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General Introduction 

Nowadays, a wide variety of polymers are commercially produced and available, and 

the demand for polymer materials with higher performance and functionality continues 

to grow. Additionally, the increasing production and consumption of polymer materials 

have a significant impact on the environment such as marine pollution, and this impact 

has become increasingly serious in recent years [1,2]. Therefore, it is necessary to reduce 

the environmental stress caused by polymer materials at a global level. To address these 

issues, it is essential to understand the molecular-level mechanisms of polymer structural 

formation and apply this knowledge to the development of new materials. This is 

expected to lead to the creation of multi-purpose polymer materials from only a few types 

of polymer species. 

Since most polymers are semi-crystalline, understanding how polymer chains 

disentangle, rearrange, and diffuse to form crystals is crucial [3–6]. Controlling chain 

arrangements is one of the most important processes in polymer crystallization because it 

significantly affects the structural formation process of crystals and is crucial to the 

processing of polymer materials. The chain arrangements involve processes such as the 

disentanglement of polymer chains, orientation by flow, and diffusion within the melt or 

crystal. 

The entanglement of polymer chains is a crucial factor in determining the 

arrangement of these chains. This is unique to polymers and occurs due to the long and 

flexible nature of their molecular chains. Polymer chains in a melt are known to exist in 

random coils that are entangled with one another. The "tube model" by de Gennes [7] and 

Doi and Edwards [8] is a commonly used abstract representation of entanglement, where 

the topological binding of a single molecular chain to the surrounding chains is depicted 
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as a hollow tube. The entanglement of polymer chains is resolved through the reptation 

of one chain in the direction of the chain axis through the hollow tube formed by other 

chains, as molecular chains cannot cross each other. It is important to note that the essence 

of entanglement lies in the intramolecular or intermolecular interaction that restricts the 

motion of molecular chains. From a macroscopic viewpoint, entanglement can be 

regarded as a phenomenon that constrains the movement of molecular chains, but from a 

microscopic viewpoint, the types of entanglement that can be formed differ in complexity, 

which can make them either difficult or easy to disentangle. This, in turn, can have 

varying effects on the structural formation process and its magnitude. 

Uehara et al. conducted a series of studies on the disentangling behavior of 

entanglements during the melt-drawing process by in-situ pulse NMR measurements or 

wide and small angle X-ray scattering measurements of ultra-high molecular weight 

polyethylene [9–14]. They found that entanglements with varying ease of disentangling 

coexist and distinguished between "mobile" and "rigid" entanglements, which are easily 

disentangled and difficult to disentangle, respectively. The study also found that 

entanglements coexist in samples synthesized using Ziegler catalysts [15] with different 

molecular weight distributions and metallocene catalysts [15]. Samples synthesized with 

Ziegler catalysts were compared to those synthesized with metallocene catalysts, which 

have different molecular weight distributions. 

Yamazaki et al [16]. investigated the entanglement of polymer chains by observing 

the nucleation process of polyethylene using a polarizing optical microscope. They 

clarified the time evolution of two-step entanglement from a polymer melt where no 

entanglement initially existed. They proposed different types of entanglements, including 

twists and knots, which are entanglements formed by twisting chains and entanglements 
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in which chains form knots at the ends. They observed that twists form earlier in the melt 

annealing time because they are easier to form than knots, and more complex 

entanglements form with increasing annealing time. 

The molecular weight between entanglement points (Me) of polyethylene chains is 

an important value when considering the entanglement of polymer chains, and it is a well-

known value determined by rheological measurements [17]. However, entanglements that 

are easy to disentangle are considered difficult to measure by rheological measurements 

because they can be easily disentangled. Therefore, the Me is considered inconsistent 

between the value obtained from a macroscopic point of view, such as rheological 

measurements, and the value obtained from a microscopic point of view through 

crystallization observations. 

