
 

 

ABSTRACT 

MOURADIAN, TOMIK. Processing Behavior of Virgin and Waste Stream (Multicomponent 

Reclaim) Polymers in Spunbond Process. (Under the direction of Dr. Behnam Pourdeyhimi and 

Dr. Benoit Maze). 

 

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 production of spunbond fabrics 

has been grown rapidly, the process waste, including edge trim, start-up, and shutdown waste 

streams) are rising accordingly. Those waste streams may reach to tons of waste per day. In the 

absence of appropriate reclamation, those materials are probably landfilled. In addition, the raw 

materials account for approximately 70-80% total cost of a spunbond fabric. Thus, the primary 

motivation is to reuse waste streams as raw materials in the spunbond process.  

Nevertheless, the recycling process 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. From 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) and fiber size. 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 spinning of virgin and 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 morphology formation substantially contributed to the 



 

 

performance of blend fibers. The adverse phenomenon of shear-induced migration deteriorated 

spinning and was recognized as the most significant issue of unsuccessful spinning of higher 

content of PE or reclaim 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 that the cross-sectional 

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

To produce polymeric fibers, melt spinning is the most cost-efficient method. By 

eliminating intermediate steps, melt-spun filaments can be directly collected on a conveyor belt 

to form nonwoven webs, known as the spunbond process (Chapman & Textile Institute 

(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 products and represent the 

enormous volume. Between 2008 to 2018, their production increased by 5.7%, mainly in the 

spunbonding process, contributing to 48% global sales in 2012 (INDA/Edana; Strong Market 

Demand for Nonwovens Expected to Continue.2 Page 1 of 2 © 2020 Factiva, Inc. All Rights 

Reserved., 2020; Memon, 2016). Regardless of non-industrial 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 billion in 2024 (ñGlobal Nonwovens Market to Reach US$ 64.8 Billion by 2024.,ò 2019). 

 Spunbond nonwoven fabrics are hugely utilized due to their primarily low cost as well as 

reliable strength (Chapman & Textile Institute (Manchester, 2010). They may be used in various 

applications such as medical gowns, disposable diapers, masks, agricultural fabrics, construction 

sheets, automotive fabrics, filtration, hygiene, geotextiles, surgical drapes, artificial cartilage, 

industrial and cosmetic wipes, nappies, and protective apparel (Chapman & Textile Institute 

(Manchester, 2010; Genis et al., 2007; Hutten, 2016; Kanai et al., 2018; McIntyre, 2004; Nohut 

et al., 2015; Ugbolue, 2009; H. Wang et al., 2010). Furthermore, compared to their woven and 

knitted counterparts, spunbonded nonwoven fabrics have good permeability and a high strength-

to-weight ratio (Nonwoven Fabrics Market Global Forecast to 2025 | MarketsandMarkets, n.d.). 
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The market size of nonwoven fabrics based on web formation technologies is shown in Figure 

1.1. As it is evident, spunmelt fabrics dominate the market.  

 

 

Figure 1.1: Spun melts nonwovens market size compared to other web formation techniques 

(Nonwoven Fabrics Market Global Forecast to 2025 | MarketsandMarkets, n.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 sheath-core structure. Also, PP, PE, and their blends have been considered vastly 

through decades due to their low cost, inexpensiveness, availability, good performance, chemical 

resistance, barrier properties, low density, adequate tensile strength, and lower melting point 

compared to other conventional polymers such as polyester and nylon (Charfeddine et al., 2020; 

Ciftci et al., 2017; Pracella, 2017). These characteristics result in ease of processability of 

polyolefins as well as higher yield production (Midha & Dakuri, 2017a; Y. Yu et al., 2019). 

Moreover, PP and PE blending is an economically efficient way of reusing them, enhancing PP 

and PE recycling, which endorses the sustainability of plastic materials (Lohse, 2013; 

Mastalygina et al., 2013).  
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 Figure 1.2 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 be grown in upcoming years (Nonwoven Fabrics Market Analysis 

And Segment Forecasts To 2020, n.d.). 

 

 

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

(Nonwoven Fabrics Market Analysis And Segment Forecasts To 2020, n.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 consisting of edge trims, shut down, and startup waste 

streams. The amounts of waste may rise to 5-10 wt% of total output, tons of waste per day. 

Furthermore, the raw materials account for approximately 70-80% total cost of a spunbond 

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

the primary purpose of reusing is for both ecological and economic reasons. 
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Nevertheless, The recycling process of bicomponent fibers is very challenging, as the 

existing recycling processes cannot 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 parameter adjustments. The consumption and waste generated 

by polyolefins are in high amounts, and more complicated procedures are required to treat those 

wastes (Tai et al., 2000). For example, mechanical recycling of plastics needs to separate those 

materials individually, which is time-consuming, expensive, and complete segregation is 

required, thus almost impossible (Garofalo 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., 2000). Integrating waste 

streams has many advantages, such as the less negative impact on the environment by reducing 

polymer solid waste, high-value recycling, straightforward, and in some circumstances 

engineering new materials corresponding to desired properties at low costs without using newly 

synthesized polymers (Al -Salem et al., 2016; Bosak et al., 2005; Da Silva et al., 1997; Lohse, 

2013; Nakajima et al., 1994; Ragaert et al., 2017; J. Shi et al., 2019; Utracki  1931-, 1990, 1998). 

However, additional processing adjustments are necessary to compensate for the materials' 

properties deficiency and immiscibility of different polymers in the mixtures (Al -Salem et al., 

2016; Ragaert et al., 2017). 

Therefore, compounding is crucial in polymer blend preparation, regardless of ultimate 

application. Although it might seem a simple process, it has the most decisive role in the final 
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product performance. Improper mixing of materials leads to poor performance of the final 

product. To have an efficient mixture, 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, understanding some principles 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.  

Although the chemical structures of PP and PE are very analogous, they are 

thermodynamically immiscible due to the saturated carbon atoms. This behavior is detrimental to 

their mechanical properties (Mahendra et al., 2019; Nwabunma & Kyu, 2007). To suppress this 

shortcoming, different additives can be applied to reduce the energy gap and interfacial tension 

between the two phases, thus increasing the compatibility and improving performance (Chiu et 

al., 1985; Lohse, 2013; Louizi et al., 2014; Ubonnut et al., 2007).  

Compatabilizing agents are materials that can modify the interface of components between 

domains, hence stabilizing the structure and properties. Compatibilizers influence the structure of 

polymer blends directly. Different morphologies, such as matrix-droplet and co-continuous, may 

be conceived during immiscible polymers compounding. These 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 blends. The 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. 
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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 out on the molten 

polymers (Franck, 2004). There are many viscoelastic properties such as viscosity, relaxation 

time, zero-shear 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 stresses and tensions. 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 isothermal conditions and free of any residual stresses coming 

from the processing of samples. Also, since 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 

reliable rheological measurement system (Vlachopoulos & 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 are the most pivotal 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, important information related to the molecular structure of 

polymers, such as molecular weight and molecular weight distribution, which proportionally 
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affect the processability of polymers and performance, can be derived because small structural 

changes will appreciably change the viscoelastic responses (Franck, 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 strength. Also, 

coalescence formation may be constrained by incorporating compatibilizers and locating them 

among the domains' interface, diminishing defects inside blended polymer structure, which 

enhances dispersion and compatibility.  

To be concluded, from an industrial 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, incorporating bicomponent fibers into spunbond leads to poor fiber spinning, 

generating a more substantial amount of waste. 

 

 

 

 

 

 

 

 

 

 



 

8 

 

2 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 simultaneous steps: filaments 

extrusion, drawing, deposition, and bonding. Spunbonding is the most cost-efficient method for 

making nonwoven fabrics. By technological development in the spunbonding process, 

microfibers with high filament distribution can be obtained. This leads 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 shown in Figure 2.1.  

 

Figure 2.1: Schematic of an open drawing spunbonding process (Fedorova, 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 conditions (Nanjundappa & Bhat, 

2005). Polymer's melting point, molecular 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, throughput rate, 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, 

cross-section, crimp, morphology, and filament arrangements are some parameters of fibers that 

affect the properties of spunbond fabrics (Russell, 2007). Table 2.1 shows the material 

characteristics and processing variables that may affect the properties of spunbond fabric. 

Table 2.1: Summary of variables that affect the properties of spunbond fabrics (Russell, 2007). 

Polymer Variables Filament Variables Process Variables 

Melting point 

Molecular weight 

Molecular weight 

Distribution 

Melt Viscosity 

Linear density 

Tenacity 

Elongation 

Modulus 

Cross-section 

Morphology 

Crimp 

 

Spinning temperature 

Throughput 

Cooling rate 

Quenching air 

temperature and 

pressure 

Air suction 

                          

Polypropylene fibers obtained from the Ziegler-Natta 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 
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in synthesizing and controlling polyolefins structures (Bhat & Kotra, 2008). Moreover, fibers 

achieved from metallocene-catalyzed propylene have narrow molecular weight distribution, 

lower melting point, higher strength to weight ratio, and cost-efficacy (Bhat et al., 2002; 

Marcinļin et al., 2016). In contrast, polypropylenes catalyzed by Ziegler-Natta 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 strength (Ugbolue, 2017). Molecular weight distribution has a significant impact 

on fiber spinning and subsequently on the fibers' structure and properties (Misra 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 stress-induced crystallization, more 

elongational thinning behavior as well as higher elongational viscosity (Misra et al., 1995). 

Therefore, fibers spun from broader MWD have higher density and lower birefringence. 

Conversely, fibers spun from narrow MWD have higher tensile strength and lower elongation at 

break. Overall, higher spinline stress, faster filament drawdown force, higher crystallization rate, 

greater crystallinity and orientation, higher tensile strength, and lower elongation at break are 

directly proportional to the enormous molecular weight (MW), provided that MWD is constant 

(Misra et al., 1995).  

In general, PP fiber-grade resins with MFR ranges of 11-35 and PE resins with MFRs 

between 20-40 are applicable in the spunbonding process (Kellie, 2016).  

One of the fibers' essential characteristics, 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 degradation (Bhat & 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 stress on the 

spinline, which results in fibers diameter reduction (Bhat & Malkan, 2002). While increasing 

spinning speed reduces fiber diameter and increases birefringence values, the molecular 

orientation through the fiber axis increases (Misra 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 to the higher molecular orientation 

(Russell, 2007). The fibers' diameter increases at greater quench air temperature because elevated 

spinline stress may be generated at the lower temperatures, decreasing fiber diameter (Bhat & 

Malkan, 2002; Russell, 2007). Figures 2.2 and 2.3 demonstrate the effect of throughput and 

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

respectively. 

 

Figure 2.2: Relationship of throughput and quench air temperature on fiber diameter (Russell, 

2007). 
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Figure 2.3: Effect of filament velocity on fiber birefringence (Russell, 2007). 

 

2.1.1  Polyolefin Fibers 

Among various commercially available polymers, polyolefins, especially polypropylene 

(PP) and polyethylene (PE) contribute a considerable market share. Their consumption in 

different industrial applications is growing rapidly due to remarkable advantages such as 

lightweight, low cost, excellent chemical resistance, ease of processability, and recyclability (Al -

Ali AlMaôadeed et al., 2016; Louizi et al., 2014). Figure 2.4 illustrates the world consumption of 

polymers used in the nonwoven web formation process.  

 

Figure 2.4: Worldwide utilization of polymers to the web (Memon, 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 resistance to chemicals and 

solvents (McIntyre, 2004), which make them favorable in many applications such as geotextiles, 

filtrations, medical, hygiene, automotive, carpet backing, and so on (McIntyre, 2004; Russell, 

2007). Moreover, PE fiber grade resins can be incorporated into other polymers to modify and 

improve specific properties. Usually, high-density polyethylene (HDPE) and linear low-density 

polyethylene (LLDPE) are the main fiber-grade polyethylenes. Table 2.2 summarizes some 

advantages and disadvantages of PP and PE fibers. 

Table 2.2: Advantages and disadvantages of PP and PE fibers (McIntyre, 2004). 

Advantages Disadvantages 

Low Density (0.90-0.96 g/cm3) 

Good tensile properties 

Good abrasion resistance 

Excellent resistance to chemicals 

Excellent resistance to microorganisms, 

mildew, and insects 

Insignificant moisture regains 

Good wicking properties 

High insulation 

Comfortable to the skin 

Low melting point (120-125 oC for PE; 

162-165 oC for PP) 

Poor dyeability 

Mediocre shrink resistance above 100 oC 

High flammability 

Inferior resilience 

Creep 

Sensitive to photolytic degradation 

             

Besides the attributes mentioned above, PP fibers have adverse tactile characteristics 

(plastic-like), which can be improved by blending with other polymers to modify the surface 

texture of the fibers as well as increase fibers' surface irregularities (Bosak 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 homopolymers (Nakajima et al., 1994). To produce fine denier filaments, medium to 

high MFR (melt flow index) LLDPE is used, while low MFR HDPE resins are utilized for 

filament applications (Ugbolue, 2017). Conventional characteristics of PP and PE fiber grade 

resins used in nonwovens applications are summarized in Table 2.3. 

Table 2.3: Characteristics of PP and PE for nonwovens applications (Ugbolue, 2017). 

Polypropylene Polyethylene 

Density: 0.91 g/cc 

MFR range: 12-1500 

Melting point: 160-170 oC 

Highly crystalline 

Good mechanical properties 

Broad bonding temperature window 

Poor bondability to PE film 

Poor drape due to high stiffness 

Poor radiation stability 

Moderate stability to UV 

Density: 0.91-0.98 g/cc 

MFR range: 0.5-300 

Melting point: 120-140 oC 

Varying degrees of crystallinity 

Moderate mechanical properties 

Narrow bonding temperature window 

Excellent bondability to PE film 

Excellent drape due to low stiffness 

Good radiation stability 

Moderate stability to UV 

 

 

PE can be added to the PP in the molten state to prohibit longitudinal fibrillation (surface 

peeling) of PP fibers during the drawing process (Robson 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 advantage of combining different polymers in a single fiber would be 

expected (J. Shi et al., 2019). This concept can be used to integrate more reclaimed fibers and 

compound them with their virgin equivalents, provided that their properties should be as 

improved as possible to be spun.  
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Polyolefins can be compounded with other polymers to modify the fibers' properties. For 

example, adding 5 wt% PET to PP significantly increases the tensile properties and modulus of 

blend fibers. It also heightens the strain-hardening behavior of blend fibers, which is not 

discovered in pure PP (Rizvi et al., 2017a). Polystyrene (PS) can be added to PP to enhance 

blend fibers' rigidity and creep resistance (Ugbolue, 2017). Blend fibers of commonly used 

isotactic polypropylene with atactic one may drastically improve 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). 

 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 spinneret in the former. In 

contrast, in the latter, two or more polymers are physically melt blended in the extruder before 

spinning (D R Paul & Newman, 1978; Salem, 2001). Figure 2.5 demonstrates a schematic of 

polymeric blend fibers morphology in both longitudinal and cross-sections.  

 

Figure 2.5: SEM micrographs of PP/PS (92/8 wt%) blend fibers; a) longitudinal section and b) 

cross-section (He et al., 2014). 
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Typically, polymeric blend fibers have a matrix-fibril morphology in which a minor or 

dispersed phase as droplets or fibrils is implanted inside a matrix or primary phase (Salem, 

2001). The shape and distribution of the dispersed phase within the continuous 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 performance (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 homopolymers, and no specialized spinning equipment is 

needed, so they are less expensive than the production of bicomponent fibers (Salem, 2001). A 

schematic of the typical fiber spinning process is illustrated in Figure 2.6. As said earlier, it can 

be used to spin polyblend fibers. 

 

Figure 2.6: A schematic of the homopolymer fiber spinning process (Nishio 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 particles are elongated 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 phase'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 

shear stresses to generate high aspect ratio fibrils. Subsequently, well-distributed dispersed phase 

particles with finer size and more stabilized morphology can be achieved (Salem, 2001). As the 

melt blend emerges from the spinneret, the extensional forces become dominant, increasing 

dispersed phase deformation and molecular orientation inside the extended droplets. In this 

condition, droplets deform from spherical shape to the ellipsoidal, further developing blend 

fibers' structure (He et al., 2014; Salem, 2001).       

The various cross-sectional 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 applications such as 

feminine care, baby diaper, adult inconsistence products, absorbent core in wet wipes, 

hydroentangled medical disposable textiles, and filtration products (Ugbolue, 2017). Polyolefin 

blend fibers are usually used as a bicomponent structure in the spunbonding process rather than a 

bi-constituent structure (matrix-fibril structure). A schematic diagram of the bicomponent 

spunbonding process is depicted in Figure 2.7. 
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Figure 2.7: A Schematic diagram of bicomponent fibers spunbonding process (Liu et al., 2017). 

 

 

In this process, fibers with various cross-sectional shapes or geometry can be achieved to 

promote the performance of fibers. A schematic of different cross-sections of bicomponent fibers 

is shown in Figure 2.8. Nevertheless, fewer research activities have been reported supporting the 

application of polyblend fibers (fibril-matrix structure, not bicomponent ones) in the 

spunbonding process.  

 

Figure 2.8: Cross-section of the bicomponent fibers (Deopura 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 physical properties such as tensile strength 

and abrasion resistance. In contrast, polyethylene is used in the sheath layer, which maintains the 

preferred softness, drapeability, hand feels, and enhanced elongational properties. These 

improved softness properties in PP/PE bico fibers are desirable for hygiene applications 

(Ugbolue, 2017). For instance, Figure 2.9 shows different spunbond fabrics' softness made by 

homopolymer and bicomponent fibers. ASPUN is a polyethylene fiber-grade polymer from Dow 

Chemical Company, and POP stands for polyolefin plastomer. Polyethylene and its 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 fibers' coefficient of friction, consequently increasing 

fibers' softness (Ugbolue, 2017). 

