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Abstract 
 

Abstract 

 

 The crystallization behavior of a crystalline polymer during/after flow is significantly 

important. Depending on the conditions including temperature, shear rate, and residence time, 

the growing structures varied from spherulite to orientation structures such as row-nucleated 

and shish-kebab structures. As known, precise morphology control is essential to the 

properties of final products. Shear flow influences crystallization, which significantly 

enhances the crystallization rate and generates orientated crystallites. The present study 

focused on polypropylene (PP), which is one of the most popular materials and proposes a 

technology to promote the flow-induced crystallization of PP. The enhanced crystallization 

rate and molecular orientation of PP have been achieved by the addition of a fibrous 

nucleating agent or long-chain branched polymers even an immiscible blend system with 

an applied shear history. Additionally, the crystallization behavior of bio-based polymers, 

such as poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBH), produced from renewable 

resources and used in various applications, was also investigated. The investigation results 

are shown in the details. 
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Chapter 1  

General Introduction 

 

1.1 Polymer materials  

Polymer materials are substances made up of long chains of repeating units 

called monomers. These materials have unique properties that make them suitable for 

various applications. Their molecular structure can be categorized based on their 

composition, molecular weight, and the nature of their polymerization. 

 

1.1.1 Polymer synthesis. 

• Polymer can be synthesized by following two major strategies, 

denominated step polymerization and chain polymerization. 

• Stereospecific polymerization is a special polymerization type that leads 

to controlled tacticity polymers. 

1.1.1.1 Step polymerization  

Step polymerization, also known as step-growth polymerization, is a key method 

for synthesizing polymers. This process involves the formation of polymers 

through a series of steps where monomers react to form covalent bonds, usually 

resulting in the elimination of small molecules like water or methanol. In other 

cases, without any elimination of any by-product; in other words, the molecular 

weight of the product is equal to the sum of the molecule weight of the reactants. 
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This is the case, for instance, for the opening of an epoxide ring by amine 

function [1].  

 

Applications 

Textiles: Polymers like polyamide and polyester are used in the production of 

fibers and fabrics. 

Plastics: Polyester and polyamide polymers are used in various plastic products, 

including containers and automotive parts. 

Biomedical Devices: Polymers such as poly(lactic acid) are used in medical 

implants and biodegradable products. 

 

1.1.1.2 Chain polymerization  

Chain polymerization, also known as chain-growth polymerization, is a widely 

used method for synthesizing polymers where the growth of polymer chains 

proceeds through a sequence of reactions involving an initiator and monomers. 

Chain polymerization involves three main stages: initiation, propagation, and 

termination. Each stage plays an important role in the formation of a high- 

molecular-weight polymers [1]. 

 

Initiation: 

• Initiator: The process starts with the use of an initiator, which is a 

chemical compound that generates active species capable of starting 
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polymerization. Common initiators include free radicals, cations, or 

anions. 

• Activation: The initiator reacts with the monomer to create a reactive site, 

such as a free radical or an ionic species, that can open the monomer’s 

double bond, leading to the formation of a growing polymer chain. 

Propagation: 

• Chain Growth: The active site on the growing polymer chain reacts with 

additional monomers, adding them to the chain and extending its length. 

This step involves the continuous addition of monomers to the growing 

chain end. 

• Chain Length: During propagation, the polymer chain grows rapidly as 

long as monomers are available and the conditions are favorable. The 

chain length increases as monomers are added sequentially. 

Termination: 

• End of Growth: The polymerization process ends when the active site of 

the chain is deactivated or terminated.  

• Combination: Two growing polymer chains combine to form a single, 

longer chain. 

• Disproportionation: A hydrogen atom is transferred from one polymer 

chain to another, resulting in the formation of two terminated chains. 

Initiation and propagation reactions for the CH2=CHR monomer are shown in 

Figure 1.1.  
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Figure 1.1 Scheme of the initiation and propagation reactions during the chain 

polymerization of a CH2=CHR monomer [2]. 

 

 Figure 1.2 gives a few examples of termination reactions for the different types 

of chain polymerization. 
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Figure 1.2 Examples of termination reactions observed in polystyrene (R=Rhenyl) for 

the different types of chain polymerization: free radical, anion, and cationic [2]. 

 

 Applications 

Plastics: Chain polymerization is used to produce a wide variety of synthetic 

plastics, including polyethylene, polypropylene, and polystyrene. 

Elastomers: Polymers like natural rubber and synthetic rubbers are synthesized 

via chain polymerization and are used in tires and flexible materials. 
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Fibers: Polyester, polyamide, and acrylic fibers are made using chain 

polymerization and are used in textiles and industrial applications. 

 

1.1.2 Polymer properties 

Polymer properties are a broad and diverse set of characteristics that define how a 

polymer behaves and performs in different applications. These characteristics are 

determined by the polymer’s chemical composition, molecular weight, and processing 

methods. 

 

Crystallinity: The degree to which polymer chains are ordered affects physical 

properties: 

• Crystalline Regions: Ordered, regular arrangements of polymer chains lead 

to higher density, melting points, and mechanical strength. 

• Amorphous Regions: Disordered, random arrangements result in flexibility, 

transparency, and lower density. 

Tacticity: The arrangement of side groups along the polymer chain affects 

properties: 

• Isotactic: All side groups are on the same side of the polymer chain, leading 

to high crystallinity (e.g., isotactic polypropylene). 

• Syndiotactic: Side groups alternate sides, which also enhances crystallinity. 

• Atactic: Side groups are randomly arranged, resulting in an amorphous, less 

crystalline polymer (e.g., atactic polystyrene). 
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The stereoregular polymer with controlled tacticity of PP depends on the position 

of methyl groups: isotactic, syndiotactic, and atactic, as shown in Figure 1.3. 

 

Figure 1.3. Molecular structures of polypropylene: A. Isotactic, B. Syndiotactic, and 

C. Atactic [3]. 

 

1.2 Crystallization process  

When a crystalline polymer crystallizes from the melt, typically during the cooling 

process, lamellae organize around primary nuclei to form a spherulitic texture. These 

spherulites continue to grow until they encounter adjacent spherulites, at which point 

growth ceases. The final size of the spherulites and their crystalline orientation 

significantly influence their physical, mechanical, and optical properties. Figure 1.4. 

shows an illustration of the heterogeneous nucleation (nucleated system) versus that of 

a non-nucleated one. 
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Figure 1.4 Illustration of the crystallization process of non-nucleated and nucleated 

systems. 

 

1.3 Polymer crystallization 

Polymer crystallization involves a two-step process: nucleation and crystal 

growth. The formation of stable nuclei is essential to initiate the crystallization of a 

polymer. The development of stable nuclei is governed by the thermodynamic principle; 

i.e., the change in Gibbs free energy from the melt to the nuclei must be favorable, 

ΔG=G nuclei–G melt < 0. The free energy change can be expressed as ΔG= ΔGb + ΔGs, 

where ΔGb is the bulk free energy change (a negative value) and ΔGs the surface free 

energy change (a positive value). The nucleation process is determined by the 

competition between bulk and surface energy change (bulk energy should overcome the 

surface one to generate stable nuclei). The flow in terms of the thermodynamic point of 

view raises the free energy to a melt. Therefore, it promotes nucleation. Flow field can 

not only accelerate crystallization kinetic but also change the crystallization 
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morphology from isotropic spherulites to highly oriented shish-kebab structure.  

 

1.4 Flow-induced crystallization 

Polymer processing techniques such as fiber spinning, injection molding, and 

film blowing invariably involve complex flow conditions. Flow-induced crystallization 

significantly influences the structural development and ultimate characteristics of 

semicrystalline polymer products, hence affecting mechanical properties such as 

modulus and strength.  

Figure 1.5 illustrates the typical morphologies of crystallization resulting from 

different flow histories. In terms of morphological changes, the flow history has a 

noticeable impact on accelerating the crystallization process and altering crystal 

morphology, transforming it from a spherulite texture to an oriented shish-kebab 

structure. In the absence of flow, polymers typically form spherulite texture during 

crystallization as shown in Figure 1.5a. Weak flow is considered to increase the 

nucleation density by orienting polymer chains, which results in a significantly higher 

density of elliptical crystallites. Additionally, the lamellar stacks tend to align 

preferentially in the direction of the flow, as shown in Figure 1.5b. Strong flow can 

significantly elongate polymer chains, leading to the formation of oriented or rodlike 

nuclei, which subsequently develop into a shish-kebab structure, as shown in Figure 

1.5c.  
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Figure 1.5. Typical morphologies of flow-induced crystallization with (a) no flow, (b) 

weak flow, and (c) strong flow [4,5]. 

 

Flow-induced crystallization is notably influenced by the presence of high 

molecular-weight-fractions (HMW) [6,7]. Based on the research on flow-induced 

crystallization, a high-molecular-weight fraction plays an important role in shish 

formation, at which the Weissenberg number 𝑊𝑖𝑅 associated with the Rouse relaxation 

is larger than unity (eq. (1-1)) [8-12] to show flow-induced crystallization, Furthermore, 

the Rouse time R is proportional to the square of the molecular weight M, which is 

often expressed using the average molecular weight between entanglement couplings, 

i.e., Me, as denoted in eq. (1-2): 

 

1R RWi   ,       (1-1) 

( )
2

/R e eM M =
,                 (1-2) 

where e is the equilibrium time between neighboring entanglements.  

 

During the flow-induced crystallization process, shish-kebab structures are often 

developed. The formation of shish-kebab structures under flow conditions is attributed 
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to nucleation lines that orient parallel to the flow direction, with the lamellar crystals 

subsequently growing in a direction perpendicular to the flow, as shown in Figure 1.6. 

The crystallization of extended chains is promoted by both thermodynamic and kinetic 

factors. Thermodynamically, the entropy of extended chain conformations is lower than 

that of folded chains, hence elevating the melting point of the resultant crystals. 

Kinetically, an extended chain, being nearer to its crystalline state, encounters a lower 

kinetic barrier compared to a chain in a random configuration. As a result, the 

crystallization of extended chains initially leads to the formation of shish structures. 

They shish act as nucleating templates for coiled chains, which subsequently crystallize 

into folded-chain crystals, i.e., lamellae [13-18]. 

 

Figure 1.6 (a) Schematic illustration of shish-kebab structure [19,20] and (b) SEM 

images of toluene-extracted UHMWPE crystallites with shish-kebab having multiple 

shish [4].  
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1.5 Objective of the study  

The main objective of this research is to propose new ideas for enhancing the 

crystallization of polymer materials with a flow history.  

In the research, crystallization behavior was evaluated using a home-made 

machine. This machine is mainly composed of a parallel-plate shear stage made of quart 

with covered in a temperature-controlled chamber and photo-detector. Using this 

machine, the growth of crystallization after flow history can be monitored with the 

evaluation of orientation growth as well as morphology development. In addition, I 

evaluated molecular orientation using two-dimensional wide-angle X-ray diffraction 

(2D-WAXD) and infra-red dichroism. Rheological properties were also evaluated using 

a cone-and-plate rheometer.  