The Me is unique to each polymer chain, and several methods have been used to 

estimate it, including melt rheological measurements, NMR relaxation measurements, 

and Monte Carlo simulations. There are many reports on the Me value of polyethylene, 

but the values differ depending on the measurement methods used. For example, 

rheological measurements have reported a range of 830–2600 g/mol [18–25], NMR 

measurements have reported 1230 g/mol [26], and Monte Carlo simulations have reported 

710–840 g/mol [27,28]. Litvinov et al. reexamined the Me of polyethylene using NMR 

relaxation measurements and calculated a value of Me ≈ 1760 g/mol [29,30]. This value 

differs from the generally accepted Me ≈ 1250 g/mol determined from the plateau modulus 

but does not deviate from the range of values determined by rheological measurements. 

Litvinov et al. have put forward the idea that the deviation in the value of Me obtained 

from the generally accepted value may be since the effects of molecular weight 

distribution and branching were not properly evaluated during the measurement of 
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plateau modulus. This limitation may affect the validity of the hypotheses in the theory 

of rubber elasticity. Saalwächter responded to this report by Litvinov et al. and expressed 

his opinion that macro parameters from rheological measurements are often confused 

with micro parameters from NMR relaxation measurements. He also criticized the 

validity of the hypotheses used in the derivation process of the equations used in the 

analysis [31]. Therefore, it is considered that there is still much room for further study in 

the report of Litvinov et al. 

However, it is significant to re-examine Me, a fundamental parameter for 

entanglement, from a microscopic point of view through crystallization observations, as 

it may be possible to visualize various types of entanglement in polymers. The number of 

carbons required to form a single knot entanglement for the knot entanglements that linear 

polymers can form was simulated by de Gennes [32]. The knot entanglement assumed 

here is a "tight knot" entanglement, which is even more difficult to disentangle than usual. 

According to de Gennes, these tight knots can be formed by approximately 36–38 carbons, 

depending on the conformation of the trans and gauche, corresponding to a molecular 

weight of approximately 430–460 g/mol. Such entanglements are difficult to relax and 

eliminate in the melt. 

The formation of tight knots with such characteristics occurs under limited conditions, 

and it is still unclear whether they form or not. However, the fact that the molecular weight 

of a flexible chain can be assumed to be such that the knot entanglement, which is difficult 

to disentangle, can be formed, is very important for the molecular interpretation of Me. 

As described above, the entanglement of chains is crucial in the structure formation of 

polymers and has been extensively studied by many researchers. It is essential to study 

the various types of entanglement that can be formed from a molecular theoretical 
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viewpoint. Therefore, the Me has been studied from a microscopic viewpoint through 

crystallization observation, and entanglement has been studied from a molecular 

theoretical viewpoint using simulations. 

However, since entanglement can only be measured by observing the response or 

crystallization behavior of a solid or melt when an external stimulus is applied, the fact 

that the entanglement of molecular chains cannot be directly observed makes 

understanding entanglement more difficult. There are still many unknowns about 

entanglement that remain unclear. 

Cyclic polymers are an interesting subject for investigating the role of entanglement 

species in polymer crystallization [33,34]. Because cyclic polymers lack chain ends, they 

cannot form knot entanglements and have fewer entanglements than linear polymers. This 

topological difference suggests that entanglements formed by cyclic polymers are easier 

to disentangle than those formed by linear polymers. Rheological studies of cyclic 

polymers were conducted by Roovers and McKenna et al. in the 1980s. Roovers et al. 

discovered [35,36] that the intermolecular diffusion of cyclic polymers is much slower 

than that of linear polymers, and they estimated that the entanglement density of cyclic 

polymers is approximately one-fifth of that of linear polymers with the same molecular 

weight. McKenna et al. also compared the zero-shear viscosity of cyclic and linear 

polystyrene of similar molecular weight during the same period as Roovers et al., finding 

that the zero-shear viscosity of cyclic polystyrene is about half that of linear polystyrene 

[37,38]. With advances in synthesis technology, experimental studies on the 

crystallization of cyclic polymers under quiescent conditions have become more 

prevalent. However, conflicting conclusions have been drawn from the comparison of the 

crystallization rates between cyclic and linear polymers, and further research is needed to 
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clarify this issue. Recently, a study on the crystallization of blended systems of cyclic and 

linear polymers under quiescent conditions was reported [34,39]. It is worth noting that 

there are almost no studies on the crystallization of cyclic polymers under the flow field, 

except for theoretical and simulation-based studies. 