 

Figure 2.9: Softness of spunbond fabrics made by different polymers (Ugbolue, 2017). 
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Softness is a term related to the materials' coefficient of friction (COF) and flexural 

rigidity, which can be characterized by atomic force microscopy (AFM) (Ugbolue, 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 processing (Y. Wang, 2006). These fibers can be made from textile 

waste or used textiles. (Albrecht et al., 2006). In other words, the reclaimed fibers can be attained 

from process waste or post-consumer waste. The primary desire to reuse fibers would be 

ecologically and raw materials cost to improve sustainability (Albrecht 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 supplied back to be reprocessed by the 

appropriate extrusion equipment (McIntyre, 2004). Reclaimed fibers from thermoplastic 

polymers such as polypropylene, polyethylene, polyester, polyamide, etc., may be reprocessed to 

make granulates (Albrecht et al., 2006; Russell, 2007). However, polymer melt properties should 

be sufficient enough to meet the expectations. Thus, blending virgin polymers with reclaimed 

equivalents is suitable for making innovative materials with modified properties. The textile and 

nonwoven industries are no exception in this regard. With a proper blending method, the 

reclaimed polymers can be appropriately compounded with their virgin counterparts to produce 

raw materials for different applications used in the spunbonding process. In this case, the 

complex separation methods are avoided (Ubonnut et al., 2007). Moreover, the materials' 

structure and composition can be easily recognized in the waste process, and their storage and 

cost are satisfactory (Albrecht 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 over (Y. Wang, 2006); this happens in consumer waste 

textiles. In polyolefins post-consumption waste, complete separation is not feasible due to their 

analogous density and structure similarity (Jose et al., 2004; Sonnier et al., 2008). There are 

many ways to extract PP and PE from other mixed plastic waste streams in polyolefins. These 

techniques are often time and energy-consuming, complex, and challenging to apply as well as 

the perfect separation of the components might not be achievable. Accordingly, to develop 

sustainable plastic products, the blending of mixed plastic waste streams is desired, as no 

massive cleaning procedures are required (McIntyre, 2004). Figure 2.10 illustrates different types 

of textile waste.  

 

Figure 2.10: Different textile waste origin and characteristics (Albrecht et al., 2006). 
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Nevertheless, lessened mechanical properties would result in the ordinary reclaiming of 

polyolefins due to the incompatibility of the components and impurity contents inside reclaimed 

polymers (Bonelli et al., 2001). 

Some critical issues in blending waste materials with virgin polymers should be explored 

thoroughly. Many polymers are thermodynamically immiscible, resulting in ineffective 

interfacial adhesion, unstable morphologies, and eventually, low mechanical properties (Garofalo 

et al., 2018a; Louizi et al., 2014). Additionally, the waste stream of reclaimed polymers has 

already experienced several processes that may have deteriorated its mechanical, thermal, and 

viscosity properties. The irreversible thermo-oxidative degradation causes chain scission, 

crosslinking, or removal of a substituent, resulting in reclaimed materials with inferior properties 

to their virgin counterparts (Madi, 2013). Polyolefins' molecular and molecular weight 

distribution may be reduced by reclaiming and reprocessing in extrusion processes, which 

compromise viscosity properties sequentially, deteriorating spinnability (McIntyre, 2004). 

Those issues may be alleviated by implementing suitable compatibilizers and adjusting 

process parameters such as extruding pressure, feeding rate, and temperature. The concerns 

mentioned above will be discussed entirely in the following chapters.  

Utilizing compatibilizers can improve and enrich the properties of virgin and reclaimed 

blends (Graziano et al., 2019). It has also been reported that implementing suitable types of 

fillers and coupling agents can improve reclaimed polyolefins' rheological properties, leading to 

enhanced mechanical properties (Bertin & Robin, 2002; Garofalo et al., 2018b). The composition 

proportion of reclaimed 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 control and stabilize the morphology of waste stream blends with their 

virgin counterparts to reach desirable properties and valuable products (Vervoort et al., 2018b).   

Reprocessing of polypropylene leads to reduced melt viscosity, i.e., increased melt flow 

index (due to the thermo-oxidative and mechanical degradations) and severe melt shearing 

during compounding. This 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 modulus (Jmal et al., 2018).   

So far, many works have been investigated to evaluate the properties of the PP/PE 

reclaimed polymers by incorporating virgin homopolymers of either PE or PP (Albano, Sanchez, 

et al., 1998; Albano, Sánchez, et al., 1998; Bonelli et al., 2001; Madi, 2013). The majority of 

them have reported the improved properties of the reclaimed blends. However, most of the 

investigations concentrated on applications rather than fiber spinning.  

2.3 Thermodynamics of Polymer Blends 

The blending of polymers has always been an exciting topic to provide specific and 

synergistic properties barely achievable by homopolymers. Improving impact strength and 

chemical resistance are some features attained in polymeric materials blending (Blom et al., 

1998; Chiu et al., 1985; Do et al., 1996; Genovese & Shanks, 2004; Ono et al., 2009; Rek et al., 

2008; Saffar et al., 2014; Sonnier et al., 2008; Taib et al., 2012). For instance, polystyrene is used 

as a dispersed phase to improve the mechanical properties of polypropylene. In other cases, 

blends are inadvertently engendered during polymerization due to side group reactions and 

branched chains such as low-density polyethylene (Eitouni & Balsara, 2007). The cost is always 

an issue; by mixing polymers, the ultimate cost of products may be reduced remarkably 
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(Shangqing Li et al., 2017; Oyama et al., 2018). Also, involving the second component in the 

polymer mixture may enhance processability (Kaseem & Ko, 2017; Kuram, 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), low-density polyethylene (LDPE), and linear low-density 

polyethylene (LLDPE) have been developed significantly. Polyolefins have advantages such as 

high chemical resistance, inexpensive, low coefficients of friction, easy processability, energy-

efficient, economically appealing material, etc. (Al -Ali AlMaôadeed et al., 2016; Kaminsky, 

2008; Ugbolue, 2017). Thus, blending polyolefins to obtain preferable characteristics has 

become attractive in different industries. Besides the advantages mentioned above, some 

obstacles related to polyolefin blends make their blending procedure complicated. Most 

polymers have distinctive chemical structures, making them incompatible, resulting in poor 

interfacial adhesion and inferior mechanical properties. Hence, those types of issues should be 

considered in polymer mixtures to anticipate phase behavior and blend morphology effectively.  

One of the fundamental factors in mixing polymers is the thermodynamics of polymer 

blends, which help us predict and monitor the key factors involving a mixture of polymers. 

Therefore, regardless of their application, understanding and predicting their blend 

behavior is required to reduce process defects efficiently. One of the critical characteristics 

recommended for realizing polymer blend behavior is their thermodynamic term. 

Many factors are involved in this feature, such as miscibility and immiscibility of blends, 

which may lead to phase separation. As we have already been familiar with, most polymers are 

inherently immiscible, resulting in phase separation and low mechanical properties (edited, 

2002). Miscibility is an aspect of polymer blends, which clarifies a mixture containing two or 
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more components to form a one-phase system (homogeneous). Moreover, compatibility is 

another term related to polymer blends, which have a critical role in the blend systems' structure 

stability and morphology formation. The compatibility position on the ultimate properties of 

materials is undeniable. Compatibilizers are materials that can provide the aspects mentioned 

above relevant to compatibility. The application and properties of compatibilizers are described 

thoroughly following this chapter. 

Shortages in the understanding of miscibility in binary mixtures of polyolefins make it 

hard for us to address their blends' phase behavior. However, polyolefins have the most 

chemically simple structures. They are categorized as macromolecules whose specific chemical 

interactions are limited due to the completely saturated sp3 carbon structure, which leads to 

immiscibility (Nwabunma & Kyu, 2007). Furthermore, polyolefins' high crystallinity and lack of 

functional groups in their structure cause low surface energy, hindering their application (Ciftci 

et al., 2017).  

Each of those critical parameters regarding blend thermodynamics (miscibility, phase 

separation, etc.) is briefly discussed in the following paragraphs of this review. The factors like 

polymer glass transition's role in defining miscibility of blend systems are clarified. The function 

of complementary methods such as depression of melting point is also outlined. The most 

common approach related to polymer blends is still the Flory-Huggins theory. The main features 

of this theory are described as followed by other investigated methods, such as the equation of 

state (EoS). 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 thermodynamics of polymer blends offers us a 

conspicuous way to forecast whether a polymer blend is miscible or immiscible. It also provides 

information about the physical and mechanical properties of miscible blends and identifies the 

width of the interface among immiscible blends (Isayev, 2010).    

Polymers are highly viscose materials; their diffusion into the equilibrium state is slow, 

generating extra heat when mixed, subsequently causing degradation. Thus, it is hard to discern 

polymers' thermodynamical terms such as phase diagram or the Flory-Huggins binary interaction 

parameter, 1, 2. Furthermore, polymeric materials are processed under stress and high flow rates, 

which inhibit them from reaching an equilibrium condition. Due to these difficulties relevant to 

macromolecules' characteristics, scientists are inclined to use low molecular solutions to assess 

polymer blends' thermodynamics. Thus, applying laboratory data on an industrial scale is not so 

reliable (edited, 2002). 

2.3.1 Miscibility  and Phase Behavior 

Phase behavior in polymeric materials, either in solution or blends, is different from small 

molecules. The larger macromolecular size of polymers is the main reason for this discrepancy. 

Mixing entropy is the driving force for miscibility in small molecules, while this parameter is 

insignificant for polymers (Isayev, 2010). Polymer blends can reveal miscibility, phase 

separation, i.e., immiscibility and partial miscibility. Combinatorial entropy contribution is the 

most crucial factor regarding low molecular weight polymers, which is very large compared to 

high molecular weight polymers. Due to this reason, solvent-solvent mixtures have a wide range 

of miscibility compared to polymer-solvent combinations, and miscibility in polymer-polymer 

mixtures is very rare. For instance, a blend of hexane-ethanol is miscible, whereas their high 
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molecular weight mixtures of polyolefins and polyvinyl alcohol are highly immiscible (Robeson, 

2007). 

To further clarify, it is necessary to discuss the most critical factor related to the mixture of 

different components as given in equation (2.1). 

 
m m mG H T SD =D - D

 2.1) 

   

Where 
mGD is the Gibbs free energy of mixing, 

mHD and 
mSD are enthalpy and entropy of 

mixing, respectively. To have a miscible polymer blend, the free energy of mixing should be 

negative (æG<0). Although this is an essential requirement for miscibility, it is an insufficient 

requirement. Thus, the following condition should be satisfied, too. 
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Where 
ij is the volume fraction of the dispersed phase (Leszek A. Utracki, 2002). 

Negative values of equation (2.2)  (even though æGm<0) can create an area in the phase diagram 

where the mixture will separate into two phases of components (Robeson, 2007). The positive 

amount of this equation shows that the blend is miscible and has phase stability (Donald R Paul 

& Bucknall, 2000). 

The magnitude of interactions between molecules corresponds to the enthalpy term, æHm, 

whereas the available number of arrangements for the system is associated with the entropic 

term, æSm. As mixing leads to increasing the disorder of the system, the latter term is a positive 

amount. This explanation is valid for low molecular weight materials. The significant entropy 

changes are driving forces of miscibility, resulting in more negative amounts for Gibbs' free 
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energy and favoring miscibility. Additionally, when there are attractive interactions between two 

components, the enthalpy term is negative, leading to miscibility. For an ideal solution, 

intermolecular forces between the two parts are similar, and æHm = 0. Thus, miscibility is 

attained when æHm å 0 for components with similar chemical structures or specific interactions 

such as dipole-dipole and hydrogen bonding among the blend components (Isayev, 2010). 

In general, the increasing temperature in lower molecular weight materials results in more 

miscibility as the TæSm increases; thus, æGm attains negative values. Conversely, in high 

molecular weight 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 phases (Isayev, 2010). TæSm is negligible in these systems, and other factors 

like temperature-dependent æHm values cause the miscibility decreases with increasing 

temperature (Robeson, 2007). 

Polymer-solvent mixtures usually display upper critical solution temperatures (UCST). On 

the other hand, some polymer-polymer blends exhibit lower critical solution temperatures 

(LCST). The phase diagram of polymer blends is depicted in Figure 2.11 (Robeson, 2007). 
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Figure 2.11: Phase diagram illustrating UCST and LCST behaviors in polymer blends (Leszek 

A Utracki & Wilkie, n.d.). 

 

The binodal curve is relevant to the equilibrium phase boundary between the single-phase 

and the phase-separated region in this diagram. In binary systems, this is due to the chemical 

potential of an individual component, which becomes equal in both phases, as shown in the 

following equation (Robeson, 2007). 

 
1 1 2 2

a b a bm m m mD =D D =D
 (2.3) 

 

In which a and b stands for the phases, 1 and 2 represent two polymers. Even if the phase 

diagram for polymer blends with a significant difference in their molecular weight is non-

symmetrical, the experimental phase diagrams for components with similar molecular weights 

are symmetrical. If phase separation occurs, the binodal identifies the contribution of each 

component-rich phase. The tie line, displayed in Figure 2.12, can be utilized to recognize the 
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relative amount of each phase. By using equation (2.4), the volume fraction of each component 

rich phase can be determined (Robeson, 2007). 
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Where ʟ  stands for the total composition of the components mentioned in Figure 2.12. 

 

Figure 2.12: Tie-line for determining phase composition (Robeson, 2007). 

 

 

At highly immiscible polymers, the phase diagram is in the two-phase region, where the 

binodal curves overlap the y-axis at 0 and 1.0 volume fractions. In contrast, highly miscible 

polymers express a single-phase behavior, and it is challenging to define UCST or LCST (if they 

exist). UCST may not be identified at low temperatures due to the glassy state, which impedes 

molecular motion, and at higher temperatures, before observing phase separation, the polymer 

degrades (Robeson, 2007). 

According to the phase diagram of polymer blends (Figure 2.11), there are three regions 

with different levels of miscibility:       
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a) between the two binodals, there is a single-phase miscible region. 

b) four fractures metastable region between binodals and spinodals.  

c) two phase-separated "spinodal" areas of immiscibility, surrendered by the spinodals 

(edited, 2002).  

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

noticed. In 1982, Patterson detected three main characteristics of the binary interaction parameter 

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

different ways. Dispersion and free volume interactions are predominant in lower molecular 

weight systems. As shown in Figure 2.13, the sum intersects the critical value of the binary 

interaction parameter in two points (these two points are UCST and LCST). 

 

 
Figure 2.13: The contributions of dispersive forces and free volume, whose T dependence can 

result in a UCST and LCST behavior, determining 1̝2 of polymer solutions (Leszek A Utracki & 

Wilkie, n.d.). 

 

On the contrary, specific interactions are the dominant factor in polymer blends' 

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

amount of these interaction parameters is critical in one place (LCST). The involvement of those 

parameters is exhibited in Figure 2.14. 
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Figure 2.14: Free volume and specific interaction contributions affect the interaction parameter 

in polymer blends (Leszek A Utracki & Wilkie, n.d.). 

 

Altogether, phase separation occurs when changes in composition or temperature and 

pressure of a single-phase system force it to either metastable or spinodal regions. The phase 

separation mechanism is different in these two cases: Slow nucleation followed by the growth of 

phase-separated domains, and the single-phase system enters the metastable area. This process is 

called nucleation and growth (NG). On the other hand, when the system is forced from a single 

phase to the spinodal region of immiscibility, the phases separate impulsively. This process is 

known as spinodal decomposition (SD), where instant segmental density fluctuation occurs and 

eventually intensifies in amplitude, followed by wavelength (edited, 2002). Figure 2.15 

represents the density fluctuations in these two mechanisms of phase separation: 
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Figure 2.15: A Schematic of the density fluctuations during the spinodal decomposition (SD) and 

the nucleation growth (NG) (Leszek 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 coarsening process, whereas the 

concentration amplitude is maximum (Leszek A Utracki & Wilkie, n.d.). Figure 2.16 illustrates a 

simple description of the phase separation mechanisms: 

 

 

Figure 2.16: Nucleation and growth and spinodal decomposition mechanisms in binary polymer 

blends (Leszek A Utracki & Wilkie, n.d.). 
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Determining the phase separation process and its associated boundary lines can be a vast 

topic outside of this study's scope.  

When uniform (homogeneous) binary mixtures are brought to a temperature where the 

mixture's free energy evolves curving points, phase separation might occur (Figure 2.17) 

(Sanchez, 1983). 

 

Figure 2.17: A Gibbs free-energy of mixing diagram as a function of composition at a chosen 

temperature, where phase separation is possible (Leszek A Utracki & Wilkie, n.d.). 

 

The tangent points to the energy curve (the chemical potentials of two phases are identical) 

define the binodal, which implies miscibility limits (Leszek A Utracki & Wilkie, n.d.). 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 

area), the spinodal decomposition mechanism (diffusion-controlled phase separation) causes the 

phase separation. The boundaries of metastability, where the curvature alters from positive to 

negative and the second derivative of free energy is zero, are indicated by the spinodal (Leszek A 

Utracki & Wilkie, n.d.).  Unlike the nucleation and growth mechanism, the spinodal 

decomposition mechanism creates a two-phase structure that is uniform and interconnected. A 
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viscose blend is essential to notice a spinodal decomposition mixture. In low viscosity mixtures, 

nucleation and growth mechanisms dominate in the metastable zone (even at high cooling rates) 

before reaching an unstable region.  