This research is useful not only in academia but also in controlling processing 

conditions in industry. Currently, we are mainly conducting research on polypropylene 

(PP) and polyethylene (PE). Since the methods must be independent of the polymer 

species, they can be applied to other crystalline polymers.  
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Chapter 2  

Effect of fibrous nucleating agent on shear-induced 

crystallization of polypropylene  

 

2.1 Introduction 

2.1.1 Polypropylene morphology 

Polypropylene (PP) is widely regarded as one of the most essential crystalline 

polymers due to its notable combination of properties, including high stiffness, excellent 

resistance to stress cracking, substantial thermal stability, and easy processing. Like 

many other semicrystalline polymers, PP exhibits a complex, hierarchical morphology 

as shown in Figure 2.1. Under typical processing conditions without the presence of a 

flow field, polypropylene (PP) generally forms a spherulitic structure, as illustrated in 

Figure 2.2. This spherulite texture, while common, results in poor rigidity, which poses 

limitations on its potential applications. Strategies to enhance the crystallinity and 

rigidity of PP have therefore become important in expanding its use in more demanding 

engineering applications. 
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Figure 2.1. Characteristic hierarchy of morphology scales in PP [1]. The skin-core 

morphology of an injection molded product is used to illustrate hierarchical 

morphology  

 

Figure 2.2. Spherulite texture of PP detected by a polarized optical microscope [2]. 

 

One approach to improving the modulus of PP is by developing a highly oriented 

molecular structure, such as the shish-kebab structure. Recent research on flow-induced 

crystallization has shown that the high-molecular-weight fraction plays a crucial role in 

the development of shish structures [3,4]. This phenomenon occurs particularly when 

the Weissenberg number, related with the Rouse relaxation time 𝑊𝑖𝑠, is larger than 1 
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[5-9], as discussed in Chapter 1. This correlation highlights the critical role of molecular 

weight distribution in promoting the formation of oriented crystalline structures during 

flow-induced crystallization. Furthermore, research has shown that the formation of 

shish, or extended chain crystals, can be effectively substituted using fibrous nucleating 

agents. These agents facilitate the nucleation process, promoting the development of 

highly oriented crystalline structures like that achieved through flow-induced 

crystallization. 

2.1.2 Nucleating agent  

A variety of additives are employed to modify the properties of polymers. In the 

case of PP, nucleating agents are frequently utilized due to their capacity to significantly 

accelerate the crystallization rate. Moreover, they have the ability to selectively and 

profoundly influence the solid-state morphology that develops during processing, 

resulting in improved material properties. Additionally, nucleating agents enhance the 

physical, mechanical, and optical properties of PP. Compounds derived from 1,3:2,4-

dibenzylidene-D-sorbitol (DBS) are particularly effective in achieving these 

improvements, demonstrating their utility in polymer modification. DBS, an 

amphiphilic molecule derived from the sugar alcohol D-glucitol, exhibits a distinct 

butterfly-shaped structure due to the presence of two hydroxyl groups, as shown in 

Figure 2.3. These DBS molecules have a strong tendency to interact through hydrogen 

bonding and can self-assemble into a fibrillar structure, as shown in Figure 2.4. This 

self-assembly enables DBS to effectively function as a shish, facilitating the formation 

of highly oriented crystalline structures [10-12]. DBS molecules are also capable of 

self-assembling within the melt state of crystalline polymers like PP. This self-assembly 
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process contributes to the formation of a fibrillar network, which can influence the 

crystallization behavior and improve the mechanical properties of the polymer during 

processing. 

DBS and its derivatives dissolve in a polymer melt and form nucleating particles 

during cooling. DBS is known to show the lattice matching with PP crystals. Therefore, 

it is widely used as a nucleating agent.  

 

 

Figure 2.3. Structure of 1,3:2,4-dibenzylidene-D-sorbitol (DBS). 

 

 

Figure 2.4. Structure model (left) and fibrillar structure of DBS (right) crystallized 

from tetrahydrofuran [2]. 
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MDBS, a derivative of the DBS family, features two additional methyl groups 

attached to the para positions of each terminal phenyl ring. The fibrillar structure of 

both MDBS and DBS plays a critical role in the crystallization process under flow 

conditions, functioning as a pseudo-shish [12]. As a result, the incorporation of MDBS 

significantly influences the structure and properties of PP. However, the specific effects 

of MDBS (or DBS) on the crystallization behavior of PP in the presence of a flow field 

have not been clarified yet. 

 

Figure 2.5. Structure of 1,3:2,4-bis-O-(4-methylbenzylidene)-D-sorbitol (MDBS). 
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2.2 Experimental Procedure 

2.2.1 Materials  

The polymer utilized in this study is an isotactic polypropylene homopolymer (PP, 

PM900A) sourced from SunAllomer Ltd. The specific characteristics of this polymer 

are presented in Table 2.1. 

Table 2.1 Characteristics of PP 

Information  Value, unit Test standard 

melt flow index 30 g/10min  JIS K7210 

number average 

molecular weights 

35,000  

 

size exclusion 

chromatography 

weight average 

molecular weights  

179,000 

z average molecular 

weights 

491,000 

  

The polymer was blended with a sorbitol-derived crystalline nucleating agent, 

namely 1,3:2,4-bis-o-(4-methylbenzylidene)-D-sorbitol (MDBS), supplied by New 

Japan Chemical Co., Ltd. MDBS has a melting point in the range of 260–265 °C. 

Tris(2,4-di-tert-butylphenyl)phosphite (Irgafos 168) and pentaerythritol tetrakis(3-

[3,5-di-tert-butyl-4-hydroxyphenyl]propionate) (Irganox 1010), both provided by 

BASF SE, were utilized as thermal stabilizers in this study. Calcium stearate, sourced 

from Nitto Kasei Kogyo K. K., was employed as an acid neutralizing agent [13].  PP 

containing 0.4 weight precent of MDBS was produced using a co-rotating twin-screw 
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extruder (model KZW15TW-45MG-NH, Technovel Corp.) operated at a processing 

temperature of 240 °C. The extruder included a screw diameter of 15 mm and 

rotational speed of 250 rpm. A capillary rheometer (140 SAS-2002; Yasuda Seiki 

Seisakusho, Ltd.) was employed for extrusion at 180 °C to stabilize the structure of the 

MDBS in the PP. The strand was extruded downward from a circular die without 

stretching and cooled in air at 23 °C.  

2.2.2 Sample preparation 

 The samples were fabricated into flat films with thicknesses of 100 and 900 µm 

utilizing a compression-molding machine at 180°C for 2 minutes. 

 

2.3 Measurements 

The frequency dependence of the oscillatory storage modulus (G′) and loss 

modulus (G″) for both PP and PP/MDBS was evaluated using a cone-and-plate 

rheometer (AR2000ex; TA Instruments, Inc.) at 180°C. The cone employed had a 25 

mm diameter, a 4° angle. 

The thermal properties were analyzed in a nitrogen atmosphere using a 

differential scanning calorimeter (DSC; model DSC8500, PerkinElmer Inc.). 

Approximately 10 mg of the sample was placed in an aluminum pan, heated to 180°C 

for 5 minutes, and subsequently cooled at a rate of 30 °C/min to ascertain the 

crystallization temperature. A DSC machine also evaluated the degree of crystallinity. 

The measurement was carried out at 30 °C/min from 25 °C to 180 °C.  

Crystallization behavior was examined using a polarizing optical microscope 

(POM) with a crossed-polarizer configuration (Leica DM2700P, Leica Microsystems, 



Chapter 2 Effect of fibrous nucleation agent on shear-induced crystallization of 

polypropylene 

 

23 

 

Ltd.). The microscope had a quartz parallel-plate shear stage (CSS450, Linkam 

Scientific Instruments, Ltd.), as seen in Figure 2.6a. The parallel-plate stage was 

mounted within a temperature-regulated chamber, which had a 2.8 mm diameter 

window for light transmission. The center of the window was located 7.5 mm from the 

center of the plate. Additionally, the direction of the polarizer and analyzer relative to 

the flow direction is shown on the right side of Figure 2.6b. A photodetector (PM16-

121, Thorlabs Inc.) was installed in place of one of the eyepieces to measure the light 

intensity after it passed through a 633 nm color filter. A camera was mounted on the 

other eyepiece to observe and analyze the morphology. The experimental procedures 

related to temperature and shear conditions are illustrated in Figure 2.7. The sample film 

was placed between the plates and heated to 170 °C to completely melt the film. 

Subsequent to modifying the gap to 100 µm, the sample plates were cooled to 130 °C 

to facilitate the microscope's focus. Subsequently, the sample was reheated at 180 °C 

for 5 minutes to ensure complete melting before the cooling process. The samples were 

subsequently chilled at a consistent rate of 30 °C/min from 180 °C. Shear was applied 

during non-isothermal process from 180 °C to 160 °C at various shear rates of 0, 1, 5, 

10, 50, and 100 s⁻¹ by rotating the bottom plate; the shear rate was determined in the 

center of the observation window.  
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Figure 2.6. (a) A polarizing optical microscope (POM) fitted with a parallel-plate 

shear stage and (b) a schematic representation of the apparatus utilized to assess 

crystallization behavior. 

 

 

Figure 2.7. Experimental protocols. (a) Without shear history and (b) with shear 

history. 

 

  The sample film was taken out from the plates following crystallization for 

further analysis. The orientation of the PP chains was assessed using a Fourier-transform 

infrared (FTIR) spectroscopy system (Spectrum 100; PerkinElmer) equipped with a 

polarizer. Additionally, two-dimensional wide-angle X-ray diffraction (2D-WAXD) and 
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small-angle X-ray scattering (2D-SAXS) patterns were obtained using an X-ray 

diffraction (XRD) system (SmartLab; Rigaku). The samples were irradiated with a 

graphite-monochromatized Cu Kα radiation beam, operated at 45 kV and 200 mA. The 

exposure times for WAXD and SAXS were set to 3 and 30 minutes, respectively, with 

a beam spot diameter of 1.5 mm. The orientation functions derived from FTIR and 

WAXD were determined by adjusting the position of the sample film during analysis. 

 The drawdown force was examined using a capillary rheometer (model 140 

SAS-2002, Yasuda Seiki Seisakusyo), which was attached to a tension detector (DT-

413 G-04-3, Nidec Shimpo) and a series of revolving winding rollers. The barrel and 

circular die were kept at a temperature of 180 °C for the whole experiment. Two circular 

dies with L/D ratios of 10/1 (mm) and 40/1 (mm) were used. The experiments were 

conducted at draw ratios of 7.5 and 11.0, which were defined as the ratio of the strand's 

stretching speed by the winding rollers to the average extrusion speed at the die exit, 

with an apparent shear rate of 124 s⁻¹ at the die wall. 

 

2.4 Results and Discussion 

2.4.1 Rheological properties 

The rheological properties were investigated using a cone-and-plate rheometer. 

Figure 2.8 illustrates the dependence of the oscillatory shear moduli specifically the 

storage modulus G′ and loss modulus G″ on angular frequency ω at 180 °C. For pure 

PP, G″ was proportional to ω, and the slope of G′ was much larger than that of G″, 

consistent with a typical rheological behavior observed in the terminal region. In 
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contrast, the sample containing 4000 ppm of MDBS (PP/MDBS) showed a plateau in 

G′ at low frequencies, indicating the formation of an MDBS network within the system. 

These results agree with the previous reports [11,14]. 

 

 

Figure 2.8. Angular frequency  dependence of the shear storage modulus G′ (closed 

symbols) and loss modulus G″ (open symbols) at 180 °C for PP (left) and PP/MDBS 

(right). 