The entanglements also play a critical role in crystallization under the flow field 

[40,41]. In the flow field, polymer chains in the melt are elongated at the entanglement 

points, generating various morphologies such as core-skin, row nucleation, and shish-

kebab structures. The formation mechanism of shish-kebab crystals, which consist of 

single fiber-like crystals called shish and folded chain crystals called kebab, has been 

discussed for a long time. Several models, such as the coil-stretch model proposed by de 

Gennes [42] and later examined by Keller et al. [43,44], have been verified. According to 

the widely accepted model, polymer chains elongated at the entanglements by the flow 

field form the oriented melt and grow to shish. After the formation of the shish, kebabs 

are epitaxially generated on the surface of the formed shish. Therefore, the entanglements 

in the flow field have both contributions to the enhancement of the formation of the 

oriented melt and the suppression of crystallization. 

The purpose of this thesis is to clarify the effects of entanglement species and novel 

entanglements formed by mixing cyclic and linear polymers on crystallization under the 

quiescent and flow field. 

In Chapter 1, the isothermal crystallization behavior of blends of cyclic and linear 

polyethylene in the quiescent state is described. The molecular weight of cyclic and linear 

polyethylene is fixed at one specimen and the blend ratios of cyclic and linear 

polyethylene are changed. The effect of the entanglement species formed by cyclic, linear 

polyethylene, and their blends on the crystallization is investigated. The novel 
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entanglements formed by cyclic and linear polyethylenes play a major role in the 

suppression of crystallization. 

In Chapter 2, the formation of shish-like fibril crystals from the sheared melt of cyclic 

polyethylene and its blend with linear polyethylene is described. The effect of the degree 

of supercooling on the formation rate of the shish-like fibril crystals of cyclic 

polyethylene is compared to that of a linear polyethylene homopolymer. Additionally, the 

control of the density and species of entanglements using a blend of cyclic polyethylene 

and linear polyethylene is attempted. The crystallization behavior of the sheared melt in 

the blended samples is also examined. 

In Chapter 3, the formation of shish-like fibril crystals from the sheared melt of 

blends of cyclic and linear polyethylene is described. The molecular weight and blend 

ratios of cyclic and linear polyethylene are varied to control the entanglement density, 

and the effects of the entanglement state on the formation of shish-like fibril crystals are 

investigated. The enhancement and suppression effects of blends of cyclic and linear 

polyethylene on shear-induced crystallization are discussed. 

Overall, this thesis contributes to the understanding of the effects of entanglement 

species and novel entanglements formed by mixing cyclic and linear polymers on 

crystallization under different conditions. 
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Chapter 1 

Effect of blend ratio of cyclic and linear polyethylene blends on isothermal 

crystallization in quiescent state 

 

1-1 Introduction 

The crystallization mechanism of linear polymers in a quiescent state has been studied 

for several decades. Numerous studies have been devoted to the clarification of the effect 

of molecular weight on crystallization, such as studies on the crystallization of polyolefins 

and polyesters from the isotropic melts, because it is known that the topological nature of 

chain molecules is explicitly dependent on their molecular weight. For example, Hoffman 

et al. [1–3] conducted a series of studies on the crystal growth of polyethylene. Okui et 

al. reported the primary nucleation and crystal growth of several polymers in the melt [4]. 

The role of chain entanglements in polymer crystallization is one of the most challenging 

problems. Psarski et al. [5] and Hikosaka et al. [6] independently reported that 

entanglements suppress the nucleation and growth of polymers. However, it remains 

unclear which type of entanglements, among knots, twists, or threads, more strongly 

affects polymer crystallization. 