Conversely, polymer blends are perfectly suitable for studying spinodal decomposition 

since high molecular weight polymer liquids are inherently viscose. For example, combinations 

of polystyrene/poly (vinyl methyl ether) and blends of poly (styrene-co-acrylonitrile)/poly 

(methyl methacrylate) are compatible blends and exhibit LCST behavior. Nucleation, growth, 

and spinodal decomposition were detected in the former, as shown in Figure 2.18 (Sanchez, 

1983). 

 

Figure 2.18: Phase separation of polystyrene/poly (vinyl methyl ether) open circles are phase-

separated by spinodal decomposition, and solid circles determine phase separation by nucleation 

and growth mechanism (Sanchez, 1983). 

 

Due to the slow rate of the diffusion-controlled process and the small de-mixing enthalpy 

of miscible polymer blends, it is hard to pinpoint the phase separation in partially miscible 

polymer blends.       
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In some literature, a UCST behavior has been generally observed in polyolefin blends, and 

they reported that even phase separation existed in the melt condition. However, in UCST 

systems, the blends become more miscible at higher temperatures. In other words, the phase 

diagram of polyolefins shows phase separation upon cooling down, but many depict phase 

separation when heated; they are characterized as LCST behavior. In some cases, polyolefins 

show both LCST and UCST behavior. These diversities of polyolefins' phase behavior are 

related to saturated hydrocarbons that interact through van der Waals and dispersive forces 

(Lohse, 2013). 

In the PP/LDPE blend, based on Flory ï Huggins theory, we expect interactions between 

repeat units to be similar, but that blend is highly incompatible (Rajasekaran et al., 1995). 

In general, the miscibility of polyolefin blends depends on molecular structure, 

components composition, and mixing temperature. Polyolefins have a nonpolar structure, which 

is the main reason for their blend's immiscibility. This immiscibility causes phase separation and, 

eventually, weak mechanical properties of the mixtures. In polyethylene blends with various 

levels of branches, increasing branch content and branch length decreases miscibility. In other 

words, blends of polyolefins having broad branch distributions might have two immiscible 

phases. One key point that needs to be mentioned is that if the mixture contains two immiscible 

polyethylens at the crystallization temperature, each component crystallizes separately and 

creates a dispersed and continuous phase. Depending on branch density, these phases crystallize 

at different temperatures (Nwabunma & Kyu, 2007). Despite having similar structures in their 

structural groups, such as methyl, methylene, and methine, it is not easy to anticipate the 

miscibility of the polyolefins. Most characterization methods are not proper to detect phase 

separation in those systems. The other factor regarding polyolefins' 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 immiscible (Nwabunma & Kyu, 2007). 

Overall, the solubility of polyolefin blends is hugely dependent on the chemical 

configuration of polymer chains, the length, and the location of side groups (Lohse, 2013). 

2.3.2 Glass Transition and Melting Point of Polymer Blends 

Unlike primarily miscible solutions, polymer blends are predominantly immiscible. 

Although the thermodynamical interpretation of miscibility is clear, the methods utilized to 

detect miscibility and the size of homogeneity in miscible blends are debatable. For instance, 

light scattering only may be discovered when the homogeneity size is larger than 100 nm and the 

variance in refractive index is more prominent than 0.01. The glass transition temperature, Tg, is 

the most commonly used method to investigate miscibility. Measuring Tg is simple, and the 

blends that exhibit a single Tg are considered a miscible mixture. But, still, there are some 

limitations relevant to measuring Tg that should be considered. When the amount of the second 

component is less than ten wt%, identifying Tg becomes inconsiderate. Besides, when the Tg 

difference between two elements is about ten ęC, this method cannot be used. 

On the other hand, many others like Schultz and Young have shown that Tg is sensitive to 

the degree of dispersion, not the components' thermodynamic miscibility. For example, in 

PS/PMMA blends, a single Tg was observed, but double peaks were detected when this blend 

was annealed. Moreover, other scientists like De Oliveira and Glasser in 1994 and Sauer et al. in 

1996 showed that three types of glass transition behavior might be detected due to the 

components' chemical structure, blending condition, and composition. They displayed that at 

some low temperatures, polymer mixtures showed two Tgs, but when the part blended at high 

temperatures, the combination showed a single Tg peak. Finally, at intermediate level 
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temperatures, the blend showed a single broad peak (edited, 2002). In general, blending affects 

the Tg of the system. A miscible blend exhibits a single Tg intermediate to the Tgs of the two 

components, while an immiscible blend represents multiple transitions. These behaviors are 

illustrated in Figure 2.19 (Isayev, 2010): 

 

 

Figure 2.19: DSC thermograms for a) a miscible blend, b) miscible blend close to phase 

separation, c) partially miscible blend close to phase separation, and d) immiscible blend (Isayev, 

2010). 

 

There are many methods to assess glass transition temperatures, such as dynamic 

mechanical analysis (DMA), dielectric relaxation spectroscopy (DRS), nuclear magnetic 

resonance (NMR), and differential scanning calorimetry (DSC). Among the mentioned methods, 

DSC is the most commonly used one. This method can measure Tg, melting temperature (Tm), 

enthalpy of fusion (æHf), glass transition width, and heat capacity. For example, the DSC 

thermogram of poly (L-lactide) with high molecular weight polyethylene oxide (PEO) is 

depicted in Figure 2.20. The melting point of the two components decreases with increasing 

second component composition.     
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Figure 2.20: a) PPLA/PEO blend thermograms as a function of PEO concentration (wt%), b) 

phase diagram of PLLA/PEO blends [dotted line: Tg behavior related to blending composition, 

solid lines: Tc (critical point) and Tm] (Isayev, 2010). 

 

It can be concluded that the glass transition temperature of polymer blends is proportional 

to the component composition (Isayev, 2010). 

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: 
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(2.5) 

 

Where Tg is concerned with the blend, Tg, i is the glass transition temperature of pure 

component i, and xi is the weight fraction of component i. According to equation (2.5), only the 

properties of pure ingredients are predicted. Another equation to determine Tg is Gordon and 

Taylor equation: 
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kGT is evaluated from experimental data and expresses unequal contributions of components to 

the blend. The other equation is the equation of Kwei: 
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(2.7) 

 

Index 2 in equations (2.6) and (2.7) are related to the higher Tg component. Fully miscible 

systems are denoted by a single glass transition temperature for all blend compositions. In 

immiscible systems, pure components' glass transition temperature doesn't change with the 

composition ratio (Brostow et al., 2008). The other method generated to predict the Tg of binary 

systems is Brostwo-Chiu-Kalogeras-Vassilikou-Dova (BCKV) equation. They suggested for the 

simplest case, Tg is a linear function of composition, and for real issues, they determined the 

deviation from linearity, as is depicted in equation (2.8): 

 
1 1 1 2[ (1 ) ]lin

g g g g g gT T T T x T x TD = - = - + -
 (2.8) 

 

In this equation, æTg can be a parabola, where: 
1 1 0(1 )gT x x aD = -   here 

0a is a parameter for a 

given system. æTg is maximum at x1=x2=0.5. Consequently, they reached their final equation for 

a system of any complexity: 

 2 3

1 1 1 2 1 1 0 1 1 2 1 3 1(1 ) (1 ) [ (2 1) (2 1) (2 1) ]g g gT x T x T x x a a x a x a x= + - + - ³ + - + - + -
 

(2.9) 

 

For example, results for blends of PVA/PE are shown in Figure 2.21: 
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Figure 2.21: Tg results for PVA/PE copolymers as a function of composition. Symbols are 

experimental results from the BCKV equation (Brostow et al., 2008). 

 

In simple miscible systems, the Fox equation is used; with increasing system complexity, 

the Gordon-Taylor equation, Kwei, and eventually, BCKV equations can be applied. It should be 

mentioned that the number of 
0a  in parabolic systems to characterize the experimental data is 

dependent on the system complexity for polymer blends and copolymers (Brostow et al., 2008). 

Moreover, this method is utilized when other previously mentioned methods cannot 

describe the complexities. For example, one of the components 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, Gordon-Taylor, and 

Kwei) are not reliable (Pezzoli et al., 2018). 

In addition to Tg determination, other complementary methods, such as the melting point 

depression, were used to further understand polymer blends' thermodynamics. This method is 

based on reducing the melting temperature of one component in the other one's presence.                     
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If miscibility occurs, polymers' chemical potential should be less than in their pure state, 

which results in a depression of melting point. The melting point analysis is numerously used to 

assess the miscibility of polymer blends. This method was first initiated by Nishi and Wang 

(Nishi & Wang, 1975). 

The melting point depression expresses important information about 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 depresses incredibly with increasing the second component's content 

(in this case, amorphous polymer content) due to the remarkable interactions between 

components. It is essential to outline that polymers' melting point is influenced by 

thermodynamical and morphological factors such as crystalline lamellar thickness. Thus, the 

equilibrium melting point ought to be considered to distinguish the thermodynamical effect from 

the morphological development. Hoffman and Weeks have obtained the relationship between the 

isothermal crystallization temperature Tc and apparent melting point Tm, thus: 

 
(1 )m c mT T Th h ¯= + -

 (2.10) 

 

mT ¯ is equilibrium melting temperature, h is related to the lamellar thickness of crystals 

encountered in the melting process, which is defined as a measure of stability (Qiu et al., 2003). 

 Based on Flory-Huggins theory and the Nishi-Wang equation, the melting point 

depression is identified by equation (2.11) (Qiu et al., 2003): 
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Where, ( )mT pure¯  and ( )mT blend¯ are the equilibrium melting point of the pure 

crystallizable component and the blend, respectively. H¯D is the heat of fusion of perfectly 

crystallizable polymer, V is the molar volume of repeating units of the polymers, m is the degree 

of polymerization, and f is the volume fraction of the blend's components. R is the universal gas 

constant, 1,2c is the polymer-polymer interaction parameter, and subscripts 1 and 2 refer to 

amorphous and crystalline polymers, respectively. When the degree of polymerization of 

components is large, these terms (m1 and m2) in equation (2.11) can be ignored for high 

molecular weight polymers. Thus, the interaction parameter 1,2c  can be defined as: 
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This method incorporates finding the melting temperature of a crystallizable component or 

equilibrium melting temperature in the blend and calculates interaction parameters. In this 

method, the samples first are crystallized at a particular temperature for adequate 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 when Tm=Tc. Sometimes experimental errors might occur, so it is proposed to avoid 

calculating and comparing the interaction parameter using the Nishi-Wang equation. In other 

words, it is impossible to calculate the interaction parameter when no melting point depression is 

detected. Additionally, polymers cannot be mixed easily due to their high molecular weights, 

although the chemical interaction between some polymers might be similar (like polyolefins). 

This fact can be described by the Flory-Huggins theory; when molecular weights of components 

are low, the miscibility driving force is mixing entropy (Mamun et al., 2018). An example of 
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melting point depression is shown in Figure 2.22, where a miscible blend of poly (butylene 

succinate)/poly (ethylene oxide) was mixed; the presence of PEO reduces the melting point of 

PBSU. 

 

Figure 2.22: The Left side figure shows the Hoffman-Week plot for PBSU at 20/80 blends. The 

right side figure displays the equilibrium melting point of PBSU/PEO blend vs. weight fraction 

of PEO (Qiu et al., 2003). 

 

2.3.3 Prediction of Miscibility in Polymer Blends 

Various statistical mechanic theories and models have been generated to investigate 

polymer blends' miscibility behavior. There are lattice-based models such as Flory-Huggins 

theory, the famous one, and off-lattice models such as the equation of state. Furthermore, 

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 conventional applications. 

 Flory-Huggins Theory 

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

theory is the most common method for modeling the free energy of binary polymer mixtures 
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given in equation (2.13) (Eitouni & Balsara, 2007). This model is a lattice-based theory which 

initially created for polymer solutions. 
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(2.13) 

 

In this equation, T is the absolute temperature; kB is the Boltzmann constant, űi is the 

volume fraction of components, ɜi is the volume of each monomer on the chain i, ɜ is the total 

volume, ĔiN is the number of monomers, and ABc  is the interaction factor of Flory-Huggins. The 

favorable condition for mixing results in negative c; this means that the interaction of two parts 

produces low system energy, which defines exothermic mixing condition and favorable 

interaction. Conversely, the minimal interaction between two homopolymers leads to an increase 

in the energy of the system. In this case, cis positive, indicating the endothermic condition of 

mixing and mediocre interaction between components (Sanchez, 1983). 

According to equation (2.13), the first two terms correspond to the entropy of mixing; this 

is because mixing two polymers increases the randomness of the system, increasing entropy and 

reducing the free energy of mixing. We can also assume that larger chains have less mixed 

configuration than small chains, so with growing molecular chains, æSm decreases (Bates, 1991). 

In other words, the entropy term in polymer blends favors mixing, but its function reduces with 

increasing polymer chain length. It is insignificant at higher molecular weight polymers such as 

commercially used polymers (Donald R Paul & Bucknall, 2000). In polymer blends, Vi for both 

components is large; hence the combinatorial entropy becomes small. Thus, the blend system's 

miscibility or immiscibility is clarified by the last term, ɢAB (Leszek A Utracki & Wilkie, n.d.). 
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We can also further assess polymer blends' phase behavior by inserting the binary 

interaction model into the Flory-Huggins theory. This model is applicable to evaluate miscibility 

maps, isothermal phase boundaries, and UCST-type phase separation. It is better to assume that 

the phase observations are studied at the spinodal conditions to simplify evaluating phase 

behavior. This presumption is inevitable when components' blend composition and molecular 

weight are almost similar, where the binodal and spinodal curves overlap. In contrast, the critical 

composition shifts toward the part with lower molecular weight in blend systems with different 

molecular weight components. Besides molecular interactions that are the main factor in 

determining blend phase behavior, other factors like molecular weight, blend ratio, copolymer 

composition, pressure, and temperature may influence blend phase behavior. Among these 

parameters, temperature, molecular weight, and copolymer composition have been studied more 

frequently (edited, 2002). 

Despite its convenient applicability, Flory-Huggins theory has some failures that inhibit its 

application in many situations: first, this model, based on the lattice model, does not consider the 

free volumes in polymers and only takes combinatorial entropy into account. Second, it is applied 

in concentrated solutions, not diluted ones, and finally, specific chemical interactions are not 

considered, and it applies to non-polar molecules (Scheffold et al., 1996). Regarding these 

shortcomings in lattice-based models, many other theories have been generated. Most of them 

seem less practical, time-consuming, and require more complicated mathematical calculations. 

However, these theories are used in more complex situations, where the Flory-Huggins theory data 

may not be reliable, as was already discussed. One of these approaches was made by Coleman-

Painter, who utilized an additional term to the Flory-Huggins equation by another term, æGH 

related to the specific interactions in polymer blends, as shown in equation (2.14).  
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The brackets' first term refers to equation (2.13) and HG

RT

D
 is relevant to the excess free 

energy of mixing related to the hydrogen bonding (whether A-B or B-B). mA and mB are ratios of 

volumes of two components to that of a lattice site. This equation might be more complicated 

when other factors, such as non-bonded monomers and unassociated polymers in hydrogen 

bonding, are considered (Anderson, 2018). 

 Computational Models 

In addition to the lattice model, other methods in which molecules are spread in a 3-

dimensional space have been considered. One of these models, the perturbed chain statistical 

association theory (PC-SAFT) equation of state model, is developed to assess miscibility in 

pharmaceutical amorphous dispersions (Anderson, 2018). 

In the PC-SAFT model, each molecule chain is decreased to a chain of spherical segments; 

each segment may interact with other parts of other molecules by van der Waals attractions, 

dipole-dipole interactions, and hydrogen bonding. The residual Helmholtz energy is applied in 

the PC-SAFT model to calculate the sum of different contributions (Prudic et al., 2014). 

 res hc disp assoca a a a= + +  (2.15) 

 

Where hca  is the hard-chain contribution, dispa  is a dispersion term for the van der Waals 

interactions, and assoca  is for the H-bonding contribution (Anderson, 2018). 

    The united atom model is also a way to predict the miscibility procedure accurately. In 

this model, each carbon atom and its hydrogen-bonded atoms are integrated into a single 
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interaction site; this results in a smaller number of interaction sites, which improves 

computational efficiency. In this method phase behavior of a short-chain hydrocarbon can be 

assessed. Among computer simulation models, Monte Carlo (MC) and molecular dynamic (MD) 

are the most precise computational models to investigate polymer blends. They are capable of 

getting exact results in determining the statistical mechanics of mixing. Unfortunately, these 

approaches have limitations, too. As polymer chains consist of thousands of monomers, it is 

impossible to expect each chain to follow the same phase separation pattern simulated by the 

molecular dynamics method. The polymer 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 approach may define the 

physical properties of polymer blends and determine the effect of surrounding chains on the 

intramolecular interaction (Heine et al., 2003). 

 Equation of State (EoS) 

The equation of state calculations has a critical functionality in various polymer systems 

applications. The equation of state model predicts the vapor-liquid phase equilibria according to 

the statistical mechanical methods. The PVT measurements of polymer melts provide 

information about volumetric behavior, which is precious information about the equation of state 

scaling constants. Yet, this information is not well enough to understand the hydrogen bonding 

donor/acceptor capacity or polar character. One convenient approach to correctly applying this 

model is using a simple equation of state known as NRHB (Non-Random Hydrogen-Bonding). 

