blend fibefSalem, 2001)For instance, efficient compounding is firmly
contingent upon how well the PE domains are distributed apérdisd. The particulates of the
dispersed phase are analyzed by SEM images, and the results can be associated with the fibers'
ultimate performance defined by their tensile properties.

A good mixture of components before spinning is essential. Thudgethers should be
compounded efficiently to make a whlbmogenized distribution and dispersion of components
in the blend structure; otherwise, failure may be observed in the ultimate product due to defects
inside the blend systeftsayev & Palsule, 2011)nsufficient mixing of materials results in
agglomeration and stress concentration, leading to fibers breakage during fiber extrusion and
inferior properties. However, most polymer mixtures are thermodynamically immiscible,
resulting in phase separation and mediocre mechanical properties.

PP, PE, and their reclaim polymer can be compounded and spun as blend polymers in a
conventional homopolynmespinning process. Therefore, a more reclaimed polymer can be

incorporated and used as raw material. In polyblend fibers, dispersed phases as droplets or fibrils
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may be embedded into a major or primary phase, constructing fhlatiixnorphology(Salem,
2001)

In thisstudy, the spinnability of PP/PE blend fibers and their reclaim equivalents were
investigated. The initial hypotheses regarding weak fiber spinning were examined by different
characterization methods to establish a guideline and methodologies to aulelpEssrtspinning

issue.

4.3 Experimental

4.3.1 Materials

Two commercially availabl@ber-grade ofpolyolefins were useds virgin polymers
Polypropylene homopolymer (ExxonMobfl PP3155) and linear lowensity polyethylene
(LLDPE; ASPUNM 6850A Dow chemical Compg) are widely usedh the spunbond process
Somebasicproperties opolymers used in this studye given inTable2.3. Additionally,a
reclaim polyner, with a code name of BSB pelletizecedge trim consisting of bicomponent
fibersof PP/PES0/50(w/w) with sideby-side crosssection, was used to evaluate the

spinnability of reclaim blends.

Table 4.1: Basic propertiesf components provided by affiliated companies

Melting Melt Flow

Polymers ﬁraargg Company Temperature Index ?32;'%/
(°C) (g/10min) | ‘9
pp | BXxonMobil | ¢, \nMobil 167 36at230°C | 0.90
™PP3 155 '
ASPUN™M o
LLDPE 6350A Dow 131 30at 190°C 0.9%
Reclaim BSB (PP/PE| Kimberly- % 47 at B0 °C i

50/50 wiw) Clark
* BSB contains twangredients (PP and PE).
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4.3.2 Blend Preparation

All polymer blends were compourdlby a Brabender single screw extruderprovide a
more homogenized and uniform dispersion of components. Before compounding, the materials
were well mixed by drplending. Thisdevice has a capillary size of 3 nwmith aL: D ratio of

25:1. Figure4.1 depicts the compounding system.

l\;w;

]
-
.

Figure 4.1: Brabender compounding machine.

The compounded polymers were extrudgenchedand solidifiedinstantly by avater
mediumat room temperature. Sequentially, theed extrudatesere granulated evenly by a
pelletizer machineThe compounded samples were assigned by PP/PE and PP/BSB code. The
first number corresponds to the major phase ratio, while the second represents the minor phase

percentagelhe blend copositionsare demortsated inTable4.2.
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Table 4.2: Virgin PP/PE and reclaim PP/BSiend polymergompositions.

Blend Compositions
PP/PE | 99/1 | 98/2 | 95/5 | 90/10 | 8515

PP/BSB H 98/2 | 95/5 | 90/10 K 80/20 | 70/30

All numbers are based on wt%.

4.3.3 Thermal Properties

Thereare variousnalytical method® analyze the thermal behavior of materials.
Differential scanning calorimetry (DSC) and thermal gravimetry analysis (TGA) are utilized
extensively Different thermal behaviors such as crystallinity, melting point, weight loss, and

degradation point can lexamined by those methods

4.3.3.1Differential Scanning Calorimetry (DSC)

Thethermal analysis of polymers and fibers was carried out using the DSC model
Discovery from TA InstrumentE€£ach sample was weighed between 5 to 10 mg,siteemed
from 25°C to 300°C at aconstantheatingrate of 10°C/min under a nitrogen atmosphere

Afterward, the DSC results were analyzgdTRIOS software

4.3.3.2Thermal Gravimetry Analysis (TGA)

Thethermal degradation characteristicgpofymersin terms of their weight loss
percenageas a function of temperature were examined by the TGA instrument model
Discovery.The onset degradation poifig] and the decomposition peak temperatiifga, the
temperature at which the highest rate of degradation occursgeterenined by TGAand DTG
(Differential Thermal Gravimetry) methods, respectivépreover, the polymers' residue was

also defined at the end of the trisi{s). Approximately 13 to 15 mg of each sample were heated
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from O to 80C°C ata constanheatingrate of 20°C/min in a nitrogen environment aflowing

rate of 20 cc/minSubsequently hie datawereevaluated by TRIOS software

4.3.4 Rheological Properties

The melt flow ratd MFR) of polymerswas measuredy a modular melt flow instrument
from Instron EAST. Three tests for each blend were carried out aC9@10°C, and 230C,
asthepolymer's weightvasextruded in ten minutes through capillary by a constant load of 2.16
kg.

Furthermore, for dynamic rheology, frequency sweep tests carried outhrough a
frequency range of 0.1 to 600 rabifsan oscillatoryrheometryTA Instruments model Discovery
HR-3in parallel geometry, at a 1 mm gamd the constant strain of 1%, steear rate ranged
from 0.01 to 100 set Then, theobtaineddata were analyzed by TRIOS software. All tests were
conductechtthe desired processingmperaturgof 210°C and 23(0°C (the same temperature as

spinning)to comprehend the polymers' behavior in the spinning condition

4.3.5 Fiber Spinning

Thepelleized extrudatesere spun by Hills multifilament spinning machiioeanalyze
virgin and reclaim polymers fiber formatiohhe extruder of this machine hakngth b
diameter ratio (L: D) of 24:1ts screw includes Maddox mixing section. The compounded
samples were spun at two different temperatures RXhd 23C0C) to have a scope of work
appropriate for the spunbonding process. In addition, the spinning ooisditere determined to
spin fibers at desired denier-82dpf) suitable for the spunbond process. All samples were spun
by a spinneret having 69 holes and a capillary diameter of 0.350 hespinning process

parameters are displayedTiable4.3.
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Table 4.3: Fiber spinning parameters

Die No. Pump Extruder Spinning Quench | Spin | Desired
of Capacity Pressure Temperature Fan Finish | Denier
filaments (rev/cc) (psi) (°C) (%) (%) (dpf)
69 2.92 750 210, 230 5-20 20 2-3

Consequently, the maximum possible spinning speed and the highest applicable draw ratio
for each blend fiber were assessed during the spinning trial. The blend fibers were designated by
PP/PE and PP/BSB codes. The first numbers are relevant to the RRgegrcand the second
numbers correspond to the minor phase composkigare4.2 shows Hills multifilament

spinline.

\1 ’ oA i A S N
Figure 4.2: Hills multiflament spinline system.
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