Cyclic polymers have long been of interest because, unlike linear polymers, they have 

the unique topological feature of having no chain ends. Many studies on the viscoelastic 

properties of cyclic polymers have been conducted. These indicate that cyclic polymers 

have fewer entanglements than linear polymers because of their lack of knot 

entanglements [7]. In the last few decades, studies on the crystallization of cyclic 

polymers have remarkably increased [8–12]. The reported results are controversial, and 

discussions are still ongoing [12]. Therefore, this chapter is not intended to reach a 
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universal conclusion about whether cyclic and linear polymers crystallize faster. 

More recently, López et al. [13] and Ruiz et al. [14] analyzed the crystallization of 

blends of cyclic and linear polyesters. In these cases, it is expected that the novel 

entanglements formed between the cyclic and linear polymers, known as the threading 

effect [13,14], play an important role. The influence of linear contaminants has been 

pointed out several times in the rheological behaviors. For example, Kapnistos et al. found 

that the entanglements formed by blending cyclic and linear polystyrene were more 

difficult to disentangle than those formed with cyclic polystyrene solely through stress 

relaxation [15]. 

This work investigates the crystallization behavior of blended C-PE and L-PE 

samples in a quiescent state. The Mw of C-PE and L-PE was fixed for each specimen, and 

the blend ratios of C-PE and L-PE were changed. The half-crystallization time (t1/2) was 

measured for a fixed degree of supercooling (T), and not for the fixed crystallization 

temperature (Tc). The effect of the entanglement species formed by C-PE and L-PE and 

their blends on the crystallization are discussed. 

 

1-2 Experimental 

1-2-1 Sample preparation 

All samples used in this chapter were synthesized in the author’s laboratory using 

methods reported elsewhere [16–18]. The typical procedures are briefly described below 

and are summarized in Scheme 1.1. Cyclic polyoctenamer (C-PO), as a precursor of C-

PE, was prepared by metathesis polymerization using cis-cyclooctene (COT) as the 

monomer and a cyclic Ru-alkylidene complex (modified Grubbs catalyst) was used as the 

catalyst. The method of preparing the modified Grubbs catalyst has been reported 
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previously [16–18]. To control the Mw of C-PO, metathesis polymerizations were 

performed at different temperatures and with different polymerization times and amounts 

of added catalyst. The chemical structure of C-PO was confirmed by 1H NMR, 13C NMR, 

and FT-IR spectroscopy. Evidence for a cyclic architecture of C-POs was provided by 

the absence of signals from the end groups in 1H NMR spectroscopy. It should be noted 

that the undetectability of signals from the end groups is not warranted for the perfect 

cyclic purity of C-PO prepared above. In the literature [18], it has been shown that the 

presence of acyclic Ru-alkylidene complexes or impurities such as cis-cyclooctadiene 

may produce linear contaminants. In this chapter, the production of the modified Grubbs 

catalyst was carefully monitored to the best of the author’s ability. Then, according to the 

method reported by Hahn [19], C-PEs by hydrogenation of the corresponding C-POs with 

tri-n-propylamine and p-toluenesulfonyl hydrazide were prepared. The Mw of the C-PEs 

was calculated assuming 100% hydrogenation of C-PO. The completion of hydrogenation 

was confirmed by the disappearance of the olefinic signals from the FT-IR spectra. 

L-PE was prepared by the hydrogenation of linear PO (L-PO), which was prepared 

by the metathesis polymerization of COT using a second-generation Grubbs catalyst. The 

chemical structures of L-PO and L-PE were also examined by 1H NMR and FT-IR 

spectroscopy. The Mw of the L-PEs was also calculated assuming 100% hydrogenation of 

L-PO. The Mw of C-PO and L-PO was evaluated using the relationship between the 

intrinsic viscosity [] and Mw in tetrahydrofuran at 30 °C reported by Bielawski et al. 

[16]. The Mw values of C-PE and L-PE were 175×103 and 154×103 g/mol, respectively. 