 

2.4.2 Thermal properties 

Figure 2.9 presents the DSC cooling curves at a rate of 30 °C/min, illustrating 

the crystallization behavior in the absence of shear. Since the samples were cooled from 

180 °C, the MDBS fibers did not melt in the PP. The DSC cooling curve for the 

PP/MDBS sample exhibited a crystallization peak at a high temperature compared to 

the PP sample, demonstrating that MDBS fibers act as nucleating agents. The 

crystallization peak temperature (Tc) and the onset temperature (Ton-set) are labeled in 



Chapter 2 Effect of fibrous nucleation agent on shear-induced crystallization of 

polypropylene 

 

27 

 

the figure. For the PP/MDBS sample, the Tc was close to Ton-set, and the crystallization 

peak was notably sharp, indicating that the crystallization rate was markedly accelerated, 

even at high temperatures. 

 

 

Figure 2.9. Differential scanning calorimeter (DSC) cooling curves from 180 °C        

at a cooling rate of 30 °C/min 

The DSC heating process at 30 °C/min—i.e., melting temperature and heat of 

fusion ∆𝐻𝑓−𝑠  of the samples obtained after cooling without shear. The melting 

temperature (Tm) values for PP and PP/MDBS samples were around 166 °C, a typical 

one for PP. The heat of fusion of PP and PP/MDBS were 88.1 and 97.1 J/g respectively. 

The degree of crystallinity per unit of mass, χ, of PP, was calculated using the 

equation: 

χ =
∆𝐻𝑓−𝑠

∆𝐻𝑓−𝑝
× 100 (%)                                                             (2-1), 

where ∆𝐻𝑓−𝑝 is the heat of fusion for a perfect crystal, with a value of 209 J/g [15]. The 
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degrees of crystallinity were as follows; 42.1% for PP and 48.7% for PP/MDBS, 

indicating MDBS greatly enhanced crystallinity.  

 

2.4.3 Crystallization behavior 

The crystallization behavior in the absence of shear was further analyzed at the 

same cooling rate using a polarizing optical microscope (POM) configured with crossed 

polarizers. The depolarized light intensity (DLI) during the cooling process represents 

the light transmittance shown in Figure 2.10. The DLI was determined using the 

following equation: 

0

/ /

(%) 100X

X

I I
DLI

I I

−
= 

−
                                                    (2-2), 

where IX and I// are the light intensities without the sample under crossed and parallel 

polars, respectively. I0 is the light intensities through the sample detected under crossed 

polars,  

Crystallization started at around 118 and 130 °C for PP and PP/MDBS, 

respectively. Furthermore, PP/MDBS demonstrated a pronounced increase in 

crystallization within a limited temperature range, signifying an enhanced 

crystallization rate. These results agree with the DSC cooling curves illustrated in 

Figure 2.9. 
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Figure 2.10. Growth curves of depolarized light intensity (DLI) at absence of shear 

during non-isothermal crystallization at 30 °C/min. 

 

The morphological information during cooling is presented in Figure 2.11. In 

this investigation, crystallization from the quartz was not clearly observed. The figure 

illustrates that PP had a spherulite texture, without orientation. The dimensions of the 

spherulites were about 20–30 µm. In contrast, spherulite texture was not observed in 

the PP/MDBS sample. 
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Figure 2.11. POM images of PP and PP/MDBS during the non-isothermal 

crystallization at absence of shear. The images were collected without a color filter. 

 

The crystallization behavior with a shear history was evaluated at the same 

cooling rate as described above, using POM attached with a parallel-plate shear device. 

Figure 2.12 presents the light transmittance, represented by DLI, during the cooling 

process. 
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During exposure to shear from 180 to 160 °C, the light intensity in this 

temperature range remained close to zero, even at a shear rate of 100 s⁻¹. This indicates 

that the chain orientation induced by the shear was insufficient to produce significant 

optical retardation, suggesting that orientation birefringence in the molten state can be 

disregarded in this measurement. 

 

 

Figure 2.12. Growth curves of depolarized light intensity (DLI) during non-isothermal 

crystallization at 30 °C/min for PP (left) and PP/MDBS (right). Shear was applied 

from 180 to 160 °C at different shear rates. 

 

The flow history greatly affected the crystallization behavior of pure PP. 

Crystallization occurred at temperatures that were over 50 s⁻¹, signifying the occurrence 

of flow-induced crystallization. Therefore, the Weissenberg number Wis is related with 

the Rouse time R, given by eq. (1-1), must be larger than 1 for the high-molecular-

weight fraction. Chain stretching under these conditions led to the formation of 

extended chain crystals, or "shish," which facilitated the rapid development of the shish-
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kebab structure.  The oriented structure was distinctly detected at 125 °C after shear 

exposure at 100 s⁻¹ for PP. While spherulite texture seems to be developed at lower 

temperatures in this sample. Although the DLI value started increasing at approximately 

130 °C for PP with shear history at 100 s⁻¹, the shish formation must occur during shear 

flow from 180 to 160 °C. In contrast, at shear rates below 10 s⁻¹, spherulite texture 

without any orientation, indicating that the polymer chains were fully relaxed before 

crystallization.  
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Figure 2.13. POM images of PP and PP/MDBS during non-isothermal crystallization 

at various shear rates. The images were examined without a color filter. 

 

According to Hamad et al., e of PP at 170 °C is 1.5 × 10⁻7 s [7]. Because the Me 

of PP has been reported to be 5250 [7], the critical molecular weight at a shear rate of 

100 s⁻¹ for 1sWi   is calculated to be 1.4 × 106. Furthermore, the result for PP illustrated 

in Figure 2.13 indicated that the light intensity following crystallization was affected by 

the applied shear rate. The shear-induced crystallization led to the formation of a 
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diagonally oriented optical axis, which generated significant retardation. However, the 

retardation did not exceed 350 nm, as indicated by the absence of distinct coloration in 

the POM image without the use of a color filter for PP, as shown in Figure 2.13. 

Moreover, when discussing DLI values, it is important to carefully consider the light 

scattering caused by spherulites, as it reduces light transmittance [16]. For PP, the 

orientated structure including a limited quantity of spherulites exhibited a high degree 

of light transmittance beyond 50 s⁻¹.  

In PP/MDBS, crystallization occurred at high temperatures, and a highly 

oriented structure along the flow direction was observed even at a low shear rate (1 s⁻¹). 

This can be explained by the fact that MDBS fibers readily align with the flow direction 

under hydrodynamic forces, even at low shear rates. These fibers act as shish, enabling 

the development of a pseudo shish-kebab structure with high molecular orientation, a 

phenomenon previously observed with other fibrous materials [17,18]. Due to this 

characteristic, even the core region of injection-molded products containing MDBS 

exhibits significant molecular orientation, resulting in an increased modulus [12]. 

The birefringence 𝛥𝑛 is giving by the following equation [19,20]: 

 𝛥𝑛 = 𝛤/𝑑                                                                                      (2-3),                                                                                  

where  is the retardation and d is the sample thickness.  

Figure 2.13 shows a yellow color in PP/MDBS at 120 °C following the setting 

of a shear rate of 10 s⁻¹, indicating retardation of about 350 nm, as determined by the 

Michel-Levy interference chart [21]. The sample thickness is 100 µm, and the predicted 

birefringence is approximately 3.5 × 10⁻³. The intrinsic birefringence of PP is 0.04 [22], 

while the estimated orientation function is about 0.09. Retardation may also be 
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calculated using the DLI values when light scattering and absorption are negligible. 

Assuming that the light transmittance at the crossed polars absence of a sample—i.e., 

XI — is 0, the value is given by the following equation [19,20,23]: 

             (2-4), 

where  is the retardation and 0 is the wavelength of the light (633 nm.) 

 According to Eq. (2-4), the DLI increased due to retardation increases when  

< 317 nm, and then decreases when 317 <  < 633 nm. As shown in the figure, DLI 

values for PP/MDBS decreased with an increasing shear rate. In addition, the DLI 

values after exposure to high shear exhibited a maximum and then decreased with 

cooling. These results are mainly attributed to significant retardation occurring beyond 

317 nm. In fact, the POM image without the color filler at 120 °C following a shear rate 

of 100 s⁻¹ appeared orange, indicating a retardation is approximately 450 nm, resulting 

in an orientation function of 0.11. Furthermore, Eq. 2-4 produces a DLI of 62% with  

= 450 nm, which closely resembles the DLI value recorded at 120 °C for PP/MDBS 

with a shear rate of 100 s⁻¹. Figure 2.14 presents optical microscope images taken after 

crystallization without the use of polarizers. Both samples underwent shear at a rate of 

100 s⁻¹. It is evident that PP/MDBS exhibits a homogeneous texture compared to PP. 

Norris and Stein [24] identified three primary sources of light scattering in films made 

from crystalline polymers:  

 (1) surface roughness, impurities, and voids 

 (2) the presence of spherulitic morphology  

 (3) differences in polarizability between crystalline aggregates 
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The factor (3) is markedly reduced when the correlation length of the crystalline 

aggregates is considerably longer/shorter than the wavelength of visible light. When a 

sorbitol derivative is incorporated into PP, the resulting film exhibits an extended 

correlation length without the development of spherulite texture [14], leading to the film 

becoming transparent. Therefore, MDBS is sometimes called a “clarifying agent” for 

PP. 

 

 

Figure 2.14. Optical microscope photographs after the crystallization without 

polarizers of PP (left) and PP/MDBS (right). The samples were sheared at 100 s⁻¹. 

 

 2.4.4 Molecular orientation 

 The sample was taken out from the parallel plates after cooling and evaluated 

orientation function using 2D-WAXD. X-ray measurements were performed in the 

window area as well as at two other positions (5 mm and 10 mm from the center) to 

examine the effect of shear rate. This was done because the shear rate increases 

proportionally with distance from the center. The setup is illustrated in Figure 2.15, 

along with an image of the film. 
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Figure 2.15. Parallel plate geometry and a sample film after POM measurement. 

 

Figure 2.16 shows the 2θ profiles for samples exposed to a shear rate of 100 s⁻¹. 

The profiles exhibit four unique diffraction rings corresponding to the (110), (040), 

(130), and (111) planes of α-form crystals, with the values in parentheses denoting the 

Miller indices. Additionally, β-form crystals, which show strong intensity at 16.1° [2,25], 

were not detected for all samples. From the 2𝜃 profiles, the degree of crystallinity, χc is 

calculated following the equation:  

             𝜒𝑐= 
𝐼𝑐

𝐼𝑐+𝐼𝑎
 ×100                                 (2-5),                                                              

 The degree of crystallinity was measured at 58.9% for PP and 65.2% for 

PP/MDBS, demonstrating that the incorporation of MDBS significantly improved the 

crystallinity. 
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Figure 2.16. WAXD 2θ profiles of PP and PP/MDBS. 

 

Figure 2.17 illustrates the 2D-WAXD patterns of the sample films. No 

orientation was observed for the PP sample. However, in the case of PP/MDBS, several 

distinct arcs were present, indicating that the addition of MDBS significantly enhanced 

chain orientation. 
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Figure 2.17. 2D-WAXD images of PP and PP/MDBS. The X-rays were directed at 5, 

7.5 (the position of window), and 10 mm from the center of the sample films. 

 

Figure 2.18 presents the 2D-SAXS patterns of the sample films subjected to a 

shear rate of 100 s⁻¹. As depicted, PP/MDBS displayed strong intensity along the 

meridian, indicating the well-developed formation of the shish-kebab structure. The 

long period for PP/MDBS was determined to be 17.8 nm. 
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Figure 2.18. 2D-SAXS images of PP and PP/MDBS. The X-rays were directed at the 

window position relative to the sample films. 

 

In the 2D-WAXD analysis, the orientation of the molecular chain is usually 

characterized by the calculation of peak at the half-height in the fitting curve, as follows:  

H (%) = 
180°−𝑊

180°
 × 100                    (2-6), 

where 𝑊 is the width of the peak at half heigh in the I/A (intensity/azimuth) curve 

obtained from 2D-WAXD.  