This model assigns two characteristics to each pure polymer. One feature is attributed to a 

specific volume spV * , and the other character is related to segmental interaction free energy g*. 

The free energy is given by enthalpic and entropic components as follows:  
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( 298.15)h sg Te e* * *= + -

 (2.16) 

 

This method considers one universal volume per segment for all polymers (9.75 cm3/mole).  

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. For example, the linear 

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 further verification. For a polymer without any hydrogen bonding capability 

(for example, polypropylene), the cohesive energy density (CED), which is equal to the square of 

the solubility parameter, can be estimated by NRHB 
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(2.17) 

U and V 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 polymers having both proton donor and acceptor groups, such 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 

extracted. The free 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 the allocation to the 

cohesive energy density of hydrogen and non-hydrogen bonding interactions. The PVT data are 

available for polymers such as PVC and PMMA, which own either acidic or basic groups, not 
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both (heterosolvated compounds). These polymers do not incorporate hydrogen 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 data similarly to non-polar polymers. Consequently, their 

scaling constants are deduced (Panayiotou, 2018). 

2.3.4 Solubility Parameter 

The solubility parameter is introduced by Hildebrand and Scott, which is used to predict 

the ɢ parameter in non-polar systems.  

ɢ parameters are calculated by differences in solubility parameters of pure components, 

which are given in equation (2.18) (Eitouni & Balsara, 2007): 
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(2.18) 

Where ŭi is the solubility parameter of components, n is the volume of the lattice site.                

In many kinds of literature, ɢ is independent of űi and Ni and is a temperature-dependent term.  

Also, ɢ can be estimated from the binodal and spinodal curves (Eitouni & Balsara, 2007). A 

considerable shortcoming of equation (2.18) is that only positive values of ɢ can be obtained. 

Only positive deviations from the free energy of mixing are feasible (dispersion force and weak 

polar force are the only molecular interactions). This method cannot consider negative deviations 

from the free energy of mixing due to the favorable interactions between components (Anderson, 

2018). 

Interestingly, the thermodynamic properties of binary systems can be determined by 

identifying a single interaction parameter, ɢ; nevertheless, the blend composition and molecular 

weight of components are evident. Theoretically, ɢ is dependent on energetic interaction 
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monomers in the system. Practically, ɢ is a quantity figured out experimentally (Nedoma et al., 

2008). 

The experimental and calculated values of the solubility parameter of various polymers are 

exhibited in Table 2.4. 

Various attempts such as Hansen solubility parameters have been introduced to further 

enhance solubility parameter theory to involve hydrogen-bonding and polar interactions. In this 

experiment, miscibility data correspond with partial solubility parameters: dispersion (ŭd), polar 

(ŭp), and hydrogen bonding component (ŭh) interactions. But this approach is only semiempirical 

due to the lack of thermodynamical explanations. Besides, this method does not consider the 

requirement of different functional groups such as hydrogen bond donors and acceptors 

(Anderson, 2018). 

 One of the significant difficulties regarding the solubility parameter is its poor 

reproducibility. Selecting different types of commercial polymers and different sets of solvents 

may remarkably change the measured ŭ. Therefore, the most significant disadvantage of the 

solubility parameter is the lack of entropic and interaction effects. Likewise, other fundamental 

factors such as structural (isomeric), orientation, or the neighboring group effects (steric effects, 

functional groups) are not considered in this approach (Leszek A Utracki & Wilkie, n.d.). 

 

 

 

 

 

 



 

52 

 

Table 2.4: Solubility parameters, experimental and calculated values for common polymers at 

298K. All ŭ values are in (J/mL)1/2 (Leszek A Utracki & Wilkie, n.d.). 

 
 

The Flory-Huggins equation can be applied to predict phase diagrams on polymer blends, 

provided that ɢ is presumed to be a function of temperature and independent of molecular weight 

and blend composition. However, some polymer blends showed that ɢ is dependent on the 

volume fraction of components and molecular weight. Thus, understanding the thermodynamics 

of polymer blends requires other complicated methods that deviate from the Flory-Huggins 

theory (Nedoma et al., 2008). 

Homopolymer blends have demonstrated various types of phase separation. Some 

combinations exhibit phase separation in heating, whereas others show phase separation in 

cooling. These behaviors are relevant to ɢ, whether it increases or decreases with temperature. In 

many blends, ɢ changes with temperature are non-linear, which demonstrates more complex 

phase diagrams. In many polymer blends, the ɢ parameter is positive and increases linearly with 

1/T. In other words, if the temperature dependence ɢ is known (might be defined experimentally 

from binodal and spinodal curves using related equations), then: ɢ(T) = A+B/T. 
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In contrast, if the relation between the ɢ parameter and 1/T is non-linear, it can be fitted 

into a quadratic function: ɢ(T) = A+B/T+C/T2 A and B can be identified by matching the values 

of ɢ. A reflects entropy contribution, while B is related to enthalpy contribution. One example is 

shown in Figure 2.23. In such a blend, increasing temperature results in miscibility. As 

mentioned above, this behavior is referred to as an upper critical solution temperature (UCST). 

 

Figure 2.23: An example from polymer blends in which ɢ increases linearly with 1/T (Eitouni & 

Balsara, 2007). 

 

A two-phase is anticipated for these blend systems at room temperatures, but a single-

phase would be observed above a specific temperature.  

2.3.5 Cole-Cole Plot 

Alongside the methods mentioned above, other tools generated from dynamic-mechanical 

experiments can be used in determining miscibility and mechanical relaxation properties of 

binary systems (A Ajji et al., 1988; Ho et al., 2002; Mu↓↓nstedt  1941-, 2016). The rheological 

measurements become more considerable when light scattering and optical microscopy methods 

cannot provide reliable results for phase diagram and phase separation temperature. Particularly, 
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when the components' refractive indices are very similar due to the close chemical structures or 

equal density, the application of those methods becomes inappropriate and limited by the 

samples' transparency (W. Yu et al., 2011). On the contrary, even insignificant structural changes 

during phase separation can be correlated with polymer blends' viscoelastic responses (Huang et 

al., 2012). For instance, frequency-independent presentation of imaginary part ɖ of the complex 

viscosity as a function of the real part ɖ, which is known as the Cole-Cole plot, is such a tool to 

assess whether the system is heterogeneous or homogeneous (Du et al., 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 semicircle plot is indistinguishable in 

miscible blends, confirming a uniform relaxation mechanism. 

In contrast, in immiscible polymer blends, the ɖ vs. ɖ plots are different, the radii of the 

plots change with blend composition, and the semicircles overlap each other (Ho et al., 2002). 

Figure 2.24 shows LLDPE/LDPE blends at different compositions. None of the blends are 

identical, which endorses the immiscibility of this blend system. 

 

Figure 2.24: Cole-Cole plot of LLDPE/LDPE blends with different compositions (Ho et al., 

2002). 
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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 the phase transition can be 

identified once the second arc appears in immiscible blends (A Ajji et al., 1988; Mu↓↓nstedt  1941-

, 2016). For example, Figure 2.25 shows a mixture of polystyrene and polyvinyl methyl ether in 

which the system is miscible at 130 °C as one complete arc is observable. In contrast, the phase 

separation occurs at 140 °C, where the second arc appears (A Ajji et al., 1988; Mu↓↓nstedt  1941-, 

2016). When the temperature dependence of a polymer blend's miscibility is analyzed, this 

method can be applied (A Ajji et al., 1988; Mu↓↓nstedt  1941-, 2016). 

 

Figure 2.25: Cole-Cole (imaginary ɖ vs. dynamic ɖ part of complex viscosity ɖ*) plot for 

PS/PVME 80/20 at four temperatures (Mu↓↓nstedt  1941-, 2016). 

 

2.3.6 Intermolecular Interactions 

It is necessary to describe the types of intermolecular interactions in polymers in which 

they contribute considerable influence on thermodynamic terms, enthalpy, and interaction 

parameter ɢ. The most common attractive forces involved in polymer blends are depicted in 

Table 2.5. 
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Table 2.5: Attractive forces frequently involved in interactions (Coleman, 2017). 

Type of Molecule 
Type of 

Interaction  

Interaction 

Strength 

Non-polar small molecules or polymers Physical Weak 

Weakly polar molecules or polymers Physical Weak 

Strongly polar molecules or polymers Physical-Chemical Intermediate 

Hydrogen-bonded molecules or polymers Chemical 
Intermediate - 

Strong 

Molecules or polymers that interact by the 

formation of charge-transfer complexes 
Chemical Strong 

Ionomers ï hydrocarbon polymers containing 

ionic groups 
Chemical Strong 

             

The interaction between non-polar molecules is considered ñweakò compared to polar 

ones. The nature of these interactions is related to the RT at ambient temperature. Suppose two 

molecules or segments of polymer chains locate next to each other to maximize the attractive 

forces. In that case, their energy of dissociation æE can be calculated using Boltzmann's 

distribution to measure the fraction of molecules or, in polymers, the fraction of segments. In this 

case, these fractions would have energies more significant than the energy of dissociation, æE 

(energies higher than interaction strengths of about 3kcal/mole). Thus, less than 1% of 

interacting units would have enough energy to dissociate; this mainly happens in strong 

hydrogen bonding interactions in polyamides, polyphenols, etc. Hence, the weak interaction 

bonds are physical interactions, and strong interactions are related to chemical interactions like 

hydrogen bonding. The physical interactions are those incorporating London dispersion forces 

and weak dipolar interactions. The potential energy of mixtures with this type of interaction can 

be figured out using the pair-correlation method represented by Hildebrand and Scott. The 

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

in terms of cohesive energy density, C equals æEv/V, where V is the molar volume, or solubility 

parameter, ŭ (Coleman, 2017). It should be mentioned that this relationship is between non-polar 

molecules. 

On the other hand, chemical interactions are strong and are dependent on orientation. The 

most common intermolecular forces associated with polymer blends are hydrogen bonding, 

dipoles, etc. However, other chemical forces are concerned with polymer blends' miscibility, 

such as charge transfer complexes and ionic interactions; they are less critical than hydrogen 

bonds and strong dipole interactions. The importance of these chemical bonded is that they can 

form species with particular stoichiometry (dimers, trimers, etc.). Furthermore, the functional 

groups encountered in hydrogen bonding or dipole interactions are placed in a specific part 

molecule, and through that, chemical interactions dominate over physical interactions. It should 

be noted that dipole interactions occur between polar molecules (Coleman, 2017). 

In conclusion, we have acknowledged 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. Miscibility of blends and their phase 

stability should be investigated deeply to prevent defects, which negatively impact properties in 

the final product structure. Plenty of methods and theories have been issued to understand 

polymer blend behavior. Flory-Huggins theory is still the most common and convenient method 

despite its shortages. Applying the most practical approach depends entirely on the features of 

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

As discussed in previous sections, polymers' blending 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 inhibit their application (Francesco Paolo La Mantia et al., 2017). In 

heterogeneous polymer blend systems, the interface between domains is crucial in determining 

mechanical properties (Jordan et al., 2018). The presence of a third party is required to mitigate 

and overcome those deficiencies in polymer blends. Surfactants are well-known materials to 

decrease the free energy of immiscible fluids by adsorbing to the interface of materials 

(Karkhaneh-Yousefi et al., 2017). Compatibilizers are materials with the same function as 

surfactant agents. These materials, whose characteristics are similar to low molecular weight 

emulsifiers, may be located in two immiscible polymers' interfacial regions (C. 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 technique, and so on. Reactive molecules such as vinyl monomers, 

methacrylic copolymers containing reactive functional groups, and maleic anhydride are 

indispensable to compatibilize immiscible polymer blends (Ignaczak et al., 2018). In other 

words, copolymers or compatibilizers containing functional groups result in more interactions 

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 chemical bonds (Dobrovszky & Ronkay, 

2016). Applying compatibilizers might generate different droplets, such as a sphere, laminar and 
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fibrillar particles in the dispersed phase (Francesco Paolo La Mantia et al., 2017). Other types of 

compatibilizers, such as graft and block copolymers, have been developed to enhance immiscible 

polymer blends' properties (Zhao et al., 2018a). The chemical structure of the compatibilizer has 

a remarkable effect on its performance. For instance, graft copolymers have lower molecular 

chain mobility than block copolymers, which hinders their efficiency. Thus, an accurate balance 

between graft length and density is required for graft copolymers. 

On the contrary, block copolymers with a triblock structure have superior effectiveness to 

diblock ones due to passing through the interface twice (Zhao et al., 2018a). Compatibilizers can 

be located at the interface of two polymers or involved in the bulk phase, which affects particle 

breakup (Karkhaneh-Yousefi et al., 2017). Predominantly, compatibilizers can increase the 

interfacial adhesion between two phases as well as revise morphology by reducing the 

coalescence of the dispersed phase during blending (Zhao et al., 2018a). 

2.4.1 Phase Morphology of Polymer Blends 

 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 deformation of the dispersed phase into 

lamellas, followed by fibrils and droplets formation, the morphology is evolved (Lindt & Ghosh, 

1992; Lyngaae-Jorgensen, 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' phase 

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, and optical properties (Pracella, 

2017).  

Among the factors mentioned earlier, interfacial tension and viscosity ratio are essential in 

the morphology evolution of polymer blends (Palsule & 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 weight (Palsule & Isayev, 

2016). Table 2.6 shows the interfacial tension for some polymer melts blends.  

Table 2.6: Interfacial Tension Between Molten Polymer Blends (Palsule & Isayev, 2016). 

Polymer Blends 
Melt Temperature 

(°C) 

Interfacial Tension 

(dynes/cm) 

Polyethylene/Polypropylene - 1.2 

Polyethylene/Polystyrene 180 4.1 

Polyethylene/Polysulfone 290 6.5-7.0 

Polyethylene/Poly(phenylene sulfide) 290 7.2-7.9 

Polyethylene/Poly(methyl methacrylate) 180 9.0 

Polyethylene/Poly(ethylene terephthalate) 290 9.2-9.4 

Polyethylene/Polycarbonate 290 12.5-13.0 

Polyethylene/Polyamide-6 290 12.8-13.2 

Polyethylene/Polyamide - 10.6 

Polypropylene/Polystyrene 250 3.7 

Polystyrene/ Poly(methyl methacrylate) 180 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 to those processed by the Ziegler-Nata catalyst in polyolefin blends 

(Samuel et al., 2019); this is attributed to the more chain entanglements 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) 

methods (Samuel et al., 2019).  

Various measurement techniques have been introduced to calculate the interfacial tension. 

The pendant drop is the most famous one, followed by thread breakup, rotating drop, and 

imbedded fiber retraction (shape evolution of fibers) methods (Palsule & Isayev, 2016). The 

pendant drop method has some obstacles in polymers due to the high viscosity of polymer melts 

that high temperatures 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 practical (Pötschke et al., 2002). Generally, the interfacial 

tension calculation may not be accurate in polymer blends such as PP/PE, whose melt density 

differences are not significant (Samuel 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 lower viscosity ratios, the 

dispersed phase undergoes elongational deformation and breaks up readily; this generates 

microfibrillar structures (H. M. Lee & Park, 1994). Thus, the blend of low viscosity dispersed 

phase and a high viscosity matrix phase is favorable (L. Wang et al., 2015). In this combination, 

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 dispersed phase (L. Wang et al., 

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

viscosity ratios, which lead to thinner microfibrils with narrow particle diameter distribution (L. 

Wang et al., 2015). For example, Figure 2.26 shows different blends of PS and PP (90/10 wt%). 

As it is clear, in images E and I, where the viscosity ratio is low (ɚ=0.13), the PP spheres were 

deformed to highly fibrillar shapes. Similarly, in images F, G, and J, where the viscosity ratio is 

1.00, too oriented ribbon shape deformation is noticeable. On the other hand, only ellipsoidal 

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

 

Figure 2.26: SEM images of PS and PP blend: A-D) PP/PS blend before stretching. E-H) PS/PP 

longitudinal section by tape extrusion, I-J) dispersed phase after PS removal (L. Wang et al., 

2015). 

 

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

results in changes in 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 co-continuous and discrete phase structures. Different practical properties such as 

mechanical, electrical, and barrier may be attributed to those morphologies. For instance, PE/PP 

co-continuous morphology has a superior Young's modulus to homopolymers (Charfeddine et 

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

following paragraphs. 

2.4.1.1.1 Matrix -Droplet Morphology 

In this type of morphology, also known as the discrete phase structure, the second polymer 

or minor phase (dispersed phase) is distributed in the primary component (matrix phase) by 

droplet formation, whose size is dependent on melt viscosity ratio, blend composition, shear 

stress, and interfacial tension. As an example, Figure 2.27 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, coalescence occurs. A 

coarser morphology is observable at the blend ratio of 70/30 (image c). Moreover, the 

distribution of particles is not uniform in the dispersed phase, which impairs stress transfer, and 

undermines mechanical properties. In the image (d), where the blend ratio is 60/40, unlike in 

other images, a co-continuous 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 compositions (Graziano et al., 

2019). 

 

A fine dispersion of small droplets may be achieved when the dispersed phase's viscosity is 

less than the matrix phase's viscosity. On the contrary, a coarse dispersion of the second 

component with a broad particle size distribution will be detected when the second phase's 

viscosity is higher than the viscosity of the matrix phase. Well-developed droplet deformation 

may occur at higher shear rates, low interfacial tensions, and high matrix viscosity. The 

formation of droplets is related to the breakup and deformation processes of the dispersed phase. 