The equilibrium melting temperatures (Tm
0) of C-PE and L-PE [20–23] were calculated 

assuming that the Tm
0 of C-PE is equal to that of perfect extended chain crystals of L-PE 

possessing half the Mw of C-PE. The Tm
0 values of C-PE and L-PE were 140.9 and 



 

16 

 

1
6
 

146.1 °C, respectively. For the Tm
0 of blended samples (Tm

0(C/L)), it was assumed an 

additive property given by 

𝑇m
0(C/L) = (1 −

𝜙L-PE

100
) × 𝑇m

0(C-PE) +
𝜙L-PE

100
× 𝑇m

0(L-PE) (1.1) 

where Tm
0(C-PE) and Tm

0(L-PE) are the Tm
0 values of the C-PE and L-PE homopolymers, 

respectively. Since the blend of C-PE and L-PE can be regarded as a perfectly miscible 

system, this treatment is accepted as a first-order approximation. 

A blend of C-PE and L-PE was prepared as follows: C-PE and L-PE homopolymers 

were mixed with hot o-xylene. The solution was poured into excess methanol and the 

precipitate was recovered. The powder-blended samples were then dried in vacuo. The 

weight fraction of L-PE (L-PE) in the blended samples was varied from 0 to 100 wt%. 

 

1-2-2 Instruments and measurements 

The isothermal crystallization behavior in the quiescent state was observed through 

polarizing optical microscopy (POM; Olympus, BX-53) conducted using a hot stage 

(Linkam LK-600M) and differential scanning calorimetry (DSC; PerkinElmer, DSC 

8000) under a nitrogen stream (20 mL/min) to avoid sample degradation. The samples 

were sandwiched between two cover glasses for POM and placed in an Al pan for DSC 

analysis. The temperature and shear profiles are shown in Figure 1.1. All samples were 

melted at a rate of 30 °C/min and annealed at a temperature above Tm
0 (melt annealing 

temperature Tmax = 160 °C) for 1 min to erase the previous thermal history. The samples 

were then cooled down to Tc at a rate of 30 °C/min. The range of T was 25–28 K. The 

isothermal crystallization behavior was recorded through POM using a video camera 

(Victor KY-F1030). During isothermal crystallization, the heat flow was also measured 

as a function of crystallization time t using DSC.  
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Scheme 1.1 Preparation of C-PE and L-PE. 
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Figure 1.1 Melting and crystallization temperature, T, against crystallization time, t. All 

samples were melted and then kept at Tmax ( = 160 °C) for 2 min. After annealing, they 

were cooled to Tc to observe the crystallization. 

 

1-2-3 Kinetic analysis with Avrami equation 

In this chapter, the isothermal crystallization kinetics of the C-PE and L-PE blends 

were analyzed using the classical Avrami equation [23,24]. The Avrami equation can be 

expressed as: 

1 − Χ𝑡 = 𝑒𝑥𝑝(−𝑘𝑡𝑛) (1.2) 

where Χ𝑡 is the relative degree of crystallinity at crystallization time t, k is the overall 

crystallization rate constant, and n is the Avrami index. Χ𝑡 can be defined as 

Χ𝑡 =
Δ𝐻𝑡

Δ𝐻∞
 (1.3) 

where Ht is the heat generated at t and H∞ is the total heat generated until the end of 

crystallization. Equation (1.2) can be transformed into a double logarithmic form as 
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follows: 

log[−ln(1 − Χ𝑡)] = 𝑛log 𝑡 + log 𝑘 (1.4) 

The Avrami index n can be determined from the slope of the log[−ln(1 − Χ𝑡)] vs. log 𝑡 

curve. The Avrami index n is related to the type of nucleation and geometry of the growing 

crystal, usually ranging from 0.5 to 4 [23]. By substituting Χ𝑡 = 0.5 into Equation (1.4), 

t1/2, that is, the time necessary for the completion of 50% crystallization, can be obtained 

as: 

𝑡1/2 = (ln 2/𝑘)1/𝑛 (1.5) 

It should be noted that the half-crystallization time includes the contribution of both 

primary nucleation and crystal growth. In this chapter, it is intended to prove the validity 

of the Avrami analysis, and it was only used for the quantitative estimation of t1/2. 