 Figure 2.19 illustrates the degree of orientation (%) of PP/MDBS. In the figure, 

data from the same film are represented by the same symbols. The horizontal axis 

indicates the actual shear rate at each position within the temperature range of 180 to 

160 °C. The degree of orientation (%) increased with increasing the shear rate. 
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Figure 2.19. The degree of orientation (%) as a function of shear rate applied during 

cooling from 180 to 160 °C. The shear rates at the window area were 100 s⁻¹ (circles), 

50 s⁻¹ (squares), 10 s⁻¹ (triangles), 5 s⁻¹ (diamonds), and 1 s⁻¹ (crosses). 

 

Furthermore, the orientation function FWAXD was quantitatively calculated using the 

(110) and (040) planes following the Wilchinky method as follows [26-29]: 

23 cos 1

2
WAXDF

 −
=                         (2-7), 

 2 2 2
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where φ is the angle between the normal of a given (hkl) crystal plane and the shear 

flow direction, ϕ is the angle between the flow direction and the PP chain, and I is the 

intensity. 

 The orientation function of the sample films is shown in Figure 2.20.  For PP, 

the orientation function stayed close to zero at shear rates below 10 s⁻¹, suggesting that 

the PP chains were oriented randomly. This is consistent with the observation of 

spherulite texture without deformation, as illustrated in Figure 2.13. As the shear rate 

increased, the orientation function also rose. Compared to pure PP, PP/MDBS exhibited 

significantly higher orientation function values over the entire shear rate spectrum. 

These findings also align with the morphological observations.  

 

 

Figure 2.20. Orientation function FWAXD as a function of shear rate applied during 

cooling from 180 to 160 °C. The shear rates at the window area were 100 s⁻¹ (circles), 

50 s⁻¹ (squares), 10 s⁻¹ (triangles), 5 s⁻¹ (diamonds), and 1 s⁻¹ (crosses). 
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The orientation function was evaluated by quantifying the IR dichroic ratio at 

841 and 973 cm⁻¹ using the sample films. These measurements were taken from a 

variety of positions. The absorption bands at 841 and 973 cm⁻¹ are related to the 

crystalline and amorphous chain, respectively, with its transition moment aligned 

parallel to the molecular chain. Thus, the orientation function of crystalline and 

amorphous chains (FIR, c, FIR, a) can be calculated using the following equations [30]: 

2

2 1

23 cos 1

−
= 

+−
IR

D
F

D
                                                             (2-10), 

/ /A
D

A⊥

=                  (2-11), 

where α is the angle between the molecular chain axis and the transition moment of 

each molecular vibration. D is the IR dichroic ratio, where / /A   and A⊥   are the IR 

absorbances parallel and perpendicular to the flow direction. It should be noted that the 

values of α of these IR bands are known to be 0° and 7.3° for 841 and 973 cm−1, 

respectively [31,32]. 

 The orientation function FIR of the sample film is illustrated in Figure 2.21. In 

accordance with the results obtained by 2D-WAXD, FIR,c increased with the applied 

shear rate. The addition of MDBS significantly improved the values, even at a low shear 

rate. In the case of PP/MDBS, the slight reduction in orientation function at low shear 

rates is most likely attributable to a decrease in fiber orientation produced by the lower 

hydrodynamic force at these shear rates. 
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Figure 2.21. Orientation function FIR, c and FIR, a, as a function of shear rate applied 

during cooling from 180 to 160 °C. The shear rates in the window area were 100 s⁻¹ 

(circles), 50 s⁻¹ (squares), 10 s⁻¹ (triangles), 5 s⁻¹ (diamonds), and 1 s⁻¹ (crosses). 

 

2.4.5 Drawdown force 

 The draw force, defined as the force required to stretch an extruded strand, was 

measured and is presented in Figure 2.22. It was observed that the addition of the 

nucleating agent (MDBS) significantly increased the drawdown force, particularly at a 

draw ratio of 7.5 with a longer die length. This phenomenon can be attributed to several 

factors. 

 1. Because MDBS enhances crystallization, it reduces the molten part of an 

extruded stand. As a result, an actual elongational strain rate is enhanced by the MDBS 

addition providing a high elongational stress. 

 2. At a high draw ratio, drawdown force usually decreases because of the small 

cross-sectional area of an extruded strand. A thinner stand enhances crystallization 
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owing to rapid cooling. Therefore, the difference between PP and PP/MDBS is reduced 

at a high draw ratio. 

 3. The melt with a long relaxation time shows a high orientation which is 

pronounced using a long die length. As a result, the density of entanglement is reduced, 

and the chain orientation is enhanced to the flow direction. 

 

 

Figure 2.22. Drawdown force for PP and PP/MDBS measured by two types of dies 

having different lengths at two draw ratios. The extruded was carried out at 180 °C 

with a shear rate of 124 s⁻¹. 
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2.5 Conclusions  

In this study, the crystallization behavior of PP containing a fibrous nucleating 

agent under shear history was examined using a polarized optical microscope equipped 

with a quartz parallel-plate shear device and a photo-detector. The findings revealed that 

the addition of the fibrous nucleating agent (MDBS), increased the crystallization 

temperature. In pure PP, no orientation was observed, and a spherulite texture remained 

even after shear rates below 50 s⁻¹ were applied. In contrast, PP/MDBS exhibited a 

highly oriented structure to the flow direction, as demonstrated by POM, 2D-WAXD, 

and the IR dichroic ratio. This high degree of molecular orientation, contributing to an 

enhanced modulus, appears to originate from a pseudo shish-kebab structure, where the 

fibrous MDBS acts as shish and aligns with the flow direction. Moreover, crystallization 

from the oriented MDBS fibers markedly decreased light scattering, presumably owing 

to the extended correlation length and absence of spherulitic texture. Consequently, 

films including MDBS, fabricated by traditional processing under shear flow, have 

enhanced transparency. 
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Chapter 3  

Effect of low-density polyethylene addition on shear-

induced crystallization of polypropylene 

 

3.1 Introduction 

Isotactic polypropylene (PP) is a main semi-crystalline polymer widely used 

in various applications [1,2]. Owing to its industrial significance, considerable research 

has focused on studying its blends. Additionally, the miscibility of ethylene/α-olefin 

copolymers with PP has been extensively investigated, which are mixtures of nonpolar 

polymers [3–8]. According to them, the difference in local chain stiffness, e.g., Kuhn 

segment length and packing length, affected by the species and content of α-olefin, 

decides the miscibility. It was also clarified that a long-chain branch structure does not 

play a significant role in miscibility [9–11]. Commercially available polyethylene 

materials, such as high-density polyethylene (HDPE) and low-density polyethylene 

(LDPE), are known to be immiscible with PP because their α-olefin contents are too 

low. As a result, both PP/LDPE and PP/HDPE blends exhibit phase-separated structures. 

Naturally, the structure and properties of these blends have been extensively studied 

[11–15]. It is widely recognized that one of the main problems of a conventional PP is 

its limited melt elasticity, particularly the lack of strain hardening in its transient 

elongational viscosity. Consequently, significant research has focused on modifying the 
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rheological properties of PP. Various methods have been proposed, including the 

addition of a high-molecular-weight fraction [16,17], the incorporation of long-chain 

branched [18–20], and the introduction of a weak gel with segments that are miscible 

with PP [21]. These methods are known to enhance chain stretching during flow, which 

promotes flow-induced crystallization. For linear polymers, it is well established that 

applied flow can effectively accelerate crystal nucleation under specific conditions [22–

33]. One critical factor is the specific work, defined as stress multiplied by strain, 

applied during the flow history; this value must exceed a critical threshold to facilitate 

the formation of extended-chain crystals. For instance, prompt crystallization is 

observed in a strand extruded through a long die [34]. Another key factor is the strain 

rate, particularly the Weissenberg number associated with the Rouse mode (WiR). This 

number must be greater than 1 [Eq. (3–1)] to induce flow-induced crystallization.  

1R RWi   ,       (3–1) 

where 𝛾̇ is the strain rate and τR is the Rouse time. Therefore, the critical shear rate for 

the formation of extended-chain crystals, i.e., shish, 𝛾̇c is given by Eq. (3–2),  

𝛾̇𝑐 =  1 𝜏𝑅⁄ ,                                                           (3–2) 

The Rouse time is known to be proportional to the square of molecular weight M and is 

often expressed by Eq. (3–3),  

                                
( )

2
/R e eM M =

,              (3–3) 

 

where τe is the equilibrium time between neighboring entanglements and is known to 

be 1.5 × 10−7 s for PP at 170 °C [25,35]. Me is the average molecular weight between 
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entanglement couplings, which is known to be 5250 for PP [36].  

 Flow-induced crystallization significantly influences the crystalline morphology, 

often resulting in the formation of highly oriented shish-kebab structures, which 

contribute to an increased modulus. This technique is therefore important for enhancing 

the rigidity of plastic products. In the case of long-chain branched polymers and blends 

containing a weak gel, pronounced chain stretching between branch points or crosslink 

sites facilitates flow-induced crystallization [37–42], as well as strain hardening in the 

transient elongational viscosity. Such a phenomenon becomes less noticeable due to the 

so-called “shear modification” caused by a prolonged shear history [42]. 

A recent approach to introducing strain hardening involves the addition of a 

long-chain branched polymer, such as LDPE. Fujii et al. demonstrated that conventional 

PP exhibits strain hardening in transient elongational viscosity when LDPE is added, as 

illustrated in Figure 3.1[43]. In contrast, this effect was not observed with the addition 

of HDPE.  

 

Figure 3.1. Transient elongational viscosity over time 𝜂Ε
+ at various Hencky strain 

rates 𝜀̇ at 190 °C for PP, PP/LDPE (70/30), and PP/HDPE (70/30) [43]. 
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When the viscosity of LDPE is slightly lower than that of PP, the LDPE droplets 

dispersed within the continuous PP matrix deform in the flow direction, aligning with 

the PP. Eventually, however, fibrously deformed LDPE droplets exhibit strain 

hardening. Consequently, the degree of deformation in LDPE becomes significantly 

less than that in PP beyond a critical strain, at which point the elongational stress in 

LDPE equals that in PP. This situation is similar to a rigid fiber-dispersed system. 

According to the well-established slender body theory proposed by Batchelor [44], 

adding fibers greatly enhances elongational stress [45,46]. The experimental findings 

reported by Fujii et al. were well predicted by simulated values based on this mechanism 

[47]. Furthermore, this phenomenon has been observed in other systems, such as long-

chain branched PP in linear low-density polyethylene [48] and ethylene-vinyl acetate 

copolymer in poly(lactic acid) [49], where both systems exhibited significant strain 

hardening in elongational viscosity, leading to improved processability. Notably, 

because the localized deformation is not obvious under shear flow, shear viscosity is 

barely affected by the addition of LDPE. However, in the present study, we 

unexpectedly discovered that shear flow, not elongational flow, induced the 

crystallization of PP/LDPE. This study focuses on the effect of LDPE on the shear-

induced crystallization of PP, in comparison with PP/HDPE, as illustrated in Figure 3.1.  
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3.2 Experimental Procedure 

 3.2.1 Materials  

The polymers used in this study were commercially available PP, LDPE, and HDPE. 

The properties of these polymer samples are summarized in Table 3.1. The size 

exclusion chromatography (SEC) profile for PP is illustrated in Figure 3.2. The 

structural characteristics and various non-linear viscoelastic behaviors of LDPE have 

been thoroughly discussed in previous works [20,50,51]. 