Therefore, the ultimate morphology can be attained when droplets' breakup and coalescence 

reach equilibrium (a balance between shear and interfacial forces). Coalescence is a phenomenon 

that causes the particles of the dispersed phase to collide with each other, and recombination 

happens, which leads to a 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 specific amount. At concentrations of about 0.5 
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wt% or less of the dispersed phase, the coalescence may not occur. If coalescence is obstructed, a 

finer morphology may be obtained (Graziano et al., 2019). There are two breakup mechanisms: 

Stepwise and transient, shown in Figure 2.28. 

 

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 following paragraphs). At Cacrit (Ca is 

the ñcapillary numberò introduced by Taylor, which is defined in the following paragraphs), the 

shape of particles of the dispersed phase is spherical, and their final droplet diameter can be 

calculated by the following equation: 
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The droplet breaks when D > Dcrit. 
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Conversely, in the transient mechanism at Ca >> Cacrit, the dispersed phase has a thread 

form, and it breaks when D < Dcrit. 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 > 2 ³ Cacrit for simple shear flow and Ca > 5³Cacrit for extensional flows (Graziano et 

al., 2019). In this mechanism, the final particle diameter can be calculated by the following 

equation:    
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According to equations (2.19) and (2.20), Gis the interfacial tension, ɔ is the shear rate, ɖm 

is the matrix viscosity, and ɖr is the viscosity ratio of the dispersed and matrix phases (Graziano 

et al., 2019). When the viscosity ratio is higher than 1, the 0.84 value in equation (2.20) is 

positive, and it is considered negative when the viscosity ratio is smaller than 1. Nonetheless, this 

is only applicable when the concentration of the dispersed phase is very low and the coalescence 

is insignificant. The occurrence of the transient breakup mechanism is recorded in highly viscous 

thermoplastic polymers (Graziano et al., 2019).      

It should be outlined that blend composition remarkably influences the phase morphology. 

Furthermore, increasing the concentration of dispersed polymer results in expanding the 

coalescence phenomenon, and ultimately the size of particles of the dispersed phase increases. 

Thus, the viscosity of components has a substantial effect on estimating blend morphology 

(Pracella, 2017). The influence of these two factors (the composition of ingredients and polymers 

viscosity) is noticed 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 in the mixture. On the 



 

67 

 

contrary, when one polymer has a greater viscosity than the other, the matrix phase becomes the 

polymer with lower viscosity even though the content of the high viscosity polymer is 

approximately 80% of the blend. 

This behavior can be used to produce sheath-core bicomponent fibers where the lower 

viscosity polymer tends to surrender the higher viscosity one due to the easy deformation in the 

higher shear rates in the capillary wall regions (Salem, 2001).  

Besides the factors above in determining phase morphology, other factors such as 

interfacial tension, shear rates, and processing condition have a remarkable impact on forming 

phase morphology. Taylor clarified those factors by introducing ñcapillary number,ò as shown in 

the following equation: the ratio between hydrodynamic stresses and interfacial stresses 

(Graziano et al., 2019). 
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In (2.21), B is the diameter of the dispersed phase, Gis the interfacial tension, ɖm is the 

viscosity of the matrix, and ɔ is 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 critical capillary 

number is attained. The interfacial tension between two components is a driving force preventing 

domain deformation, which develops coalescence (Graziano et al., 2019). For capillary numbers 

greater than Cacrit, the droplets become unstable, finally breaking due to the irreversible 

stretching and deformation. On the other hand, when capillary numbers are smaller than Cacrit, 
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the interfacial tension is significant, 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 valid only for Newtonian fluids and simple 

shear flow.  

Another critical factor in the morphology evolution of polymer blends is the type of flow 

during melt blending. Types of flow are classified into two categories: one is the simple shear 

flow in which segments 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 

breakup of droplets is not feasible (Graziano et al., 2019). The second type of flow is extensional 

flow (2-D elongation), in which the parts of polymers flow away or toward 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 such as fiber-like core-shell, onion ring, 

and droplet-in-droplet (i.e., co-continuous) might be detected during the polymer mixing process. 

For example, fibrils and fiber-like structures can be formed by the deformation of the dispersed 

phase in the elongational flow field or during melt extrusion processes (Pracella, 2017). The 

droplet-in-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 

droplet-in-droplet structure that is highly relevant to the surface of the dispersed phase area and 

the components' interfacial tension (Pracella, 2017). The properties of polyblend fibers are 

exceptionally related to the dispersed phase morphology (Francesco Paolo La Mantia et al., 

2017). Each morphology can provide specific properties. For instance, fibrillar morphologies 
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lead to enhanced tensile properties, lamellar structures resulting in better barrier properties, and 

droplet/matrix morphologies promote the impact properties and co-continuous morphologies, 

including properties of both polymer components (Willemse et al., 1998).  

Figure 2.29 shows the SEM micrographs of PP/PET (75/25 wt%) blend samples. The 

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 particles is 

relatively elongated due to the elongational forces during the extrusion process. This particle 

shape is not observed in compatibilized blend samples due to the particles' tiny size, which 

inhibits further elongation (Francesco 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 5% (Francesco Paolo La Mantia et al., 2017). 

 

According to Figure 2.29, adding small amounts of compatibilizer (SEBS grafted with 

maleic anhydride) drastically changed the morphology. Unlike the uncompatibilized sample, the 

compatibilized ones have enhanced phase adherence, and the particle size of the dispersed phase 

is also smaller. With the increasing compatibilizer content (from 2.5% to 5%), particles' size is 

much more diminished (Francesco Paolo La Mantia et al., 2017). 

 

a) b) c) 
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2.4.1.1.2 Co-continuous Morphology 

The co-continuous 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 polymers (Graziano et al., 2019). The 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 co-continuous phase (Pracella, 2017). A dispersed phase 

turns into a continuous one (Argoud et al., 2014). Chemical structure of components, 

composition, rheological parameters, and phase inversion phenomenon are critical factors in 

immiscible polymer blends to form co-continuous morphology. This morphology can be 

observed in partially miscible polymer blends (Pracella, 2017). It should also be mentioned that 

the coalescence of densely packed elongated droplets or threads is sometimes defined as co-

continuous morphology (Argoud et al., 2014). A semiempirical equation has been introduced by 

Miles and Zurek to anticipate 

 co-continuity and simultaneous interpenetrating network:  
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According to (2.22), ɖ is the components' viscosity, and ű is the volume fraction (Graziano 

et al., 2019). 

As compatibilizers affect interfacial tension, droplet formation, and coalescence 

phenomena, they can develop a system with robust interactions at the interfaces of immiscible 

polymer blends, resulting in an evolved co-continuous morphology (J. Li et al., 2002). 

Additionally, blends with co-continuous morphology can establish porous materials by 
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extracting one of the components with a selective solvent (C. Yu 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, the co-continuous 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 of co-continuous 

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 don't break during melt processes (J. Li et al., 2002). Some literature 

states that as the compatibility increases between two components, the co-continuous phase 

morphology is probably replaced by uniform dispersion of the dispersed phases by consistent 

droplet sizes (Kang et al., 2015). For instance, as shown in Figure 2.30, adding the content of 

ethylene-butyl acrylate-glycidyl methacrylate terpolymer (EBA-GMA), 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 wt% (Kang et al., 2015). 
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    Therefore, a preserved co-continuous phase may be achieved at a specific critical 

volume fraction. Above this crucial point, the co-continuous morphology is stable and may not 

break up (Willemse, 1999). For more understanding, a blend of PE/PS is depicted in Figure 2.31, 

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

 

Figure 2.31: SEM images of PE/PS blends. (a, b) The blend's morphology with 27 vol% PS 

before and after 10 min annealing; (c, d) the blend's morphology with 35 vol% PS before and 

after annealing, respectively (Willemse, 1999). 

 

 

As shown in Figure 2.31, both blend ratios show a co-continuous phase morphology before 

annealing. In contrast, the co-continuous morphology broke up in the blend with 27 vol% PS and 

changed to the dispersion form during annealing. Conversely, in the mixture with 35 vol% PS 

the co-continuous phase did not break up during annealing; just a coarser structure was formed 

by annealing. As A Result, there is a critical volume fraction between 27 and 35 vol% where the 

co-continuous morphology does not break up (Willemse, 1999). Figure 2.32 shows the formation 

of co-continuous phases in different blend ratios. Obviously, at 17 vol% PS the structure is 

dispersed-like, and after 27 vol% PS, the co-continuous morphology developed. 
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Figure 2.32: SEM images of PE/PS blend from a-d contain 17, 27, 35, and 46 vol% PS, 

respectively (Willemse et al., 1998). 

 

Besides the mentioned factors in determining phase 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 interface, resisting the interfacial 

tension to inhibit the minor phase fibers' breakup, which improves co-continuous morphology 

formation (C. Yu et al., 2016). Nonetheless, asymmetric block copolymers have their 

shortcomings. It takes a long time for diblock to diffuse into the interface, which is not 

commercially favorable. The shorter block causes the interface to become weak and unable to 

transfer shear stresses during melt processing. Furthermore, the block copolymer's longer side 

should be the same as the dispersed phase and much longer than the shorter block (C. Yu et al., 

2016). 

A few kinds of literature outlined that the shape of the dispersed particles can affect the 

formation of co-continuous morphology (continuity 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 



 

74 

 

the low volume fraction of the minor phase, a co-continuous structure might be formed when the 

minor phase contains extended shapes (elongated) in which droplets can touch each other. Thus, 

processing conditions significantly influence the formation of co-continuous morphology. 

Eventually, as mentioned already, all minor phase material becomes part of a single continuous 

structure at a certain volume fraction. A fully continuous phase of the second component in the 

matrix phase is achieved (co-continuous morphology) (Willemse et al., 1998). 

2.4.1.1.3 Morphology of PP/PE Blends 

As stated already, the blends of PP/PE are immiscible despite their similar structure. In this 

case, the second component cannot be dispersed uniformly or homogeneously in the primary 

phase, resulting in high interfacial tension and facilitated coalescence of the dispersed phase; this 

leads to poor stress transfer thru the interface, low interfacial adhesion, and ultimately poor 

properties (Graziano et al., 2019). However, some literature asserted that new materials with 

enhanced properties could be produced in more complex PP and PE arrangements that positively 

integrate each component's properties (Graziano et al., 2019). Different catalyzers (Ziegler-Natta 

and metallocene) modify the interfacial adhesion of PP/PE blends. Various processing conditions 

such as cooling rate can change interfacial tension as well. These factors mentioned above have a 

remarkable impact on interfacial adhesion by affecting the crystallization of the components and 

the alignment of their chains at the PP/PE interface (Graziano et al., 2019). For instance, 

polymerized PP and PE with Ziegler-Natta catalyzer, which has a heterogeneous property, results 

in poor interfacial adhesion due to a weak interface between components. Polymerization with 

Ziegler-Natta results in polymers with large amorphous non-crystallizable structures; this leads 

to an excess amount of amorphous oligomer at the interface, inhibiting cross-interfacial 

crystallization, which causes low interfacial adhesion. 
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On the other hand, PP and PE processed by the metallocene catalyzer show strong chain 

entanglements between the two components' crystalline regions. Therefore, the interfacial 

interlocking between two polymers' crystals is significant, increasing interfacial adhesion by 40 

times higher than in the former condition (Graziano et al., 2019). Another factor that can enhance 

crystals' entanglement is the cooling rate. Lower cooling rates and PE usage with higher 

amorphous regions result in easy chain pullout and kinetically trapped entanglements, 

respectively (Graziano et al., 2019). A schematic of these interfaces in PP and PE blends is 

shown in Figure 2.33. 

 

Figure 2.33: A schematic of different interfaces between polyolefins (Graziano et al., 2019). 

 

 

 Miscible Polymer Blends 

The composition, chemical structure of components, and the miscibility role in the melt or 

amorphous solid phase significantly affect the morphological characteristics (Pracella, 2017). In 

the case of miscible polymer blends, the ultimate morphology is comparatively homogeneous. A 

single phase containing two polymers is formed due to specific interactions, such as hydrogen 

bonding between two polymer components (Salem, 2001). 
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2.4.2 Compatibilizing Agents 

As mentioned briefly in the introduction section, polymer blends' good mechanical and 

physical properties can be obtained provided that a finely dispersed phase is presented, which 

should defy gross phase segregation. The compatibility between two immiscible polymers may 

be promoted by co-crystallization and crosslinking, which stabilize the morphology and inhibit 

coalescence (Xanthos & Dagli, 1991). Furthermore, specific interactions such as hydrogen 

bonding, ion-dipole interactions, acid-base, and transition metal complexation can improve 

polymer blends' compatibility with suitable functionalized groups. The most common way to 

compatibilize the polymer blends is to utilize copolymers (either block or graft) whose segments 

can interact with the blend components (Xanthos & Dagli, 1991). Compatibilizers are considered 

types of materials capable of decreasing interfacial tension between parts and improving 

mechanical properties by enhancing interfacial adhesion (Nwabunma & Kyu, 2007). The 

principal functionality of compatibilizers are: 

 1) To reduce the interfacial tension and provide finer dispersion by preventing coalescence 

formation (by locating at the interface of two components, the mobility of interface is inhibited 

by surrounding particles of the dispersed phase, which blocks coalescence formation. This 

phenomenon is called steric stabilization or steric hindrance) (Graziano et al., 2019; Leszek A 

Utracki & Wilkie, n.d.). This phenomenon is depicted in Figure 2.34, 2) To stabilize the 

morphology during processing stages against shear and thermal effects, and 3) To develop 

interfacial adhesion in the solid state. Like surfactants, compatibilizers can reduce interfacial 

tension, but it is hard to achieve an enhanced interfacial adhesion in the solid state. With 

selecting an appropriate compatibilizer, all those tasks above may be provided (Leszek 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 polymers having functional groups (Xanthos & Dagli, 1991). 

 

Figure 2.34: Steric stabilization phenomenon (Graziano et al., 2019). 

 

 Non-reactive Compatibilizing Agents (Block Copolymers)  

In general, compatibilizers can be applied either by diblock, grafted copolymers, or 

reactive compatibilization. The compatibilizer structure is prominent in the former, and the 

required amount can be managed thoroughly (C. L. DeLeo & Velankar, 2008). Different types of 

copolymers used in the compatibilization process are shown in Figure 2.35.  

 

Figure 2.35: Different kinds of copolymers (Graziano et al., 2019). 
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Among non-reactive compatibilizers, block copolymers are the most prevalent ones used 

as compatibilizers due to their more homogeneous and well-ordered structures than random 

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 stabilization at the interface; this results in stronger 

bonds between the components and compatibilizers (Graziano et al., 2019).   

One part of this block or graft copolymer is miscible with one of the polymers in the blend, 

and the other segment is miscible with the second polymer in the mixture (Palsule & Isayev, 

2016). In other words, effective compatibilization occurs when each block copolymer segment 

interacts with one of the blend components. By locating at the interface of two immiscible 

polymers, block 

compatibilizers can reduce the interfacial tension between two phases, prevent coalescence 

formation, and provide stability, which results in enhanced interfacial adhesion (Radonji et al., 

1998). These compatibilizers can be prepared either by graft copolymerization or block 

copolymerization. The schematic of block compatibilizers is shown in Figure 2.36. 

 

Figure 2.36: Compatibilizing block copolymer (Palsule & 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 structures; hence, coarser structures may be obtained (particularly 

in co-continuous morphology), which are not favorable. Applying block copolymers such as 

SEBS can reduce the interfacial tension and eventually suppress the coarsening rate (López-

Barrón & Macosko, 2014). Furthermore, molecular weight, the concentration of block 

copolymers, and block asymmetry have an essential role in block copolymers' efficiency. 

Symmetrical copolymers can reduce interfacial tension significantly at concentrations above the 

copolymer CMC (critical micelle concentration) points in either of two ways (López-Barrón & 

Macosko, 2014). One of the famous block copolymers used extensively in different blend 

systems is SEBS (styrene-ethylene/butadiene-styrene), a triblock copolymer. Compatibilizing 

polymer blends improve the elasticity effect due to the interfacial changes. For instance, adding 

SEBS copolymer to PS/PE blends reduces the coarsening rate and interfacial tension. It enhances 

systems elasticity, confirmed by increases in complex viscosity and the elastic modulus. These 

two factors didn't change with time which is credited to stable morphology (López-Barrón & 

Macosko, 2014). For more understanding of compatibilizers' effect on polymer blends, a blend 

of PP/PS (90/10) was studied (Macaúbas & Demarquette, 2001). The morphology of the 

extruded sample without a compatibilizer is depicted in Figure 2.37. 
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Figure 2.37: SEM image of PP/PS (90/10 wt%) (Macaúbas & Demarquette, 2001). 

 

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 in Figure 2.38. 

 

 

 

 

 

 

 

Figure 2.38: TEM images of PP/PS (90/10 wt%) compatibilized from left to right by SBS and 

SEBS, respectively (Macaúbas & Demarquette, 2001).  

 

  According to these micrographs, SBS segregates the third phase 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 this blend system (Macaúbas & Demarquette, 2001). Many 

other block copolymers such as ethylene-propylene rubber (EPR) and ethylene-propylene-diene 
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terpolymer (EPDM) can be applied to compatibilize polymer blends to reach the optimum level 

of stability. Similar to SBS and SEBS, they can make interactions between components by ˊ-ˊ 

electrostatic interactions or electron clouds. Due to their nature, these copolymers can provide a 

high level of toughness and impact strength to the polymer blend. Overall, it is stated that olefin 

block copolymers such as ethylene-octene block copolymers are highly efficient as a coupling 

agent to compatibilize immiscible polymer blends such as PP/PE blends (Graziano et al., 2019). 