 

1-3 Results and discussion 

1-3-1 Morphology of the blends of C-PE and L-PE observed by POM 

Figure 1.2 shows typical examples of POM images of the crystals formed in the 

blends of C-PE and L-PE at (a) L-PE = 0 wt%, (b) L-PE = 50 wt%, and (c) L-PE = 100 

wt%. T and t were fixed at 26 K and 210 s, respectively. This crystallization period 

corresponds to the early stages of crystallization. It was found that the crystallization at 

L-PE = 0 wt%, that is, the C-PE homopolymer, was the fastest. The crystallization rate at 

L-PE = 100 wt%, that is, the L-PE homopolymer, was significantly slower than that of 

the C-PE homopolymer. Eventually, that at L-PE = 50 wt% was the slowest. The overall 

crystallization rate includes the contributions of both the primary nucleation rate and the 

crystal growth rate. Because the Mw of C-PE and L-PE are different, it is not easy to 

conclude which homopolymer has a faster crystallization rate. However, it seems to be  
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Figure 1.2 Typical examples of POM images of the formed crystals of the blends of C-PE and L-PE at (a) L-PE = 0 wt%, (b) L-PE = 50 

wt%, and (c) L-PE = 100 wt%. T and t were fixed at 26 K and 210 s. The scale bar represents 50 m. 

(a) L-PE = 0 wt% (b) L-PE = 50 wt% (c) L-PE = 100 wt% 
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consistent with literature findings that the crystallization rate of cyclic polymers is higher 

than that of linear polymers, as reported by Su et al. [8], Pérez et al. [12], López et al. 

[13], and Ruiz et al. [14]. The morphology of the formed crystal does not seem to be 

significantly different irrespective of the blend ratio, as reported for cyclic and linear 

blends of poly(-caprolactone) [13] and poly(L-lactide) [14]. 

 

1-3-2 Crystallization kinetics of the blends of C-PE and L-PE 

Figure 1.3 (a) shows a typical example of the time evolution of the heat flow for the 

blends of C-PE and L-PE at T = 26 K. All samples show a uniform exothermic peak, 

although the half-widths of the peaks differ depending on the blend ratio. The peak 

positions of the C-PE and L-PE homopolymer, that is, L-PE = 0 and 100 wt%, were 

almost coincident. The peak position for L-PE = 50 wt% shifted to the slowest 

crystallization time. According to Equation (1.3), the time evolution of the heat flow was 

converted to that of the relative degree of crystallinity. Figure 1.3 (b) shows a typical 

example of the time evolution of the relative degree of crystallinity Χ𝑡 of the blends of 

C-PE and L-PE at T = 26 K. All samples show a single sigmoidal curve irrespective of 

L-PE. Compared with the data for L-PE = 0 and 100 wt%, the completion of 

crystallization for the former was faster than that for the latter. The onset and completion 

of crystallization at L-PE = 50 wt% were the slowest among all samples. Figure 1.3 (c) 

shows a typical example of Avrami plots for the blends of C-PE and L-PE at L-PE = 0, 

50, and 100 wt% at T = 26 K. From the initial slope of the Avrami plots, the Avrami 

index n can be obtained. The obtained index n ranged from 1.5 to 2.2 and did not show a 

clear T and L-PE dependence. Similar n values were reported by Krumme et al. for high-

density polyethylene with high and low Mw [25]. 
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Figure 1.3 Typical example of the time evolution of (a) heat flow of the blends of C-PE and L-PE at T = 26 K and(b) relative degree of 

crystallinity Χ𝑡 of the blends of C-PE and L-PE at T = 26 K. (c) Typical example of Avrami plots of the blends of C-PE and L-PE at 

L-PE = 0, 50, and 100 wt% at T = 26 K. 