 

 

Table 3.1 Characteristics of the materials. 

Materials Mw x 10-4 (Da) Mn x 10-4 (Da) MFR (g / 10min) 

PP  36 7.7 3.0 at 230 °C  

LDPE  20 2.2 1.6 at 190 °C 

HDPE  10 1.7 0.95 at 190 °C 

 

PP/LDPE and PP/HDPE blends were produced using an internal mixer (Labo-

Plastomill; Toyo Seiki Seisaku-sho, Ltd.) at a temperature of 190 °C. The screw rotation 

speed was set at 30 rpm, and mixing was carried out for 5 minutes. The weight fraction 

of LDPE and HDPE was 70/30 (w/w). Small quantities of thermal stabilizers were 

incorporated into the mixtures. Sheets with thicknesses of 100 µm and 900 µm were 

prepared using compression molding using a table-type test press (Tester Sangyo Co., 

Ltd.) at 190 °C under 10 MPa for 2 minutes, followed by quenching at 25 °C.  The pure 

PP sheets with the same processing conditions were also prepared. 
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Furthermore, extrusion was conducted at different shear rates using a capillary 

rheometer (140 SAS-2002; Yasuda Seiki Seisakusyo, Ltd.). The temperature of the 

circular die and the reservoir was steady at 190°C. The die employed in the experiment 

had a length of 10 mm, a diameter of 1 mm, and an entrance angle of 2π. Neither Bagley 

nor Rabinowitsch corrections were applied to calculate the apparent shear stress and 

shear rate at the wall. The extruded strands were cooled at room temperature, which 

was 30 °C. 

 

Figure 3.2 Size exclusion chromatography curve of PP 
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Figure 3.3. Master curves of the frequency dependence of oscillatory shear 

moduli such as storage modulus G′ (closed symbols) and loss modulus G″ 

(open symbols) for PP (diamonds), LDPE (circles), and HDPE (triangles) 

at the reference temperature Tr of 190 °C. The horizontal axes were shifted for LDPE 

(A = 1), HDPE (A = −1) [43]. 

Table 3.2 Rheological terminal parameters at 190 °C. 

Materials η0 (Pa s) 𝑱𝒆
𝟎 (Pa−1) 𝝉𝒘 (s) 𝝎𝒙 (s

-1) 

PP  18000 6.2 x 10−4 11.1 0.082 

LDPE  13000 5.9 x 10−4 7.7 0.033 

HDPE  16000 a − 0.098 

aThe value cannot be determined. 

 

3.2.2 Sample preparation 

The obtained samples were molded into flat films (100 and 900 µm thick) using 

a compression-molding machine at 180 °C for 2 minutes. 
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3.3 Measurements 

The frequency dependence of the oscillatory storage modulus G′ and loss 

modulus G″ for both PP, PP/LDPE, and PP/HDPE was measured using a cone-and-plate 

rheometer (AR2000ex; TA Instruments, Inc.) at 190 °C under a nitrogen atmosphere. 

The cone used had a diameter of 25 mm, a cone angle of 4. The cone-and-plate 

rheometer was also used to measure the transient shear stress 𝜎+and primary normal 

stress difference 𝛮1
+at 190 °C. The shear rates were 0.3, 1, and 3 s−1. Each measurement 

was performed for 30 seconds. Furthermore, the steady values were collected from low 

to high shear rates at 170 and 190 °C. 

The crystallization temperature was analyzed using a differential scanning 

calorimeter (DSC; model DSC8500, PerkinElmer Inc.). Approximately 10 mg of the 

sample was placed in an aluminum pan, heated to 200 °C for 5 minutes, and 

subsequently cooled to 25 °C at a cooling rate of 30 °C/min.  

Crystallization behavior was examined using a polarizing optical microscope 

(POM) with a crossed-polarizer configuration. The microscope was equipped with a 

quartz parallel-plate shear stage, as discussed in Chapter 2. The experimental 

procedures related to temperature and shear conditions are shown in Figure 3.4. The 

sample film was heated to 170 °C to fully melt the film. After adjusting the gap to 100 

µm, the sample were cooled to 130 °C to adjust the microscope. Subsequently, the 

sample was reheated at 190 °C for 5 minutes to ensure complete melting before the 

cooling process. The samples were then cooled at a constant rate of 30 °C/min from 

190 °C. Shear was applied during the cooling process from 190 °C to 160 °C at various 

shear rates 0, 10, 30, and 50 s⁻¹ by rotating the bottom plate, the shear rate 
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was calculated at the center of the observation window. The depolarized light intensity 

(DLI), measured by a photo-detector through a band-pass filler of 633 nm, was 

calculated using the following equation:  

0

/ /

(%) 100X

X

I I
DLI

I I

−
= 

−
,                                                    (3–4) 

where I0 is the light intensity through the sample detected under crossed polars, and IX 

and I// are the light intensities without the sample detected using crossed and parallel 

polars, respectively.  

 

 

Figure 3.4. Experimental protocols of the temperature and shear protocol 

 

 The structure of sheets after the POM observation and stands extruded from 

capillary rheometer was characterized using a two-dimensional wide-angle X-ray 
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diffraction (2D-WAXD) (SmartLab; Rigaku.). The films were irradiated with a 

graphite-monochromatized Cu Kα radiation beam, operated at 45 kV and 200 mA. The 

X-ray exposure time was set for 30 minutes with a beam spot diameter of 1.5 mm. The 

molecular chain orientation was evaluated by its azimuthal distribution.  

 

3.4 Results and Discussion 

 3.4.1 Rheological properties 

 The linear viscoelastic properties of the polymers, i.e., master curves of the shear 

storage modulus G′ and the loss modulus G″ as a function of angular frequency ω, are 

shown in Figure 3.3 [43]. The rheological parameters in the terminal region at 190 °C, 

such as zero-shear viscosity η0, steady-state shear compliance 𝐽𝑒
0, and weight-average 

relaxation time 𝜏𝑤, are summarized in Table 3.2 with the inverse of angular frequency 

at which both moduli are identical, i.e., G′ = G″, as 𝜔𝑥
−1 . Moreover, the transient 

elongational viscosities of the samples are shown in Figure 3.1. 

 Figure 3.5 illustrates the dependence of the oscillatory shear moduli specifically 

the storage modulus G′ and loss modulus G″ on angular frequency ω at 190 °C of pure 

PP and blends containing 30 wt.% of LDPE and HDPE. As seen in the low-frequency 

region, the G′ values of PP/LDPE and PP/HDPE were higher than those of pure PP. 

This may be attributed to the long-time relaxation mechanism associated with the 

interfacial tension between the continuous PP phase and the dispersed polyethylene 

droplets, as explained by the emulsion model [52]. In the present study, a sea-island 

phase-separated structure was clearly discernable with an average diameter of 2 µm for 

both PP/LDPE and PP/HDPE [43]. 
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Figure 3.5. Angular frequency  dependence of (closed symbols) the shear storage 

modulus G′ and (open symbols) the loss modulus G″ at 190 °C for (circles) PP, 

(diamonds) PP/LDPE (70/30), and (triangles) PP/HDPE (70/30). 

 

 Growth curves of shear stress 𝜎+and primary normal stress difference 𝛮1
+ during 

the transient shear are shown in Figure 3.6. The measurements were carried out at 

various shear rates at 190 °C. Although the overshooting of transient shear stress was 

detected at 1 and 3 s−1 in all samples, there was no discernible difference among the 

samples. 

 Figure 3.7 shows the shear rate 𝛾̇  dependences of the shear stress σ and the 

primary normal stress difference N1 during steady-state shear flow at 170 and 190 °C. 

Both σ and N1 increased with increasing 𝛾̇  in PP, PP/LDPE, and PP/HDPE. The σ 

values were similar in all samples, as suggested by the transient measurement. However, 

in the low 𝛾̇ region, the N1 values of PP/LDPE and PP/HDPE were slightly higher than 

those of PP. This must have originated from interfacial tension as described in the Doi-

Ohta theory [53].  
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Figure 3.6. Growth curves of (closed symbols) shear stress 𝜎+and (open symbols) 

primary normal stress difference 𝛮1
+ at (circles) 0.3 s−1, (diamonds) 1 s−1, and 

(triangles) 3 s−1 for (left) PP, (center) PP/LDPE (70/30), and (right) PP/HDPE (70/30) 

at 190 °C. 

 

 

Figure 3.7. Steady-state (closed symbols) shear stress σ and (open symbols) primary 

normal stress difference N1 as a function of the shear rate 𝛾̇ for (circles) PP, 

(diamonds) PP/LDPE (70/30), and (triangles) PP/HDPE (70/30) at (left) 170 °C and 

(right) 190 °C. 
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3.4.2 Thermal properties 

 DSC heating and cooling curves are shown in Figure 3.8. The heating and 

cooling rates were 30 °C/min. The PP/LDPE and PP/HDPE samples each produced two 

heating curve peaks, which were ascribed to the melting of each polymer. Moreover, 

the crystallization temperature, which is defined as the peak temperature of the heat 

flow, was almost the same (106-107 °C) for pure PP and PP/LDPE. The on-set 

crystallization temperature was approximately 115 °C for both samples. At a cooling 

rate of 30 °C/min, moreover, the crystallization temperature of HDPE (111.2 °C) was 

slightly higher than that of PP. Therefore, PP/HDPE was crystallized at a slightly higher 

temperature (110.6 °C) than PP (107.4 °C) and PP/LDPE (106.0 °C). The HDPE 

crystals acted as nuclei for PP crystallization at this cooling rate, which was previously 

reported [54]. 

 

 

Figure 3.8. Differential scanning calorimetry DSC (left) heating and (right) cooling at 

30 °C/min for PP, LDPE, HDPE, PP/LDPE (70/30), and PP/HDPE (70/30). 
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 3.4.3 Crystallization behavior 

 The crystallization behavior in the absence of shear was further analyzed at the 

same cooling rate at which the DSC measurements were performed, i.e., 30°C/min 

using a polarizing optical microscope (POM) configured with crossed polarizers. As 

shown in Figure 3.9, the DLI values increased at approximately 113-115 °C for both 

pure PP se and PP/LDPE. However, the PP/HDPE shown the crystallization at a slightly 

higher temperature than the other samples. These were in quantitative agreement with 

the DSC results. The morphology observed during cooling is also evident in the figure 

and demonstrates that all the samples had a spherulite texture without any orientation. 

Although the image was unclear, the average size of the spherulites in PP and PP/LDPE 

was approximately 20-30 μm. In contrast, the PP/HDPE sample had a fine texture 

compared with the other samples. This must be attributed to the nucleating effect of 

HDPE on PP crystallization as mentioned above [54]. 

 

 

Figure 3.9. Growth curves of depolarized light intensity (DLI) at absence of shear 

during non-isothermal crystallization at 30 °C/min. 
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Figure 3.10. POM images of PP, PP/LDPE (70/30), and PP/HDPE (70/30)  

during non-isothermal crystallization at absence of shear. The images were collected 

without a color filter. 

 

The crystallization behavior with shear history was evaluated from 190 to 160 °C 

at a cooling rate of 30 °C/min. For such experiments, edge fracture must be considered 

as originally suggested by Mykhylak et al. [25], since edge fracture perturbs shear-

induced crystallization. Parisi et al. recently revealed that the onset shear rate of edge 

fracture is determined by the zero-shear viscosity and the measurement geometry [55]. 
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Therefore, first, we checked the sample sheets after the crystallization as shown in 

Figure 3.11. In the experiments, edge fracture was not detected at least in the window 

area for all samples at any shear rates. 