Other factors can also influence compatibilizers' efficiency and effectiveness, such as molecular 

weights of homopolymers and copolymers, molecular weights of blocks in the copolymer, 

number of blocks in the copolymer, and chemical structure blocks (Radonjiļ, 1999). 

 Reactive Compatibilizers 

In polymer blending processes, a homogeneous phase structure is desired to be promoted 

by sufficiently chosen compatibilizers. This feature can be obtained by reducing domain sizes by 

preventing coalescence phenomenon formation inside the polymer blends. In the case of reactive 

compatibilizers, a chemical reaction such as covalent bonding occurs at the interface of domains 

(Argoud et al., 2014). Many reactive compatibilizers are graft copolymers, and in some works of 

literature, grafting is defined 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 as in-situ compatibilization or reactive blending. In this 

type of compatibilization, one polymer consists of reactive groups intrinsically, whereas the 

other does not contain any functional group. Therefore, reactive groups can be involved in the 

latter and make it a functionalized polymer (Palsule & Isayev, 2016). Polyesters and polyamides 

have carboxylic or alcoholic and amine end groups, respectively. Thus, these polymers are 

intrinsically reactive. They can be compatibilized by the interfacial chemical reaction between 
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reactive groups at the interface, which results in a compatibilized blend structure at the interface 

of two components (C. L. DeLeo & Velankar, 2008). Unlike block copolymers, reactive ones are 

more efficient because they are cheaper, less complicated, more comfortable to manage, and 

lower viscosity, hence easier melt processing. The lower molecular weights and shorter chain of 

reactive compatibilizers help them move freely over the interface and, eventually, better 

interfacial interactions. Also, they can most probably be located at the interface of the 

components (Graziano et al., 2019).  

Some literature mentioned that in-situ formed graft copolymers with low molecular weight 

backbone chains could form co-continuous morphologies regardless 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 cannot transfer shear stress properly; therefore, symmetrical 

graft copolymers (dual compatibilizers) are essential to transfer shear stress during melt blending 

when co-continuous phase morphology is required (C. Yu et al., 2016). 

One of the most significant reactive additives, which can improve immiscible polymer 

blends' compatibilization, is maleic anhydride (MA) (Dobrovszky & Ronkay, 2016). Maleic 

anhydride is a multifunctional monomer grafted to polymer backbones to allocate high reactivity 

toward amines, alcohols, hydroxyl groups, and thiols. Different types of grafted polymers and 

copolymers can be achieved by this reactive modifier, such as HDPE-g-MA, PP-g-MA, 

ethylene-propylene-diene terpolymer (EPDM-g-MA), and styrene-butadiene-styrene terpolymer 

(SEBS-g-MA) (Dobrovszky & Ronkay, 2016). These compatibilizers can be applied in various 

immiscible polymer blends such as HDPE/PP, PS/PP, PET/PP, etc., to enhance their tensile and 

impact properties. Furthermore, with compatibilizing polymer blends, polymer waste recycling 

may be enriched due to decreasing the brittleness of mixed polymer waste by additives 
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(Dobrovszky & Ronkay, 2016). For instance, Figure 2.39 shows blends of 50/50 PS/HDPE with 

and without a compatibilizer. The reactive SEBS-g-MA compatibilizer was used in this 

immiscible polymer blend. 

 
Figure 2.39: Blend of PS/HDPE with different SEBS-g-MA composition: a) 0% SEBS-g-MA; 

b) 0.125% SEBS-g-MA; c) 0.25% SEBS-g-MA; d) 0.5% SEBS-g-MA; e) 1% SEBS-g-MA; f) 

2% SEBS-g-MA; g) 4% SEBS-g-MA; h) 6% SEBS-g-MA; i) 10% SEBS-g-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 µm. With increasing reactive 

SEBS-g-MA compatibilizer content, a more homogeneous structure with decreased droplet size 

is obtained. This reactive compatibilizer is settled at the interface between two components. The 

styrene blocks of SEBS-g-MA are miscible with PS, whereas the ethylene-butadiene 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 droplet size in the dispersed phase and more 

stable morphology. Consequently, the interfacial tension between the two components can be 

reduced (Dobrovszky & Ronkay, 2016). In another example, the compatibilizer effect on the 

PET/PP blend morphology is depicted in Figure 2.40.   

According to this research, EAG (ethylene-acrylic ester-glycidyl 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.   

 

Figure 2.40: SEM images of PET/PP blends with different EAG compositions (Park et al., 

2018). 

 

 

As it is observable, the blend without compatibilizer shows 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 between dispersed phase (PP) and matrix (PET) are well covered with 

compatibilizers, which enhances compatibility between the two phases (Park et al., 2018). 

Several ways can be carried out to prepare a compatibilized polymer blend. For example, a 

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 

exclusively. 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 polymer blend 

is provided (ODED et al., 2011). Usually, reactive compatibilization is utilized when one of the 

components 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 ethylene-methacrylic acid can be used as compatibilizers (Everhart et al., 1996).  

In general, functional groups such as maleic anhydride, acrylic acid (AA), ethylene-vinyl 

acetate copolymer (EVA), maleimide (MI), and glycidyl methacrylate (GMA) can be grafted to 

non-reactive polymers such as polyolefins to make them compatibilized (S.-C. Chen et al., 

2018).  

In conclusion, polymers' blending has been an exciting topic scientifically and industrially 

as novel materials with enhanced properties can be achieved without synthesizing new polymers, 

which may be very costly. However, the blending of polymers has its fallouts due to the 

immiscibility of polymers. Compatibilizing is a very famous and practical way to suppress the 

drawbacks of immiscible polymer blends. These materials affect polymer blend structure. 

Therefore, it is crucial to assess different types of morphologies formed during the melt blending 

process. The matrix-droplet and co-continuous morphologies are the main occurring structures 
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during blending. The chemical structure of components and compatibilizer, the composition, 

viscosity ratio, and interfacial tension are the key factors in determining the morphology of the 

blend polymers that significantly influence the ultimate properties of blends. Compatibilizing 

agents stabilize and develop the morphology of immiscible binary systems. These materials can 

reduce the interfacial tension by preventing the coalescence phenomenon; meanwhile, a 

favorable fine dispersed phase morphology is obtained, which improves the polymer blend 

properties. Various types of compatibilizers have been synthesized so far. Among those, block 

copolymers and reactive compatibilizers are widely used in immiscible polymer blends. The 

determining factors for selecting the most efficient compatibilizers are the type of 

homopolymers, the desired morphology, and demanding properties.  

2.5 Compounding  

Compounding is the most critical and challenging step (Leszek A Utracki & Wilkie, n.d.). 

Due to promptness, efficiency, and simplified features, compounding is the most preferred 

polyolefins blending method (Nwabunma & Kyu, 2007). Polymer blends or polyblends is a term 

that can be considered for the mixture of various polymers or copolymers by techniques such as 

mechanical mixing in compounders and extruders (the most prevalent methods), dissolving 

ingredients in solvents, and latex blending (L. A. Utracki, 1982). 

The fundamental knowledge about thermodynamics, rheology, and phase formation of 

polymer blends is vital to conceive a broader perspective about polymer materials' compounding 

process. 

The performance of blend systems is determined by how the materials are processed 

(morphology and stability). In contrast, the composition is the main factor that defines the cost of 

polymer blends (Leszek A Utracki & Wilkie, n.d.). Mixing, blending, and compounding are 
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actions that combine materials into one group. Nonetheless, these terms have distinct definitions 

in polymer processing. Mixing of fractions or the physical act of mixing is considered ñmixing.ò 

Usually, integrating additives such as pigments, lubricants, fillers, and antioxidants is called 

ñcompounding.ò Eventually, the formulation of polymer alloys or blends is known as ñblendingò 

(Leszek A Utracki & Wilkie, n.d.). The poor performance of polymer blends, such as weak 

mechanical properties and insufficient thermal stability, can be attributed to the lack of proper 

mixing steps (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 compounding (Leszek A Utracki & Wilkie, 

n.d.). 

Screw extruders (twin or single screws) are general processing techniques in 

manufacturing polymer 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 forms) (Palsule & Isayev, 2016). 

Single-screw extruders have many benefits, such as being broadly available, low cost, easy to 

operate, and having no issues from high backpressure. However, insufficient dispersion is their 

main drawback (Gale, 1997). Single-screw extruders work on friction and compaction 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 single-screw extruders (Gale, 1997). A schematic of a single-

screw extruder cross-section is shown in Figure 2.41. 
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Figure 2.41: A schematic of a single-screw extruder (Kutz, 2016). 

 

Twin-screw extruders contain two parallel screw shafts, either co-rotating or counter-

rotating inside a barrel. A schematic of co-rotating and counter-rotating screws is given in Figure 

2.42.     

 

Figure 2.42: Co-rotating and counter-rotating screws (Mount & Wagner, 2005). 

 

Compared to their single counterparts, twin-screw extruders have some advantages such as 

efficient mixing, efficient pumping and less 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, their high cost and device complexity are the main shortcomings (Berk, 2018). 
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2.5.1 Mixing 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 motions (Leszek A Utracki & 

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

types. 

 Re /LVr h¹   (2.23) 

   

L is the capillary size, V  is the flow velocity, r is the fluid density, and ɖ is the fluid 

viscosity. Usually, turbulence commences when the flow velocity surpasses the critical value of 

V=200 km/s (ɖ=1 kPa.s, r=1000 kg/m3, and 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 materials (Habchi et al., 2019; Leszek A Utracki & 

Wilkie, n.d.). 

 Laminar Flow  

In this mode, the system is considered ñpassive.ò It means that flow-induced 

morphological changes do not influence flow behavior. In other words, the components' 

interfacial and rheological properties are the same (Leszek A Utracki & Wilkie, n.d.). In this 

case, the flow is always stretched, and no coalescence is formed. Thus, the materials are 

adequately deformed, enhancing the mixing condition (Leszek 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 model is unsuitable for immiscible polymer blends as shear coalescence and 

thermodynamic coarsening occur (Leszek 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 indispensable (Habchi et al., 2019; 

Neerincx et al., 2011).  

It can be ideally applied in mixing analogous polymer blends, temperature homogenization 

of polymer melt, and mixing the same resin polymers (Leszek A Utracki & Wilkie, n.d.).  

In processing technologies such as single-screw extruders 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 total 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 process (Leszek A Utracki & Wilkie, n.d.).  

 2 n

1 2 nR / 2;R ( / 2) ;R ( / 2)@g @ g @ g 
(2.24) 

 

Where R is the interfacial area ratio, and ɔ is the strain. This model is utilized in static 

mixers located at the end of the screws in extruders (Leszek A Utracki & Wilkie, n.d.).  

 Chaotic Flow  

Two velocity fields will be engendered by applying two forces, such as shearing and 

heating, or enacting two kinds of motion. The interaction of these fields results in chaotic mixing 

formation (Leszek A Utracki & Wilkie, n.d.). Stretching and folding dispersed phase domains, 

which make a non-steady state situation, are the principle of chaotic mixing (Leszek A Utracki & 

Wilkie, n.d.). 

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

fluid compounding. The flow type is shear, not an elongational flow (Dharaiya et al., 2006). 
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To break down dispersed phase particles into microdroplets, twin-screw extruders and 

internal mixers are compounding devices that may apply extreme shear to provide that feature (J. 

J. Wang et al., 2013). Hence, those techniques may deteriorate materials' performance using 

severe shear, breaking the chemical bonds of polymers (J. J. Wang et al., 2013). In addition, in 

the blending of immiscible polymer blends, by stretching and folding dispersed and matrix 

domains, lamellar structures similar to the dispersed phase are generated; thus, developing thin 

lamellae and high aspect ratio fibrils which can be endured for a longer time in chaotic mixing 

(Dharaiya et al., 2006; Perilla & Jana, 2005; J. J. Wang et al., 2013). Consequently, small 

droplets with a narrow distribution will be formed. Due to the instant transformational 

morphologies, the fibrillar and lamellar structures cannot be gained by twin-screw extruders and 

internal 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 polymers (Dharaiya et al., 2006; 

Perilla & Jana, 2005). Furthermore, mass and energy transfer are facilitated in the chaotic fluids, 

which can enhance distributive mixing in single-screw extruders (Bouvier et al., 2019; Jana et 

al., 1992; Perilla & Jana, 2005). Due to the excellent distribution of minor phases, chaotic mixers 

can incorporate conductive additives to thermoplastic polymers in a lower weight fraction of 

particles compared to traditional mixers (Chougule & Zumbrunnen, 2005; Danescu & 

Zumbrunnen, 1998; Dharaiya et al., 2006). 

In general, two main mechanisms involved in mixing: distributive mixing, which 

corresponds to the homogeneity of the mixing process, and dispersive mixing, which relates to 

the reduction in dispersed phase particles and finer dispersion of the particles (Palsule & Isayev, 

2016). 
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 Distributive (Extensive) Mixing 

This mechanism distributes particles all over the melt. This process is achieved by 

breaking and recombining the melt stream and is a low-shear process (Mount & Wagner, 2005). 

In this process, the de-agglomerated particles (particle size reduction) are uniformly distributed 

throughout the product volume. The interfacial area between components is stretched and 

distributed consistently as well (Gogos et al., 2012). In other words, the interfacial area boosts 

linearly with time (Palsule & Isayev, 2016). High stresses are unnecessary, and the flow-induced 

strain is the foremost factor in distributive mixing (Gogos et al., 2012). A diagram of distributive 

mixing is depicted in Figure 2.43.                   

 
Figure 2.43: Distributive mixing mechanism (Mount & 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 dissipation 

heating rises, too, leading to low heat transfer (Palsule & Isayev, 2016). Therefore, extruders 

usually run at slower screw speeds, which impair mixing efficiency (Palsule & Isayev, 2016).   

Application of strain (shear and elongation) achieves fluid homogenization (Leszek A 

Utracki & Wilkie, n.d.).  

Single-phase fluids, mixing of miscible systems, or a multiphase system, blend, or 

composites, mixing shear-sensitive polymers and additives, fibrous materials, and high aspect 
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ratios fillers are considered distributive mixing (Gogos et al., 2012; Mount & Wagner, 2005; 

Leszek A Utracki & Wilkie, n.d.).  

 Dispersive (Intensive) Mixing 

Large particles are broken up and dispersed by the dispersive process. In this mechanism, 

the particulates size reduction occurs either in cohesive 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 systems (Gogos et al., 2012; Mount & Wagner, 

2005). A diagram of dispersive mixing is shown in Figure 2.44. 

 
Figure 2.44: Dispersive mixing mechanism (Mount & Wagner, 2005). 

 

 

For deformation and breakup of the dispersed 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 phase components (Leszek A Utracki & Wilkie, n.d.). 

Domains of the dispersed phase are broken down by applying a high level of either shear 

or elongational stresses (Palsule & Isayev, 2016). Matrix materials, agglomerated filler particles, 

gel particles, and liquid drops may be the dispersed phases (Gogos 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 droplets (Gogos et al., 2012; Palsule & Isayev, 2016). The following figure shows 
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that both mixing mechanisms should be provided concurrently by compounding devices for 

efficient mixing. 

 

Figure 2.45: Distributive and dispersive mixing of immiscible components (Gogos et al., 2012). 

 

 Extensional Mixing 

In processes such as fiber spinning, 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 mixing (Leszek 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 role (Carson et al., 2017). For instance, in twin-

screw extruders, dispersive mixing occurs in the kneading blocks by the shear flows to disperse 

the suspended droplets with different viscosity ratios. In contrast, distributive mixing can be 

acquired by altering conveying elements (Carson et al., 2017, 2018). On the other hand, it was 

experimentally approved that elongational flows are more efficient in dispersing droplets over a 
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wide range of viscosity ratios (Bouquey et al., 2011; Carson et al., 2017). Specifically, adequate 

dispersive mixing cannot be efficiently applied by the shearing flows when the size reduction of 

dispersed phases is required (Carson et al., 2018). Extensional deformation can provide better 

dispersive and distributive mixing conditions, extensive flexibility, and reduced melt temperature 

(Rauwendaal, 1999, 2008; Xiaochun et al., 2015). With 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 system (Leszek A Utracki & Wilkie, n.d.). 

The extensional flow becomes more critical in viscosity ratios above 4 when shear flows 

individually cannot maintain droplets' breakup process (Carson et al., 2018). Devices providing 

convergence and divergence flows can be added to the single-screw or twin-screw extruders at 

the end of a melt pump to establish extensional stresses to enhance dispersive mixing (Carson et 

al., 2017; Pierrot et al., 2017). A schematic of the elongational flow mixer is depicted in Figure 

2.46. 

 

Figure 2.46: A schematic of the extensional mixing device: a) mixing chambers, b) pistons, c) 

mixing element, d) feeding unit and channel, e) outlet channel (Bouquey et al., 2011). 
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For example, Figure 2.47 shows a blend of PS/HDPE mixed and prepared by shear 

deformation (Brabender compounding machine) and elongational deformation. Clearly, 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 

than in the Brabender mixer due to the intensive extensional flow in the former mixer compared 

to the latter, which mainly provides shear flow (Xiaochun 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) extensional mixer with 3 min mixing time (Xiaochun et al., 2015). 