(a) (b) (c) 
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Figure 1.4 shows plots of the inverse of the half-crystallization time (1/t1/2) against 

L-PE for different T. It was found that the 1/t1/2 for C-PE was almost the same as that 

for L-PE at T = 27 K. At a lower T, the former was significantly larger than the latter, 

and vice versa at a larger T. As mentioned before, t1/2 involves contributions from both 

primary nucleation and crystal growth. It is well known that primary nucleation density 

easily fluctuates depending on the density of heterogeneity within the system [6]. 

Compared to large T where the contribution of nucleation is relatively low, it seems that 

C-PE crystalizes faster than L-PE. On the other hand, a minimum of 1/t1/2 was observed 

at approximately L-PE = 50 wt% irrespective of T. López et al. [13] and Ruiz et al. [14] 

reported the plots of the inverse of the half-crystallization (1/t1/2) against the weight 

fraction  of the cyclic polymer at a fixed Tc. They demonstrated a complicated  

dependence on 1/t1/2. The difference between their results and this study may arise from 

the difference between plotting against Tc or T. Further investigation is needed. Since 

crystallization is suppressed by the entanglements, the suppression effect of 

crystallization by the entanglements was maximized at L-PE = 50 wt%. The suppression 

effect should consider the contribution of both the quantity and disentangling ability. As 

reported by Roovers [7], the entanglement quantity, i.e., the number density of the 

entanglement (e) of linear polymers is much larger than that of cyclic polymers with the 

same Mw. In this chapter, it was expected that L-PE would have a larger e than C-PE 

because of the small difference in Mw between them. However, cyclic polymers have 

entanglements that are easy to disentangle owing to the lack of chain ends. The 

entanglements of linear polymers are more complicated and difficult to disentangle than 

those of cyclic polymers. Because the effects of e and the disentangling ability on 

crystallization are offset, no influence of 1/t1/2 on the C-PE and L-PE homopolymers was 
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shown. In the blend of C-PE and L-PE, in addition to the entanglements formed by single 

polymers, the formation of a novel entanglement, such that the L-PE chain penetrates the 

C-PE ring, is expected. It is speculated that this type of entanglement is difficult to 

disentangle, as discussed by Ruiz et al. [14]. Figure 1.5 shows a schematic illustration of 

the role of entanglement species in the crystallization of C-PE, L-PE, and their blends. 

Because the L-PE chains in the molten state are complexly entangled with each other, 

disentangling and chain diffusion become slower. Therefore, crystallization from such 

melts becomes slower. On the other hand, since C-PE chains can disentangle much easier, 

crystallization from such melts becomes faster. In the blends of C-PE and L-PE, owing to 

the novel complicated entanglement, the chains in the melt are difficult to be disentangled. 

Consequently, the crystallization of the blends was slower than that of the C-PE and L-

PE homopolymers. it was speculated that this effect would be maximized at L-PE = 50 

wt% when the Mw values of C-PE and L-PE in the blends were almost the same. 

 

1-4 Conclusion 

To clarify the effects of entanglement species on crystallization in a quiescent state, 

the t1/2 of blends of C-PE and L-PE from the melt was studied as a function of L-PE and 

T through POM and DSC. C-PE and L-PE were prepared with Mw of 175×103 and 

154×103, respectively. The 1/t1/2 values of the C-PE and L-PE homopolymers are almost 

the same at T = 27 K, with the former being slightly lower than the latter at a lower T. 

In contrast, the 1/t1/2 values of the blends of C-PE and L-PE were significantly lower than 

those of the C-PE and L-PE homopolymers, and a minimum of 1/t1/2 was observed at L-

PE ≈ 50 wt%. This suggests that the suppression of crystallization in the blended system 

was caused by a novel entanglement formed by the penetration of the L-PE chain into the 
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C-PE chain. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4 Plots of 1/t1/2 against L-PE for different T. 
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Figure 1.5 Schematic illustration of the role of entanglement species in the crystallization of C-PE and L-PE and their blends. 
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Chapter 2 