 

 

Figure 3.11. Sample sheets under crossed polars after the POM observation. 

 

The DLI values during cooling are shown in Figure 3.12. The shear history 

markedly influenced the crystallization of all the samples. In pure PP, shear-induced 

crystallization was obvious beyond 30 s−1. It should be noted that PP/LDPE crystallized 

at higher temperatures than the pure PP and PP/HDPE, demonstrating that shear-

induced crystallization was greatly accelerated by the addition of LDPE. Figure 3.14 

shows the onset crystallization temperature (Ton-set) of PP after shear flow. Apparently, 
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crystallization occurred at higher temperatures in PP/LDPE than in pure PP or 

PP/HDPE, which obvious at 30 and 50 s−1. At 10 s−1, Ton-set was the same as those 

without shear history. Furthermore, the addition of HDPE barely affected the shear-

induced crystallization of PP. 

 

 

Figure 3.12. Growth curves of depolarized light intensity (DLI) during non-

isothermal crystallization at 30 °C/min for PP, PP/LDPE (70/30), and PP/HDPE 

(70/30). Shear was applied from 190 to 160 °C at various shear rates. 
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Figure 3.13. POM images of PP, PP/LDPE (70/30), and PP/HDPE (70/30) during 

non-isothermal crystallization at various shear rates. The images were observed 

without a color filter. 
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Figure 3.14. On-set crystallization temperature (Ton-set) at various shear rates (10, 30, 

and 50 s−1) of PP, PP/LDPE (70/30), and PP/HDPE (70/30) at a cooling rate of 30 s−1. 

The dotted lines represent Ton-set under quiescent condition. 

 

 3.4.4 Molecular orientation 

 After cooling, the samples were removed from the machine to evaluate the 

molecular chain orientation. The 2D-WAXD patterns of pure PP, PP/LDPE, and 

PP/HDPE obtained at a cooling rate of 30 °C/min and a shear rate of 0, 10, 30, and 50 

s−1 are shown in Figure 3.15. No orientation was detected in PP. In contrast, several 

distinct arcs were detected in PP/LDPE, demonstrating that the addition of LDPE had a 

significant effect on the chain orientation of PP. 

 

Figure 3.16 also shows the azimuthal angle distributions of the (040) and (110) 

diffraction planes of PP, PP/LDPE, and PP/HDPE at a shear rate of 50 s−1. As shown in 
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the figure, only the PP/LDPE sample produced sharp peaks on the equator, i.e., 90° and 

270°, for the (040) diffraction plane. In the case of the (110) plane, double peaks were 

detected on each polar beside the peak on the equator. These were ascribed to the 

tangential daughter lamellae grown from the original parent lamellae that developed 

perpendicular to the flow direction [56]. Therefore, the azimuthal distribution of the 

(110) plane also indicated the well-developed extended chain crystal in the PP/LDPE 

sheet. These results demonstrated that adding LDPE at an optimized shear rate enhanced 

the molecular chain orientation. 

The crystalline texture of the samples with an applied shear history was also 

examined. At a shear rate of 10 s−1, spherulite texture without any orientation was 

observed in all the samples. For pure PP, the oriented structure along the flow direction 

was observed beyond 10 s−1 at 120 °C. However, the spherulite texture was developed 

at low temperatures, demonstrating that the polymer chains in the molten state were 

completely relaxed. This is in accordance with a previous study on flow-induced PP 

crystallization [57]. As shown in Figure 3.13, a highly oriented structure without 

spherulite texture was detected in PP/LDPE, i.e., the sample had a high on-set 

temperature after applying shear flow at 50 s−1. In the POM images obtained without a 

color filter, red/purple color was detected in PP/LDPE at 100 °C, indicating that 

retardation was approximately 550 nm based on the polarization color chart [58]. 

Therefore, the orientation function was approximately 0.14, assuming the intrinsic 

birefringence of PP is 0.04 [59]. 



Chapter 3 Effect of low-density polyethylene addition on shear-induced crystallization of 

polypropylene 

 

77 

 

 

Figure 3.15. 2D-WAXD images of PP, PP/LDEP (70/30), and PP/HDPE (70/30).  

The X-rays were directed at 7.5 mm (window position). 
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Figure 3.16. Azimuthal angle distribution of the (110) and (040) planes of α-form PP 

crystal for PP, PP/LDPE (70/30), and PP/HDPE (70/30). The samples with shear 

history at 50 s−1 from 190 to 160 °C are cooled at 30 °C/min. 

 

As mentioned in the introduction, the present sample, PP/LDPE, exhibited 

strain-hardening behavior in the transient elongational viscosity. This can be attributed 

to the significant deformation of the continuous PP phase, which is located between 

elongated LDPE droplets that undergo viscous enhancement, leading to strain 

hardening. This situation must accelerate flow-induced crystallization under elongation 

flow. However, under shear flow, no strain hardening was observed during transient 

shear, as illustrated in Figure 3.6. Additionally, the steady-state shear stress and normal 

stress difference for the PP/LDPE blend were not significantly different from those of 

pure PP or the PP/HDPE blend at constant temperatures of 170°C and 190°C, as shown 

in Figure 3.7. 
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In this study, however, crystallization behavior was evaluated during cooling 

rather than at constant temperatures. Such a situation must increase WiR, i.e., 

dimensionless shear rate [60], with decreasing temperature. Since the Rouse relaxation 

time 𝜏𝑅 follows the Arrhenius-type equation [Eq. (3–5)], WiR increased exponentially 

under a fixed cooling rate.  

exp



 

  
 

R

E

RT
,                          (3–5) 

where 𝛥𝛦 is the flow activation energy in the Arrhenius plot and R is the gas constant.  

 This is a similar situation to exponential shear [61–63], which is also called 

“strong shear.” Assuming that ΔE is 40 kJ/mol, τR at 160 °C is almost twice that at 

190 °C for PP. As a result, WiR becomes twice even at a constant shear rate.  

 Under exponential shear flow, i.e., exponential increase in shear strain, shear 

stress increases rapidly with time for LDPE. This indicates that LDPE exhibits strain 

hardening in transient shear stress, although HDPE hardly shows. This strain hardening 

under an exponential increase in the shear rate, i.e., WiR, could be the origin of the 

marked shear-induced crystallization of PP/LDPE. In contrast, for PP/HDPE, excessive 

deformation is not observed because the deformation of the HDPE dispersion aligns 

with that of the PP matrix. Consequently, shear-induced crystallization is not enhanced. 

 To confirm this hypothesis, we intend to carry out experiments on shear-induced 

crystallization at a slow cooling rate. A slow cooling rate must decrease the increasing 

rate of WiR. In the present experiment, the samples were exposed to shear at 10 and 30 

s-1 while cooling from 190 to 160 °C at a rate of 5 °C/min. After the cessation of shear 

flow at 160 °C, they were cooled at 30 °C/min. As illustrated in Figure 3.17, no 
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differences in Ton-set were detected for PP, PP/LDPE, or PP/HDPE. The results 

demonstrated that the cooling rate during shear has a critical impact on flow-induced 

crystallization. 

 

Figure 3.17. Growth curves of DLI values for (a) and (d) PP, (b) and (e) PP/LDPE 

(70/30), and (c) and (f) PP/HDPE (70/30). The shear history at 10 and 30 s−1 is applied 

from 190 to 160 °C during non-isothermal crystallization at 5 °C/min. After the 

cessation of shear flow, the samples are cooled at (a) – (c) 30 °C/min and (d) – (f) 

5 °C/min. 
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 The experimental results obtained by cooling in the parallel-plate geometry 

should be applicable to actual extrusion processing because solidification occurs during 

cooling, not at a constant temperature after passing the die exit. To extend the 

applicability of these findings, additional experiments were conducted using capillary 

extrusion with the same sample materials. Figure 3.18 presents the steady-state shear 

viscosities at the wall (ηw) plotted against the shear rate at the wall (γw), which align 

with the complex shear viscosity values. The flow curves for all samples, including 

PP/LDPE, were found to be nearly identical. After having a contraction flow at the die 

entry, the samples were extruded and cooled in the air. Although gross melt fracture was 

observed at a shear rate of 1000 s⁻¹ for PP, no evidence of shark-skin failure was detected 

for any of the samples within the experimental range. Given that the ambient 

temperature was maintained at 30 °C using circulating air, the cooling rate remained 

consistent across all samples extruded at the same shear rate [64]. While the strand 

diameter increased with higher shear rates, no significant variation in diameter was 

observed among the different samples as shown in Figure 3.19. Molecular orientation 

was evaluated using 2D-WAXD profiles of the collected strands. Figure 3.20 illustrates 

the azimuthal angle distributions for the (040) plane of α-form PP crystals. It is 

important to note that the shear rates indicated in the figure represent the values on wall. 

As the X-ray beam passed through the entire strand, the data obtained reflect the average 

molecular orientation, including the strand center. 

  It was evident that the PP/LDPE strands exhibited a high degree of chain 

orientation in the flow direction. In contrast, the incorporation of HDPE did not enhance 

chain orientation. These findings indicate that the addition of LDPE significantly 
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accelerated the flow-induced crystallization of PP, even during the extrusion process. 

 

 

Figure 3.18. Steady-state shear viscosity 𝜂𝑤 evaluated by the capillary rheometer as a 

function of shear rate 𝛾𝑤̇ at 190 °C. (circles) PP, (diamonds) PP/ LDPE (70/30), and 

(triangles) PP/HDPE (70/30).  

 

 

Figure 3.19. The strand pictures of PP, PP/LDPE (70/30), and PP/HDPE (70/30). 
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Figure 3.20. Azimuthal angle distribution of the (040) plane of α-form PP crystal for 

stands extruded from the rheometer at (top) 277 s−1, (middle) 139 s−1, and (bottom) 73 

s−1 for PP, PP/LDPE (70/30), and PP/HDPE (70/30).  

 

3.5 Conclusions  

 In this study, the effect of LDPE addition on the shear-induced crystallization of 

PP was examined and compared to the effect of HDPE addition. A polarized optical 

microscope attached with a quartz parallel-plate shear device was employed to obtain 

the necessary measurements. While the addition of LDPE did not significantly influence 

shear stress or normal stress difference, the blend exhibited shear-induced 

crystallization at higher temperatures compared to both pure PP and the PP/HDPE blend. 

During cooling at a constant rate, the Weissenberg number, which represents the 

dimensionless shear rate associated with the Rouse relaxation time, increased 

exponentially. This situation must markedly increase the stress of LDPE. As a result, 

excessive deformation occurred within the PP matrix, leading to a high actual strain rate. 

Therefore, the sample containing LDPE had a high level of molecular orientation to the 

flow direction. 
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Chapter 4  

Appropriate processing condition to enhance 

crystallization rate for poly(3-hydroxybutyrate-co-3-

hydroxyhexanoate) 

 

4.1 Introduction 

 Plastic is an extraordinary synthetic material due to its strength, durability, and 

lightweight combination, making it a more efficient alternative to other materials. 

Additionally, the properties of plastic can be customized by modifying the synthesis 

process or incorporating various additives, making it useful in a wide range of industries 

and our daily lives [1,2]. Despite its advantages, improper disposal of plastic can lead 

to a waste crisis with severe negative impacts on both the environment and living things. 

Proper waste management and developing environmentally friendly plastics are 

essential for resolving this issue. Consequently, bioplastics and alternative materials 

with enhanced degradability have been developed [3,4]. 