 

 

However, due to the high-pressure 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 repetitive testing in the case of any 

modification of blend composition, the application of this type of mixer is limited (Bouquey et 

al., 2011; Leszek A Utracki & Wilkie, n.d.). 
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2.5.2 Mixing 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 factors related to the morphology 

development and final product properties (De 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 residence time. However, compounding in internal mixers requires longer 

residence time and less intense shearing levels (Kallel & Jaziri, n.d.). Figures 2.48, 2.49, and 

2.50 compare the effect of processing on compounded polymers' morphology formation.    

 

Figure 2.48: a) blend of PE/PS/SEBS 80/20/0 prepared by internal mixer; b) blend of 

PE/PS/SEBS 80/20/0 prepared by a single-screw extruder (Kallel & Jaziri, n.d.). 

 

 Figure 2.48 (a,b) shows a blend of PE/PS without compatibilizer, compounded by an 

internal mixer and single-screw extruder, respectively. The domain particle size is more 

extensive and ellipsoidal due to the coalescence formation. In comparison, the blend prepared by 

a single extruder shows narrower dispersion of the spherical particles (Kallel & Jaziri, n.d.). 

a) b) 
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Likewise, a blend of PE/PP/EP-g-MA prepared by a twin-screw extruder provided finer 

and narrower dispersion of dispersed particles than those supplied by an internal mixer. This 

trend is shown in Figure 2.49.  

 

Figure 2.49: a) blend of PE/PP/EP-g-MA 80/20/7 prepared by internal mixer; b) blend of 

PE/PP/EP-g-MA 80/20/7 prepared by a twin-screw extruder (Kallel & Jaziri, n.d.). 

 

Interestingly, the compatibilized blend of PE/PS (Figure 2.50) extruded by a single-screw 

extruder provided finer particle size of dispersed phase compared to those prepared in a twin-

screw extruder. This behavior might be due to the twice-extrusion of blends in a single-screw 

extruder (Kallel & Jaziri, n.d.).     

 

Figure 2.50: a) blend of PE/PS/SEBS 80/20/7 prepared by single-screw extruder; b) blend of 

PE/PS/SEBS 80/20/7 prepared by a twin-screw extruder (Kallel & Jaziri, n.d.). 

 

a) b) 

a) b) 
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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 perfectly viscous liquids nor completely elastic solids. The rheology area 

consists of materials with a finite modulus and quantifiable viscosity (Osswald & Rudolph, 

2015). A viewpoint of rheology is shown in Figure 2.51. 

 

Figure 2.51: A viewpoint of the field of rheology (Osswald & Rudolph, 2015). 

 

Eisenschitz, Rabinowitsch, and Weissenberg recommended a triangular coordinate system 

to simplify the frontiers of the rheology field in 1921, illustrated in Figure 2.52.            

 
Figure 2.52: Rheological energy in triangular coordinates (Osswald & Rudolph, 2015). 
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In this energy triangle, the interconnection between energies can be merely explained. In 

all rheological phenomena, the work or energy in the form of kinetic energy, elastic or stored 

energy, and dissipated or lost energy can be exemplified (Osswald & Rudolph, 2015). According 

to Figure 2.52, the distance a is the portion of the total energy signified by kinetic energy; elastic 

or stored energy is characterized by the fraction b; then dissipated or lost energy is typified by 

the fraction c.  

where: a+b+c =1. Hookean solid or perfectly elastic solid corresponds to elasticity shown 

by line AB. Vertex A relates Pure Euclidean solid (Pascalian liquid when on the line AC),  where 

all the external work is transformed to kinetic energy (in the 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 viscosity. A is relevant to an infinite Reynolds number on the line AC vertex. 

Ultimately, the line BC, known as relaxation, corresponds to the creeping viscoelastic flows. The 

creeping or Stokes flow is represented by vertex C, where the Reynolds number is meager 

(Osswald & Rudolph, 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, specified by the 

following equation: 

 
p

De
t

l
=   (2.25) 

 

Where the ɚ stands for relaxation time and tp is the processing time. The effect of the 

process time scale on a material's deformational behavior is measured. A Deborah number ¤ is 

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 rate of deformation and 10, for the high rate of deformations 

(Osswald & Rudolph, 2015).  

Polymer melt properties can be associated with process capability troubles (Franck, 2004). 

Polymers' melt 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 temperature-induced alterations from amorphous to crystalline, rheological properties 

can continuously be evaluated to discover those modifications (Franck, 2004).  

This topic would be broad enough to be discussed based on different types of polymer 

blends, flow behavior, etc. 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 systems where the dispersed phase has a 

higher concentration and the multiphase systems are not transparent, optical microscopy methods 

are not well-suited. Therefore, materials rheological data can be used to analyze morphological 

changes in blend polymers (Martin et al., 2000). 

When polymer blends are treated with various stresses, they present complicated flow 

behavior that doesn't change proportionally with blend composition (Wachowicz et al., 2008). 

Polymer melts have very high non-Newtonian actions. Additionally, polymer melts are exposed 

to stresses and deformation during several processing operations such as extrusion and injection 

molding. Therefore, to optimize the processing conditions, it is essential to be acquainted with 

the viscosity variation with the shear rate at different blend ratios (Wachowicz et al., 2008).  

Polymers' flow behavior is strongly related to molecular weight; this is the main structural 

factor with respect to the melt flow performance (Franck, 2004). A slight difference in molecular 

weight may reflect substantial changes in rheological responses (Münstedt, 2016). At low shear 
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rates or frequencies, the viscosity is called Newtonian or zero-shear viscosity, directly 

proportionate to the molecular weight (Franck, 2004). Above a critical molecular weight (Mc), 

the molecular chain entanglement occurs in which the zero-shear viscosity is proportional to 

about 3.4 power to the molecular weight (Franck, 2004; Han, 2007; Münstedt, 2016). By 

increasing shear rates, melt viscosity reduces further than in the Newtonian region. This 

phenomenon is known as shear thinning behavior, the most critical non-Newtonian property in 

polymer processing. The inception and extent of shear-thinning behavior 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 demonstrate shear 

thinning behavior at lower shear rates than the corresponding narrower molecular weight 

distribution (Franck, 2004). Figures 2.53 and 2.54 display the viscosity changes as a sensitive 

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

 

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 in polymer melts (Franck, 2004).  

 

The presence of branching in polymers' structure also modifies the melt viscosity. The 

number, size, and flexibility of branches are crucial factors that influence the melt viscosity 

(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, long-chain branches grow the elasticity of polymer melts. 

More shear rate dependent on viscosity is observed in long-branched polymers rather than linear 

ones. The consequence of branching on the complex viscosity is illustrated in Figure 2.55. 

 

Figure 2.55: Influence of branching on the complex viscosity and dynamic moduli (Franck, 

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 long-chain branches (Franck, 2004). For 

instance, Figure 2.56 shows both polyethylenes' branched and linear structures. Low-density 

polyethylene (LDPE) has a long chain branched structure, unlike linear low-density polyethylene 

(LLDPE), which has a linear structure. The elongation viscosity increases remarkably at higher 

extensional strains in LDPE due to the long-chain branches. This phenomenon is known as 

strain-hardening (Franck, 2004). The extensional deformation is crucial in fiber spinning to 

anticipate process performance.  

 

Figure 2.56: Extensional viscosity of LDPE (branched) and LLDPE (linear) (Franck, 2004).  

 

As we are dealing with immiscible polymer blends, the main concentration will be on the 

viscoelastic behavior of those blends.   

There are rheological functions that involve in blend systems which declare system 

responses such as storage and loss moduli (G  and G ), shear or extensional viscosities, complex 

viscosity (ɖ*), and relaxation time (ŭ). With aiming by other complementary tools such as the 

Cole-Cole plot (imaginary and real viscosities ɖ vs. ɖ), each of those characteristics can express 

specific information regarding melt blend structure and properties (L. A. Utracki, 1988). To 
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better understand the blend system responses, it is recommended to assess the rheological 

properties of those systems under minimum structure alteration, as flow behavior and structure 

development in blend systems are inversely proportional (L. A. Utracki, 1988). Therefore, 

among characterization methods, the measurement of rheological properties is extensively used 

to describe homo and blend polymers' behavior.  

2.6.1 Melt Elasticity  

One critical viscoelastic property in polymer processing is undoubtedly molten polymer 

elasticity. The capability and rate at which macromolecules can return to their original size, 

shape, and position once the applied force is removed are identified as melt elasticity, a 

measurement of storage energy (Xanthos et al., 1997). In 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 solids. As shown in Figure 2.57, the elastic component of a material is related to using a 

spring. An extending part is reflected by the spring; nevertheless, the shear can be symbolized by 

the spring (Osswald & Rudolph, 2015).  

 

Figure 2.57: A schematic representation of Hookean solid (Osswald & Rudolph, 2015). 
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Once the load is employed and remains persistent, the spring deforms. When the load is 

released at time ȹt, the material will promptly revert to its initial form. This behavior is point B 

in Figure 2.52, where the energy is stored and entirely retrieved (Osswald & 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, entrance-exit pressure 

drop, and normal stress differences (Xanthos et al., 1997). However, no energy dissipation and 

non-time dependency behaviors are usually referred to as elastic properties (Xanthos et al., 

1997).  

Melt elasticity is considered the primary determining factor of viscoelastic melt behavior 

and the leading cause of die swell phenomena ( Figure 2.58) and surface roughness of materials 

(T. Chen, 2012; Franck, 2004).  

 

Figure 2.58: A schematic of the Die-Swell Phenomenon in polymer melts (Slot Die Coating 

Rheology - Expert Analyses from the Rheology Lab, n.d.). 

 

 

In the case of excess elasticity, more shear is required to decrease the viscosity of 

viscoelastic materials, generating significant normal stress differences due to the elasticity, 

which leads to the melt fracture, a common spinning instability phenomenon (T. Chen, 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 fracture (Osswald & Rudolph, 2015). Different 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 ruptures (Osswald & 

Rudolph, 2015). A schematic of melt fracture during polymer extrusion is given in Figure 2.59. 

Reducing extrusion speed and increasing melt temperature are recommended to remove melt 

fractures (Osswald & Rudolph, 2015).               

 

Figure 2.59: Melt fracture of a polymer during extrusion (Osswald & Rudolph, 2015). 

 

Overall, four measurements can be carried out to evaluate melt elasticity: 1) the storage 

modulus, G ; 2) the normal stress difference, N1; 3) the extrudate swell, B; and 4) the entrance-

exit pressure drop, Pe (Bagley correction) (Leszek A Utracki & Wilkie, n.d.). The results of all 

four methods are well-aligned in the homogeneous polymer melts. The last two approaches 

should not be used in polymer blends to measure melt elasticity, as the results are not related to 

the molecular deformation (Leszek A Utracki & Wilkie, n.d.).   

By grafting, crosslinking, branching, and blending, the molecular weight (Mw) and 

molecular weight distribution (MWD) can be modified, which affects the melt elasticity (Alma, 

2016; Nwabunma & Kyu, 2007; Xanthos et al., 1997).  

A broader molecular weight distribution or a tiny amount of high molecular weight 

materials can increase elasticity (T. 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 requirements to apply 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 spinnability (Gupta & Kothari, 2012). 

There is a strong correlation between polymers' MWD and their elongational viscosity, an 

essential factor in fiber spinning processes. 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 reveal strain-hardening behavior and 

larger elongation 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 strain-softening performance (Lewin  1918- & University), 2007). 

Polypropylene has a linear structure, which results in low strain hardening in transient 

elongational viscosity (Fujii et al., 2019). By adding some branched polymers such as LDPE, 

which can induce strain hardening (Graebling et al., 1997), this obstacle may be compensated. 

Moreover, the drawdown force of PP can be improved as well (Fujii et al., 2019). For instance, 

Figure 2.60 shows the blends of PP/HDPE and PP/LDPE. In LDPE-contained 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 higher stresses, increasing apparent elongational viscosity, 

and eventually higher strain hardening. In the latter blend, no strain hardening is noticed due to 

the lack of long-chain branches in the HDPE structure (Fujii et al., 2019). 
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Figure 2.60: Elongational viscosity overtime at different strain rates at 190 oC for PP/LDPE and 

PP/HDPE blends (Fujii et al., 2019). 

 

2.6.2 Melt Strength 

Indeed, extrusion processes are subjected to the polymer's melt strength (Frankland, 2013). 

For instance, blow molding, film making, sheet, pipe and profile, and extrusion coatings are 

processes that polymer's melt strength that can provide stability (Frankland, 2013).   

This feature is not excluded from fiber spinning, where molten polymers undergo 

stretching and drawing procedures; the melt strength can be used as an essential factor to analyze 

the drawability of polymer melts (Muke 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 melt (Lau et al., 1998; Muke et al., 2001b). In other words, the melt 

strength is the resistance of the polymer melt to deformation or extension of the flow rate 

(Frankland, 2013; D. Y. Kim et al., 2017). This term is significant, particularly in 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 can be used only 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 stretching (Hans Martin Laun & Schmidt, 2015; Muke et al., 2001b).  

A schematic of a melt strength test set-up (Gottfert Rheotens) is depicted in Figure 2.61. 

Once the polymer melt emerges from the extruder die, it is drawn by two counter-rotating 

pulleys.  

 

Figure 2.61: A diagram of melt strength tester (Singh 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 and polymer melt drawability 

(Singh et al., 2016). During stretching, the tensile force can be contrived either as a function of 

time or the rotating rollers' speed (Muke et al., 2001b). Figure 2.62 demonstrates LDPE's melt 

strength measurement as a function of drawdown velocity, obtained from the Rheotens 

instrument. 
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Figure 2.62: LDPE melts strength as a function of drawdown velocity provided by the Rheotens 

instrument (Bernnat, 2001). 

 

The draw resonance effect is detected from curve oscillation at higher draw ratios due to 

the fibers' diameter variation during spinning. This term would be substantial in fiber spinning 

when uniform fiber diameter is expected (Bernnat, 2001).  

The drop-weight 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 methods (Ho et 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 weighed (Ho et al., 2002). The 

polymer's melt strength is significant when the measured weight is higher. For example, the melt 

strength of polyethylene measured by drop-weight and extrusion rheometer is displayed in 

Figure 2.63, where both measurements are in good correlation.  
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Figure 2.63: Melt strength measurements of polyethylene by drop-weight and Rosand capillary 

extrusion rheometer (Ho et al., 2002). 

 

Molecular weight (Mw), molecular weight distribution (MWD), crystallinity (X%), and 

polymer molecular branching structure are important factors that may affect melt strength 

(Frankland, 2013; Xanthos et 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 strength (D. Y. Kim et al., 2017; Mark, 2009; Nwabunma & Kyu, 2007). Linear 

structure polymers and narrow molecular weight polymers have lower melt strength due to 

insufficient chain entanglement or interactions (D. 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 structure (Frankland, 2013). This concept would be 

beneficial for blending linear polymers such as PP with long-chain branching structure polymers 

such as LDPE to improve melt strength by further preventing melt's 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 polymers such as polypropylene (Fujii et al., 2019). 

Although PP and LDPE are immiscible, the mentioned drawbacks can be improved by applying 

branched-structure polymers such as LDPE. Due to its chain stretching, LDPE can provide 
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strain-hardening between branch points during elongational flow. Once hardening happens, 

LDPE becomes very difficult to be further deformed, and it behaves like rigid fibers inside 

composite matrices, generating high stresses by localized deformation. Eventually, PP matrix 

domains are influenced by exceedingly localized deformation, increasing extensional viscosity 

(Fujii et al., 2019). Figure 2.64 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 behavior (Fujii et al., 2019). 

 

Figure 2.64: Drawdown force of PP and its blends with HDPE and LDPE (Fujii 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 results (tensile stress vs. drawdown speed) into extensional viscosity 

due to the molten polymer's non-uniform strain rate (Frankland, 2013; Singh et al., 2016). 

Nevertheless, extensional viscosity was defined by a series of equations (Singh et al., 2016; M. 

H. Wagner et al., 1998; Manfred H. Wagner et al., 2002): 
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Where ů is the tensile force at the rotating wheels; V0 is the filament extrusion speed in the 

die; V is the speed of wheels where the polymer strand is pulled off; A0 is the strand diameter; Ls 

is the distance between the capillary exit and rotating wheels; Ů is the extensional rate, and ɖe is 

the extensional viscosity.  

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

processes, correlated with melt flow index (MFI) (D. 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 extensional deformation and eventually higher melt strength.  

In polymers with the same MFI, those with broader molecular weight distribution tend to 

have higher melt strength (Lau et al., 1998). However, in some literature, it is mentioned that 

melt flow index measurements cannot be the determining factor of melt strength (Frankland, 

2013).  
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It is recommended that the data obtained from the oscillatory rheometer can provide 

crucial information to assess melt strength (Frankland, 2013). For example, Figure 2.65 shows 

the relationship between loss (G) and storage (G) moduli with frequency (ɤ). According to this 

graph, lower cross-over points of two moduli on vertical and horizontal axes ascertain that the 

melt strength improves (Frankland, 2013).  

 

 Figure 2.65: Relationship between loss and storage moduli at different frequencies (Frankland, 

2013). 

 

The cross-over point is an indication of the materials' relaxation time. The shifting 

direction of the cross-over point gives insightful information regarding molecular weight and 

molecular weight distribution. For instance, if the cross-over 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 frequencies. Consequently, the material has a 

lower molecular weight. The opposite is true when the cross-over point shifts to lower 

frequencies, indicating the presence of long chains and higher molecular weight materials, 

resulting in more chain entanglements and higher melt strength. Nonetheless, the cross-over 

point might not be detected in some samples at the process temperatures.  