 4.1.1 Bio-based plastics  

 Bio-based plastics are now being developed to replace conventional plastics in 

several applications. Their specific applications typically determine the design of these 

materials. Poly(3-hydroxybutyrate) (PHB) is a highly appealing bio-based plastic, as it 

is derived from renewable resources and readily biodegrades into carbon dioxide and 
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water, even in marine environments [5–9]. However, PHB is prone to significant 

thermal degradation due to six-membered ring ester decomposition at the high 

temperatures needed for processing [10,11]. While the degradation rate and its effects 

on processability have been quantitatively predicted, the material’s poor processability 

remains a notable concern [12,13]. As a result, extensive research was undertaken to 

incorporate alternative monomer species that could reduce the melting point of the 

polymer, facilitating processing at lower temperatures [14,15]. One example of a 

commercially successful copolymer developed from this approach is poly(3-

hydroxybutyrate-co-3-hydroxyhexanoate) (PHBHHx). PHBHHx has already been 

utilized in a range of applications, including shopping bags, cutlery, straws, and food 

packaging [16,17]. To broaden its potential uses, enhancing the crystallization rate of 

PHBHHx is crucial to shorten cycle times and/or boost production rates [18–22]. 

Therefore, for actual processing operations, this study investigated the crystallization 

behavior of PHBHHx under different thermal and shear histories.  Several studies have 

been performed on the crystallization behavior of PHB and its copolymers. These 

studies indicate that PHB typically forms an orthorhombic structure, known as the α-

form, when cooled using standard methods [23]. Its equilibrium melting point 𝑇𝑚
0  is 

around 200 °C [24]. Since the linear crystallization growth rate reaches its peak between 

𝑇𝑚
0   and the glass transition temperature Tg, which is around 10 °C [25], the optimal 

temperature for enhancing crystallization is roughly 105 °C [26], a conclusion 

supported by experimental findings [27]. In general, PHB and its copolymers tend to 

form relatively large spherulites due to the slow nucleation process. Therefore, a variety 

of materials have been utilized to increase nucleation, including talc, boron nitride, 
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hydroxyapatite, carbon nanotubes, terbium oxide, uracil, thymine, orotic acid, benzoic 

acid, as well as behenamide, its derivatives, and diethyl 4,5,10,11-tetraoxo-3,6,9,12-

tetraazatetradecane-1,14-dioate [28].  

 Additionally, shear-induced crystallization has been investigated. The formation 

of shish structures is recognized because of chain stretching during flow [20,29–33]. 

Consequently, the high-molecular-weight fraction, which has a long characteristic time 

for chain stretching—known as the Rouse relaxation time—plays a critical role in the 

initial phase of flow-induced crystallization, although PHB and its copolymers 

produced by microbes usually have narrow molecular weight distribution. Therefore, 

Fujita et al. [34] introduced high-molecular-weight PHB through solution mixing to 

promote shish formation and verified that the shish-kebab structure was enhanced. 

However, on an industrial scale, it is challenging to evenly incorporate a small amount 

of high-molecular-weight PHB. Another common method to improve crystallization 

rates involves adding a homopolymer to a copolymer. In the case of PHBHHx, however, 

the use of PHB as a homopolymer leads to significant thermal degradation issues. 
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4.2 Experimental Procedure 

 4.2.1 Material  

 The PHBHHx used in this study was produced by Kaneka Corp., Japan, 

containing 5.4 mol% of 3-hydroxyhexanoate. Differential scanning calorimetry (DSC) 

measurements, performed at a heating rate of 10 °C/min, showed that the melting point 

of the sample pellets was 147 °C during the first heating cycle. Table 4.1 presents the 

average molecular weights obtained through gel permeation chromatography (GPC)  

Additionally, multi-angle light scattering coupled with GPC was employed to determine 

the absolute molecular weight, yielding a Q factor of 0.457. 

 

Table 4.1 Average molecular weights of the PHBHHx sample. 

Materials Mn (Da) Mw (Da) Mz (Da) Mz+1 (Da) 

PHBHHx 89,000 179,000 284,000 389,000 

 

4.2.2 Sample preparation 

 The PHBHHx pellets were dried in a vacuum oven for 3 hours at 80 °C prior to 

the melting process. The dried material was then molded into flat films, with thicknesses 

of 300 µm, using a compression molding machine at 180 °C for 2 minutes.  
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4.3 Measurements 

 The frequency dependence of the oscillatory shear modulus was measured using 

a cone-and-plate rheometer (AR2000ex; TA Instruments, Inc.) at temperatures of 150, 

160, 170, and 180 °C. The cone-and-plate rheometer used had a diameter of 25 mm and 

a 4° angle. 

 The thermal properties were evaluated using a differential scanning calorimeter 

(DSC; model DSC8500, PerkinElmer Inc.). A film sample weighing approximately 3 

mg was placed in an aluminum pan. The sample was kept at 170 and 180 °C for 5 

minutes and then cooled at a rate of 10 °C/min. 

 The crystallization behavior was analyzed using a polarized optical microscope 

(POM) in a crossed-polarizer configuration equipped with a quartz parallel-plate shear 

stage, as discussed in Chapter 2. The gap between plates was 300 µm. Shear was applied 

during both isothermal and cooling at shear rates of 10 and 50 s⁻¹ at the window area. 

Figure 4.1 shows the experimental protocols for temperature and shear. The depolarized 

light intensity (DLI) value was determined using the following relation: 

0

/ /

(%) 100X

X

I I
DLI

I I

−
= 

− ,                   (4–1) 

where I0 is the light intensity passing through a sample under crossed polars, and IX  and 

I// are the light intensities without a sample under crossed and parallel polars, 

respectively. 
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Figure 4.1. Experimental protocols of the temperature and shear at cooling process 

(top) and isothermal process (bottom) 
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4.4 Results and Discussion 

 4.4.1 Rheological properties 

 Figure 4.2 presents the master curves of the angular frequency (ω) dependence 

of the oscillatory shear moduli, i.e., the storage modulus (G′) and the loss modulus (G″), 

at 160 °C (the reference temperature Tr). 

 

 

Figure 4.2. Master curves of the frequency dependencies of the shear storage modulus 

(G′) and the loss modulus (G″) at the reference temperature Tr was 160 °C. 

 

Both G′ and G″ steadily decreased with decreasing angular frequency. In the low-

frequency region, the slopes of G′ and G″ curves were 1 and 2, respectively, which are 

typical viscoelastic behaviors of a polymer melt [35]. As a result, the rheological 

parameters in the terminal zone, such as the zero-shear viscosity η0, steady-state shear 

compliance 𝐽𝑒
0, and weight-average relaxation time 𝜏𝑤, defined in Eqs. [(4–2)– (4–4)], 
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were calculated and found to be η0 = 3.2 × 102 Pa s, 𝐽𝑒
0 = 4.0 × 10−5 Pa−1, and 𝜏𝑤 =1.2 × 

10−2 s at the reference temperature of 160 °C. 
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where 𝐻(𝜏) is the relaxation spectrum. 

The 𝜏𝑤 value was also confirmed in Figure 4.2. The inverse of the angular frequency at 

the cross point of the two straight lines was 1.3 × 10−2 s. As is well known, 𝐽𝑒
0 is strongly 

affected by the molecular weight distribution. According to Eq. (4–5), which was 

reported by Mills [36], the 𝐽𝑒
0  value of monodispersed PHBHHx, i.e., 𝐽𝑒

00 , was 

calculated to be 7.2 × 10-6 Pa−1. 

 

3.7

0 00 z
e e

w

M
J J

M

 
=  

                           (4–5) 

Using the relationship between  𝐽𝑒
00  and entanglement compliance  𝐽𝑁

0  , the rubbery 

plateau modulus 𝐺𝑁
0 , was estimated from Eq. (4–6), [37,38] and calculated to be 3.5 × 

105 Pa. Previous researchers have evaluated the  𝐺𝑁
0  value for PHB and its copolymers. 

Liao et al. [39] reported it to be 2.43–3.05 × 105 Pa using PHBHHx samples with 3-

hydroxyhexanoate content of 3.8–10.0 mol%. Ebrahimi et al. [40] evaluated a PHB 

homopolymer and found that its  𝐺𝑁
0   is 2.4 × 105 Pa. According to Eq. (4–7), these data 

give the Me values as 9400–14500. Using the data obtained in the present study,  𝐺𝑁
0  was 
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calculated to be 3.5 × 105 Pa, which is slightly higher than in previous reports, 

presumably owing to an experimental error in the molecular weight distribution. Only 

a tiny difference in the high molecular weight fraction, i.e., Mz, produces a large 

difference in  𝐽𝑒
00. Moreover, 𝐽𝑒

0 may contain some experimental errors. 

0

0 00

1 2.5
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N e
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J J

= =

               (4–6) 

0e
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RT
M

G


=

                (4–7) 

The horizontal shift factors aT in Figure 4.2 provided the flow activation energy Ea from 

the Arrhenius plot Eq. [(4–8)], which was calculated to be 36.9 kJ/mol. The value 

corresponds to those reported previously [39,41,42]. 

exp
 

=  
 

a
T

E
a A

RT
               (4–8) 

 4.4.2 Crystallization behaviors  

 Figure 4.3 shows DSC cooling curves at a cooling rate of 10 °C/min. For the 

sample was cooled from 170 °C, the onset temperature of crystallization around 103 °C 

and the peak temperature Tc was 93.7 °C. However, no crystallization peak was detected 

the sample was cooled from 180 °C. This suggests that any remaining crystals were 

completely melted when the sample was heated up to 180 °C. In other words, a small 

number of crystals are present at 170 °C, serving as nucleation sites for the molten 

samples. 
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Figure 4.3. DSC cooling curves obtained at rate of 10 °C/min. The samples were 

cooled from 170 and 180 °C. 

 

Crystallization behavior was examined using a POM under a cross-polar 

configuration, during a cooling rate of 10 °C/min. Figure 4.4 presents growth curve of 

depolarized light intensity (DLI) during cooling from 170 °C and 180 °C. The sample 

cooled from 170 °C, the DLI value was around 103 °C, closely aligning with the DSC 

results. In contrast, during cooling from 180 °C, the DLI showed a slight increase at 

75 °C. The absence of an exothermic peak or shoulder at 75 °C in the DSC curve 

indicates that POM is more sensitive in detecting the initial stages of crystallization. 

The drop in DLI values after reaching a peak in the cooling curve from 170 °C must be 

attributed to the increase in the light scattering from spherulites. 

40 60 80 100 120 140 160

H
e
a

t 
F

lo
w

 (
m

W
)

Temp. (
o
C)

E
x
o

E
n
d

o

10 
o
C/min

Cooled from 170 
o
C

93.7 
o
C 49.7 J/g

Cooled from 180 
o
C



Chapter 4 Appropriate processing condition to enhance crystallization rate for poly(3-

hydroxybutyrate-co-3-hydroxyhexanoate) 
 

103 
 

 

Figure 4.4. Growth curves of depolarized light intensity (DLI) during non-isothermal 

crystallization at 10 °C/min. The sample had no shear history.  

 

 POM images during cooling are shown in Figure 4.5. It's important to note that 

the POM images do not consistently align with the DLI value due to the camera's 

automated selection of shutter speed to ensure image clarity. Therefore, when the DLI 

was low, the shutter speed was slowed to prevent the image from appearing too dark. 

Regardless of the initial heating temperature (170 °C or 180 °C), spherulite textures 

were observed without any orientation. However, the number of spherulites varied 

significantly, with a greater number detected when cooling from 170 °C. This was 

expected, as the unmolten crystals at 170 °C acted as nuclei. Additionally, these 

unmolten crystals hardly affected the linear viscoelastic properties because the 

rheological terminal region was clearly detected, even at 160 °C, as shown in Figure 

4.2. This indicates that the crystals existed as solid particles without interacting with 
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polymer chains in the molten state. If the crystals formed a fringed micelle or network 

structure, a longer relaxation mechanism would be observed. 

 

Figure 4.5. POM images were obtained using crossed polars during non-isothermal 

crystallization at 10 °C/min from 170 °C (top) and 180 °C (bottom) in the absent of 

shear.  

 

 Figure 4.6 presents the DLI curves obtained during cooling. The samples were 

exposed to shear from 170 °C or 180 °C to 130 °C. For the sample cooled from 170 °C, 

the crystallization temperature was not affected by the shear history, indicating that the 

remaining crystal residues were the primary factor in the crystallization process. 

However, in the case of sample cooling from 180 °C with applying shear at 50 s⁻¹, 

crystallization occurred at a higher temperature, suggesting the occurrence of shear-

induced crystallization. This implies that the critical shear rate for shish formation 

between 10 and 50 s⁻¹. 
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Figure 4.6. Growth curves of depolarized light intensity (DLI) with/without applied 

shear history during non-isothermal crystallization at 10 °C/min. The shear history 

was applied from 170 °C (left) and 180 °C (right) to 130 °C at 10 and 50 s−1. 

 

 Figures 4.7 and 4.8. are shown the POM images. The morphologies shown in 

Figure 4.7 were almost similar to the top images in Figure 4.5. As expected, because 

the applied shear did not affect the crystallization kinetics, crystallization occurred 

quickly due to the presence of unmolten crystals. When the sample was cooled from 

180 °C, however, the crystallization behavior changed significantly. As seen in Figure 

4.8, the POM images after applying shear at 10 s⁻¹ resembled those without any shear 

history (Figure 4.5, bottom). After applying shear at 50 s−1, the number of spherulites 

increased significantly, as revealed in the previous report [10,18]. However, the applied 

shear flow did not affect the shape of the spherulites. This suggests that the chain 

orientation induced by shear was fully relaxed before the lateral growth of the crystals. 
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Figure 4.7. POM images were obtained using crossed polars during non-isothermal 

crystallization at a rate of 10 °C/min. The shear history was applied from 170 to 

130 °C at shear rates of 10 and 50 s−1.  

 

Figure 4.8. POM images were obtained using crossed polars during non-isothermal 

crystallization at 10 °C/min. The shear history was applied from 180 to 130 °C at 

shear rates of 10 and 50 s−1.  
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Figures 4.9 and 4.10 illustrate the isothermal crystallization behaviors at 110 °C. 

The samples were cooled to 110 °C, just prior to the isothermal process, while subjected 

to shear flows of 1, 10, and 50 s⁻¹. Shear flow significantly impacted the crystallization 

rate. Specifically, shear flows of 10 and 50 s⁻¹ notably shortened the crystallization 

induction period, reducing it to 180 seconds for 10 s⁻¹ and 150 seconds for 50 s⁻¹. As 

shown in Figure 4.10, the applied shear flow did not result in the formation of a shish-

kebab structure but instead increased the number of crystal nuclei. Additionally, it is 

worth noting that after shear at 50 s⁻¹, many spherulites were aligned in rows along the 

flow direction. This anomalous structure suggests the presence of extended chain 

crystals, indicating that shish formation likely occurred during flow. However, it was 

not directly observed through POM analysis, possibly because the diameter of the shish 

structures was too small to be detected [29, 31–34]. Subsequently, a part of the shish 

sporadically served as nucleation site for spherulites. Since the shish aligned with the 

flow direction, i.e., vertical direction, the spherulites formed in vertical rows in the 

sample subjected to shear at 50 s⁻¹. The POM images further showed that the spherulites 

did not orient or deform along the flow direction, indicating that their lateral growth 

occurred uniformly in all directions. This finding suggests that even extended chain 

crystals do not act as effective nucleating agents to induce transcrystallization in 

PHBHHx. Although the reason why spherulite structures formed instead of a kebab 

structure remains unclear, the crystalline form of the shish may differ from that of folded 

chain crystals. 
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The weight-average relaxation time 𝜏𝑤 at 110 °C was estimated using the flow 

activation energy Ea, and was found to be 0.040 s. Consequently, the Weissenberg 

number, related to reptation motion [32], given by Eq. (4–9), became larger than 1 at 50 

s−1. This suggests the potential for anisotropic crystal growth during the initial phase of 

crystallization. However, due to the slow linear growth rate of PHBHHx, most of the 

molten polymer chains lost their orientation prior to crystallization, leading to the 

formation of typical spherulites. 

rep repWi  
       (4–9) 

Furthermore, the Weissenberg number related to the Rouse mode, defined in Eq. 

(4–10), must be larger than 1 at 10 s−1 because the number of crystals increased markedly. 

R RWi  
       (4–10) 

The Rouse relaxation time is determined by the molecular weight as follows: 

2

R e

e

M

M
 

 
=  

       (4–11) 

where 𝜏𝑒 is the Rouse relaxation time of a chain segment between neighboring 

entanglement points and is reported to be 3 × 10−4 s for PHB [33]. Assuming that the 

Me is 10,700, the molecular weight needed for shish formation at a shear rate of 10 s−1 

must be greater than 195,000. That is higher than the Mz+1 of the present sample, which 

is 183,000 (the absolute molecular weight). This is expected because a tiny amount of 

a high-molecular-weight fraction, e.g., 0.1% [43], is sufficient for shish formation. 
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Figure 4.9. Growth curves of depolarized light intensity (DLI) during the isothermal 

crystallization with applied shear history during cooling at 10 °C/min. The shear 

history was applied from 180 to 110 °C at various shear rate, then held at 110 °C for 

10 min. 
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Figure 4.10. POM images of the morphology during the isothermal crystallization 

with applied shear history during cooling at 10 °C/min. The shear history was applied 

from 180 to 110 °C at various shear rates, then held at 110 °C for 10 min. 
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4.5 Conclusions 

 The crystallization behavior of PHBHHx was examined considering actual 

processing conditions. The melting temperature before to cooling significantly 

influences the crystallization rate. Heating a sample at or above 180 °C is not 

recommended, as it causes all crystal parts to melt, leading to slow nucleation. Melting 

at 170 °C retains some unmolten crystals without affecting the rheological 

characteristics. These unmolten crystals act as nucleating agents, significantly speeding 

up the crystallization process This suggests that unmolten crystals can persist even 

without introducing additional PHBHHx with lower hydroxyhexanoate content, 

providing valuable insights for enhancing crystallization rates, particularly during 

secondary processes like thermoforming, injection-blow molding, and hot-stretching. 

When these unmolten crystals are exposed to high temperatures and subsequently 

melted, a strong shear flow is applied, where the Weissenberg number related to the 

Rouse mode exceeds unity and encourages shish formation. However, an oriented 

crystal structure such as shish kebab is largely absent after the cessation of flow. In the 

present study, instead of the formation of an oriented crystal structure, several 

spherulites appeared in a row-oriented with the flow direction. This unique structure 

results from the sporadic growth of spherulites on the extended chain crystals. 
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Chapter 5  

General conclusion 

 My research proposed new ideas for enhancing the crystallization of polymer 

materials with a flow history. In each chapter, a novel method to be employed in the 

industry was proposed as follows. 

 

Chapter 2 Effect of fibrous nucleating agent on shear-induced crystallization of 

polypropylene 

 The effect of a fibrous nucleating agent on the crystallization of PP under flow 

field was studied. The fibrous nucleating agent, MDBS, significantly increased the 

crystallization temperature and thus accelerated the whole crystallization rate. Without 

MDBS, the crystallization of PP was only enhanced after exposure to high shear rates. 

Moreover, no molecular orientation was observed, but the spherulite texture at lower 

shear rates. In the PP/MDBS system, a strong molecular orientation in the flow direction 

was detected, even at low shear rates. This is attributed to the formation of a pseudo 

shish-kebab structure. Thus, the combination of a fibrous nucleating agent and shear 

flow not only significantly increases the crystallization temperature and accelerates the 

crystallization rate but also changes the crystalline morphology from a spherulite 

texture to a highly oriented shish-kebab structure, leading to enhanced rigidity. 
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Chapter 3 Effect of low-density polyethylene addition on shear-induced 

crystallization of polypropylene 

 The effect of the LDPE addition on PP crystallization under shear flow was 

studied. The addition of LDPE enhanced the PP crystallization greatly only after shear 

history. In other words, shear-induced crystallization was significantly accelerated by 

the LDPE addition. As a result, the molecular orientation of PP significantly increased, 

which is responsible for high modulus. This technique must be available in the industry 

without any difficulty. 

 

Chapter 4 Appropriate processing condition to enhance crystallization rate for 

poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) 

 The crystallization rate of poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) 

(PHBHHx) having various thermal and shear histories was studied. The melt 

temperature before cooling process was significant because a small amount of unmolten 

crystals could remain at a specific temperature at which the materials showed 

flowability. These unmolten crystals acted as nucleating agents and accelerated the 

crystallization rate. Furthermore, the shear history greatly enhanced the crystallization 

rate and the number of spherulites. The spherulites were aligned in a row to the flow 

direction. This unique structure must be the result of sporadic spherulite growths on 

extended chain crystals. 
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Future Scope 

  Accelerated crystallization can reduce the cycle time in the production and 

enhance molecular chain orientation resulting in high modulus. Based on recent 

research on flow-induced crystallization, crystallization can be accelerated by the 

addition of a high molecular weight fraction or exposure to a high shear rate. The results 

obtained in this thesis, such as the effects of the shape of a nucleating agent, external 

forces, i.e., shear flow, and long-chain branched polymers, will be helpful for future 

design considerations. A fibrous nucleating agent significantly enhanced the 

crystallization temperature and accelerated the crystallization rate. In the case of 

combining a nucleating agent with shear flow, the transformation of crystal form was 

greatly enhanced, shifting from a spherulite texture to an anisotropic, highly oriented 

shish-kebab structure. Furthermore, even in an immiscible blend system, the addition 

of a long chain branched polymer also enhanced the flow-induced crystallization and 

gave a highly oriented structure to the flow direction, which resulted in high modulus. 

This research also studies bio-based plastics that are biodegradable even in marine 

environments, focusing on optimizing processing conditions to enhance the 

crystallization rate.  

 At most polymer processing operations, such as injection molding, film blowing, 

and film casting, a molten polymer is exposed to shear flow. Therefore, the 

crystallization behavior of a crystalline polymer during/after flow is significantly 

important. Depending on the conditions including temperature, shear rate, and residence 

time, the growing structures varied from spherulite to orientation structures such as row-
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nucleated and shish-kebab structures. As known, precise morphology control is 

essential to the properties of final products. Shear flow influences crystallization, which 

significantly enhances the crystallization rate and generates orientated crystallites.  

 Therefore, this research is very interesting and valuable because it aims to find 

the feasibility of enhancing the product's performance. This has advantages not only for 

academic research but also for designing the controlling processing conditions in the 

industry. Currently, I am mainly conducting research on polypropylene (PP), 

polyethylene (PE), and bio-based plastics, i.e., poly(hydroxyhexanoate) (PHBHHx). 

Since the methods must be independent of the polymer species, they can be applied to 

other crystalline polymers.  
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