To acquire the cross-over point, the Time-Temperature Superposition theory (TTS) can be 

included. A sequence of isothermal curves will 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 materials follow 

the TTS principle (Macaubas & Demarquette, 2002). 

This theory assumes that 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 higher frequencies. This behavior will considerably expand the measured 

frequency range for 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 dependence (Han, 2007; Macaubas & 

Demarquette, 2002; Mu↓↓nstedt  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 blends (Macaubas & 

Demarquette, 2002; Van Gurp & Palmen, 1998). When 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' immiscibility (Van Gurp & Palmen, 1998). Table 

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 theory (Van Gurp & Palmen, 1998). 

 TTS holds TTS fails 

Miscible 

PS/PVME 

SAN/SMA 

SAN/PCL 

PMMA/PVDF 

PPO/PS 

sPS/mPA 

PS/PCHMA 

PEO/PMMA 

1,2PB/PIP 
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Table 2.7: (continued). 

Immiscible 

SB/PB 

PS/PC 

HDPE/LDPE 

LLDPE/LDPE 

PA6/EVA 

PS/PB 

PE/PP 

PP/EVA 

PS/PMMA 

PS/LDPE 

PE/EVA 

PS/PEA 

SAN/PMMA 

 

Other theological terms such as zero-shear viscosity and relaxation time may be considered 

to estimate the blend systems' melt strength. As already asserted, molten polymers' chain 

entanglement significantly affects melt strength. Conversely, the deformation rate is influenced 

by untangling chains (Ho et al., 2002). Thus, it is stated that two rheological terms of polymers, 

zero-shear viscosity (ɖ0) and relaxation time (t0), are relevant to chain entanglement strength and 

rate of chain untangling, respectively (Ho et al., 2002). 

The relation between those two factors is shown in the following equation: 

 

 

(2.29) 

 

Where ɖ* is the complex viscosity, ɖ0 is the zero-shear viscosity, gis the shear rate (1/s), m 

is the power-law exponent constant and, 0tis the relaxation time. The melt strength 

demonstrated synergistic behavior in the blend systems in which both ɖ0 and 0texhibited 

positive deviations from the mixing rule. Contrarily, when the system melt strength revealed 

antagonism behavior, neither ɖ0 nor 0tindicated any positive deviation from the mixing rule. The 

melt strength showed a slight improvement in any positive deviations by those terms (Ho et al., 

2002).  
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During polymer processing, two main processing factors influence melt strength: extrusion  

parameters (flow rate and temperature) and drawing parameters (acceleration and draw distance) 

(Keawkanoksilp et al., 2012; Muke et al., 2001b).  

It is mentioned that the melt strength of some polymers, such as PP, increases 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 

broadened (Guillet et al., 1965).  

For some polymers, such as PP, a sharp increase in melt strength at lower extrusion 

temperatures close to its melting point has been reported (Lau et al., 1998). This phenomenon 

may be due to the flow-induced 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 high-pressure conditions. More developed crystalline structures may be created 

when polymer melt is stretched by pulleys (Lau et al., 1998).  

As polymers are being affected by shearing in the extruder and die, increasing flow rates 

may rise and generate more shear stresses in the melt. As a result, larger elongational forces are 

required to extend the melt, improving melt strength (Lau et al., 1998; Muke et al., 2001b). For 

instance, Figure 2.66 shows the correlation between melt strength and extrusion rate for 

polypropylene. 
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Figure 2.66: Relationship of melt strength and extrusion rate of PP at 200 oC (Lau et al., 1998). 

 

As it is evident, the melt strength of PP increases 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 time to relax after shearing in the extruder and the die at 

short draw distances, hindering long-chain molecules entanglement and realignment and 

increasing melt strength (Muke et al., 2001b). Therefore, it would be expected that more chain 

entanglements would occur by incorporating branched additives, resulting in more resistance to 

extensional deformation and higher melt strength.  

It has been declared that the melt strength remained constant with the increasing velocity 

of pulleys, i.e., there are no significant changes in drawdown forces at higher rotating roller 

speeds (Keawkanoksilp et al., 2012; Muke et al., 2001b). This behavior might be due to the 

previously oriented polymer molecular chains which slip over each other, and no more force is 

required for their alignment (Keawkanoksilp 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 rates (Muke 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. The melt extensibility will decrease as its melt 

strength increases, leading to draw ratio reductions (Muke et al., 2001b). Figure 2.67 

demonstrates the relations between the draw ratio and melt strength of two different 

polypropylene grades. 

 

 

Figure 2.67: Melt strength and draw ratio relationship (Muke et al., 2001b). 

 

According to this figure, each point represents the melt strength used to recognize the draw 

ratio threshold at which melt instability initiates. Polypropylene grade MA3 shows more stability 

and broader process operation windows than polypropylene grade MM1 (Muke et al., 2001b). 

Thermal stability is the other important factor related to polymer blends. The viscoelastic 

responses such as storage modulus, complex viscosity, and material damping don't change over 

time (Mohammadi et al., 2012). Figure 2.68 shows a time sweep test of an HDPE/LDPE blend at 

290 oC 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 290 oC.   
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Figure 2.68: Time sweep experiment of HDPE/LDPE (75/25) blend at 290 oC, frequency of 0.1 

rad/s, and strain of 5% (Mohammadi et al., 2012). 

 

In addition to the Cole-Cole plot (described in the 2.3.5 section), other complementary 

methods, such as the Han plot (G and G), which are sensitive to phase separation behavior, can 

be carried out to characterize the thermorheological properties (Mohammadi et al., 2012). This 

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 temperature (Mohammadi et al., 2012). For example, Figure 2.69 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 (G and G). The small part of the curve above the linear line corresponds to the 

elastic component of the modulus. Under the cross-over point, a transition occurs in melt 

behavior, and the viscose component of the modulus dominates (Mohammadi et al., 2012). In 

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

temperature and composition (Chuang & Han, 1985).  
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Figure 2.69: Han plot of HDPE/LDPE (75/25) blend at different temperatures (Mohammadi et 

al., 2012). 

 

The other complementary method used alongside the Han plot is the Cole-Cole plot. The 

right side of this plot is related to the viscous behavior of the melts. In contrast, the lower regions 

of the real part of viscosity (ɖᾳ) correspond to the materials' behavior transit from viscous to 

elastic (Mohammadi et al., 2012). At lower temperatures at which molecular motions are 

restricted, polymer chains' relaxation mechanism is slower, increasing the dynamic part of 

viscosity, and the parabola in the Cole-Cole plot becomes larger (Roland & Santangelo, 2002). 

Figure 2.70 demonstrates the Cole-Cole plot of the HDPE/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, there are no signs of tails and bimodal curves at the low-frequency region of 

the curves (right side of the Cole-Cole plot), which confirms the component do not achieve their 

relaxation mechanism individually. This behavior further confirms that the system is miscible as 

well as homogeneous. On the other hand, in immiscible systems in which the interface is 

generated, a second relaxation mechanism by forming an extra peak or beginning of a tail at 

higher values of ɖᾳ is observed in the Cole-Cole plot (Mohammadi et al., 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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3 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 materials are polypropylene (PP) and polyethylene (PE), predominantly made in 

bicomponent structures. Meanwhile, the production of these structures leads to significant 

amounts of process waste, which can reach to tons of waste per day. This issue is critically 

concerning, as the raw materials account for approximately 70-80% 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 them into spunbond 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 spinning 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 

viscosity variations, 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 single-screw extruder 
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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 component, PP, at the required compositions to further evaluate 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 identify the degree of thermal degradation due to the previous 

processes as well as the possible existence of contaminants or additives.   

The melt 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 instance, the loss 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 viscoelastic responses, such as the Cole-Cole 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 achieve fibers within a linear density of 2-3 denier 

equal to 17.5-21.5 µm 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 possible spinning 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 free-fall (undrawn) fibers will be fractured cryogenically by liquid nitrogen. 

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 blending 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 dry-blending method, also known as salt & pepper (S&P), to 

investigate the behavior of blends during spinning while they are not compounded. Afterward, 

the blends of interest will be compounded by a twin-screw extruder. In this case, the high 

capability of the dispersive forces will be leveraged to provide adequate dispersion and finer 

morphology. In addition, the spinning results of blends prepared by the single-screw extruder 

will be utilized to deliver a broader scope for comparing mixing methods. The compounded 

samples will be spun according to the defined 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 changes, tensile 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 spinning process. Three main 

parameters will 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 molecular 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 mobility 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 

impact the 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 incorporated by dry-blending. 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 point 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 tensile properties of fibers.    

3.5 Effect of Cross-sectional Modification 

The primary objective of this part is to analyze how cross-sectional alteration may affect 

the spinning of PP/PE. In this scenario, it will be analyzed to understand how much PE can be 

successfully incorporated into PP suitable for spunbond processing. A specific structure of 
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bicomponent fibers, appropriate to integrate minor phases, such as islands-in-the-sea (I/S) 

structure, will be considered. It will be prompted to impose the PP/PE blends into the 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 particulates 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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4 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 motivation to reuse bicomponent 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 counterparts, were investigated to comprehend the existing 

challenges in reusing of bico fibers. The polymer blends were appropriately compounded before 

spinning to prepare a well-homogenized and dispersed mixture of the components. Probably, 

polymers are not perfectly mixed 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 blend ratios, 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 viscoelastic responses 

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 blend samples. 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 Cole-Cole plot and moduli 

crossover point revealed substantial phase 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 the spinning threshold of virgin and reclaimed polymers at 210 oC, whereas only 2 wt% PE 

was spun at 230 oC. The tensile properties of fibers were conducted accordingly to evaluate the 

fibers' performance, and their association to processing conditions and blend composition 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 been extensively grown through past decades and 

still is expanding in different industries. Among various nonwoven web formation methods, the 

spunbond process is the most favorable due to its advantages: lighter weight and tougher with 

much higher breaking elongation than woven fabrics; higher potential for producing high 

strength nanofibers as bicomponent structure;  (Bhat & Malkan, 2002; Yeom & Pourdeyhimi, 

2011). Also, eliminating 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, automotive, carpet, 

and industrial applications (Hutten, 2016; McIntyre, 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). Among 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 temperature, easy processability, 

inexpensiveness, chemical and solvent resistance, low density, high insulation, stain, and soil 

release, abrasion resistance, and good mechanical strength (Alagirusamy & Das, 2010; Fourne, 

1999; McIntyre, 2004; Russell, 2007). These polymers are predominantly used as bicomponent 
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fibers in a sheath-core 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 fibers (Hossain et al., 2009; H. S. Kim 

et al., 1999; Mouradian et al., 2020), while the higher melting point PP as a core preserves 

structure. Those PP/PE bicomponent fibers can be used as medium-efficiency 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 nearly 70-80 % total cost of spunbond fabric 

production (Ievtushenko, 2012). The recycling process of bicomponent fibers is very demanding. 

As different polymers are used in bicomponent fibers, recycling will be complicated. Besides, 

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 as the raw materials 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 ways to 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. Typically 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 properties may 

have deteriorated (Rahimizadeh et al., 2020). Therefore, the reclaim polymers can be 
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compounded with virgin counterparts to improve waste stream properties (Al -Salem et al., 2019; 

Vogt et al., 2021). Thermal analysis may show the possible immiscibility of polymer blends and 

whether or not thermal degradation happens during reclamation (Shu Hsien Li & Woo, 2008; 

Olhagaray et al., 2012; Sohel et al., 2018; Sutanto et al., 2006; Woo et al., 2010). Also, phase 

separation occurs due to the polymers' immiscibility, resulting in poor melt strength and fiber 

spinning. 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 shape and distribution of the dispersed 

phase within the matrix phase, affecting blend polymers morphology formation and the 

performance of blend fibers (Salem, 2001). For instance, efficient compounding is firmly 

contingent upon how well the PE domains are distributed and dispersed. 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. Thus, the elements should be 

compounded efficiently to make a well-homogenized distribution and dispersion of components 

in the blend structure; otherwise, failure may be observed in the ultimate product due to defects 

inside the blend system (Isayev & Palsule, 2011). Insufficient 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 homopolymer spinning 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 matrix-fibril morphology (Salem, 

2001).  

In this study, 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 address the poor spinning 

issue.  

4.3 Experimental 

4.3.1 Materials 

Two commercially available fiber-grade of polyolefins were used as virgin polymers. 

Polypropylene homopolymer (ExxonMobilTM PP3155) and linear low-density polyethylene 

(LLDPE; ASPUNTM 6850A Dow chemical Company) are widely used in the spunbond process. 

Some basic properties of polymers used in this study are given in Table 2.3. Additionally, a 

reclaim polymer, with a code name of BSB, a pelletized edge trim consisting of bicomponent 

fibers of PP/PE 50/50 (w/w) with side-by-side cross-section, was used to evaluate the 

spinnability of reclaim blends.  

Table 4.1: Basic properties of components provided by affiliated companies. 

* BSB contains two ingredients (PP and PE). 

 

Polymers 
Grade 

Name 
Company 

Meltin g 

Temperature 

(oC)  

Melt Flow 

Index 

(g/10min) 

Density 

(g/cm3) 

PP 
ExxonMobil
TM  PP 3155 

ExxonMobil 167 36 at 230 oC 0.90 

LLDPE  
ASPUNTM 

6850A 
Dow 131 30 at 190 oC 0.96 

Reclaim 
BSB (PP/PE 

50/50 w/w) 

Kimberly-

Clark 
-*  47 at 230 oC - 
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4.3.2 Blend Preparation 

All polymer blends were compounded by a Brabender single screw extruder to provide a 

more homogenized and uniform dispersion of components. Before compounding, the materials 

were well mixed by dry-blending. This device has a capillary size of 3 mm with a L: D ratio of 

25:1. Figure 4.1 depicts the compounding system.  

 

Figure 4.1: Brabender compounding machine. 

 

 

The compounded polymers were extruded, quenched, and solidified instantly by a water 

medium at room temperature. Sequentially, the dried extrudates were granulated evenly by a 

pelletizer machine. The 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 

percentage. The blend compositions are demonstrated in Table 4.2. 
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Table 4.2: Virgin PP/PE and reclaim PP/BSB blend polymers compositions. 

Blend Compositions 

PP/PE  99/1 98/2 95/5 90/10 85/15 

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

All numbers are based on wt%. 

4.3.3 Thermal Properties 

There are various analytical methods to 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 be examined by those methods.    

4.3.3.1 Differential Scanning Calorimetry (DSC) 

The thermal analysis of polymers and fibers was carried out using the DSC model 

Discovery from TA Instruments. Each sample was weighed between 5 to 10 mg, then scanned 

from 25 oC to 300 oC at a constant heating rate of 10 oC/min under a nitrogen atmosphere. 

Afterward, the DSC results were analyzed by TRIOS software. 

4.3.3.2 Thermal Gravimetry Analysis (TGA)  

The thermal degradation characteristics of polymers in terms of their weight loss 

percentage as a function of temperature were examined by the TGA instrument model 

Discovery. The onset degradation point (Td) and the decomposition peak temperature (Tpeak), the 

temperature at which the highest rate of degradation occurs, were determined by TGA and DTG 

(Differential Thermal Gravimetry) methods, respectively. Moreover, the polymers' residue was 

also defined at the end of the trial (Wres). Approximately 13 to 15 mg of each sample were heated 
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from 0 to 800 oC at a constant heating rate of 20 oC/min in a nitrogen environment at a flowing 

rate of 20 cc/min. Subsequently, the data were evaluated by TRIOS software.  

4.3.4 Rheological Properties 

The melt flow rate (MFR) of polymers was measured by a modular melt flow instrument 

from Instron CEAST. Three tests for each blend were carried out at 190 oC, 210 oC, and 230 oC, 

as the polymer's weight was extruded in ten minutes through capillary by a constant load of 2.16 

kg.  

Furthermore, for dynamic rheology, frequency sweep tests were carried out through a 

frequency range of 0.1 to 600 rad/s by an oscillatory rheometry TA Instruments model Discovery 

HR-3 in parallel geometry, at a 1 mm gap, and the constant strain of 1%; the shear rate ranged 

from 0.01 to 100 sec-1. Then, the obtained data were analyzed by TRIOS software. All tests were 

conducted at the desired processing temperatures of 210 oC and 230 oC (the same temperature as 

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

4.3.5 Fiber Spinning  

The pelletized extrudates were spun by Hills multifilament spinning machine to analyze 

virgin and reclaim polymers fiber formation. The extruder of this machine has a length to 

diameter ratio (L: D) of 24:1. Its screw includes Maddox mixing section. The compounded 

samples were spun at two different temperatures (210 oC and 230 oC) to have a scope of work 

appropriate for the spunbonding process. In addition, the spinning conditions were determined to 

spin fibers at desired denier (2-3 dpf) suitable for the spunbond process. All samples were spun 

by a spinneret having 69 holes and a capillary diameter of 0.350 mm. The spinning process 

parameters are displayed in Table 4.3. 
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Table 4.3: Fiber spinning parameters. 

 

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 PP percentage, and the second 

numbers correspond to the minor phase composition. Figure 4.2 shows Hills multifilament 

spinline. 

 
Figure 4.2: Hills multifilament spinline system. 

 

 

Die No. 

of 

filaments 

Pump 

Capacity 

(rev/cc) 

Extruder 

Pressure 

(psi) 

Spinning 

Temperature 

(oC) 

Quench 

Fan 

(%)  

Spin 

Finish 

(%)  

Desired 

Denier 

(dpf) 

69 2.92 750 210, 230 5-20 20 2-3 
















































































































































































































































