Role of entanglement species in the formation of shish-like fibril crystals elucidated 

by cyclic polyethylene 

 

2-1 Introduction 

It is well known that shish-kebab crystals, which consist of an extended chain fibrillar 

core (shish) surrounded by folded chain lamellar crystals (kebab) attached to the shish, 

can form when linear polyolefins, such as polyethylene or polypropylene, are crystallized 

under external flow fields, such as shear and elongational flow [1–5]. Several possible 

mechanisms of shish formation have been reported [6–8], with the following scenario 

being one of the most promising. Random coiled chains within the melt are partially 

stretched by flow at the entanglement points, and an oriented melt is formed. The 

stretched chains are nucleated, and the bundle nuclei are grown to the shish. The kebabs 

are then epitaxially generated on the shish surface. According to this formation 

mechanism, entanglement is important for the formation of the shish [9–14], that is, the 

formation of the oriented melt, because the entanglements effectively function as a 

“topological pin” during chain stretching. It is natural to consider that the topological 

pinning effect increases in complicated entanglements, such as tight knots, rather than 

twisted entanglements [15–18]. The more complicated entanglements increase, the 

stronger the chain-stretching without chain disentanglement. 

Using cyclic polymers, it is possible to control the entanglement species as they 

cannot form knot entanglements accompanied by chain ends. This implies that cyclic 

polymers have fewer entanglements than the linear analogs reported by Roovers [19]. 

Therefore, cyclic polymers are among the most suitable candidates for clarifying the 
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effect of entanglement species on shish formation. To the best of the author’s knowledge, 

there have been no experimental studies on the shear-induced crystallization of cyclic 

polymers; however, there have been a few theoretical studies [20]. 

In this chapter, the shear-induced crystallization of a cyclic polyethylene (C-PE) 

homopolymer and its blend with linear polyethylene (L-PE) was investigated. The effect 

of the degree of supercooling (T) on the formation rate (I) of the shish-like fibril crystals 

of C-PE was compared to that of L-PE homopolymer. Additionally, control of the density 

and species of entanglements using a blend of C-PE and L-PE was attempted. The 

crystallization behavior of the sheared melt in the blended samples was also examined. 

 

2-2 Experimental 

2-2-1 Sample preparation 

The C-PE and L-PE used in this chapter were prepared using the same method 

reported elsewhere [21–23]. First, PE precursors such as cyclic and linear polyoctenamers 

were synthesized via the ring-opening metathesis polymerization of cis-cyclooctene 

catalyzed by 1 and 2, respectively. Both PE precursors were hydrogenated with p-

toluenesulfonyl hydrazide and converted to the corresponding PE. The chemical 

structures of all samples were confirmed by FT-IR (JASCO FT/IR-410 spectrometer), 1H 

NMR and 13C NMR (JEOL AL300 SC-NMR). The weight average molecular weights, 

Mw, of C-PE and L-PE were determined using the method described in Chapter 1 [21]. 

The Mw of the C-PE and L-PE precursors was converted to that of C-PE and L-PE 

assuming 100% hydrogenation. All samples were formed as a film by melt pressing for 

crystallization experiments. 

The Mw, equilibrium melting temperature, Tm
0, and crystallization temperature, Tc 
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values of the C-PE and L-PE used in this chapter are summarized in Table 2.1. The Tm
0 

of C-PE and L-PE [24–26] were calculated assuming that the Tm
0 of C-PE is equal to that 

of perfect extended chain crystals of L-PE possessing half the Mw of C-PE. 

Small amounts of L-PE to C-PE were added to C-PE as follows. The C-PE and L-PE 

homopolymers were mixed in hot o-xylene. The solution was poured into excess 

methanol, and the precipitate was recovered. The powder-blended samples were dried in 

vacuo. The weight fraction of L-PE, L-PE, in the blended sample was fixed at 1 and 3 

wt%. Because the critical concentration for overlapping in bulk is calculated to be 

approximately 3 wt% [13,27], L-PE was set below this concentration. 

 

Table 2.1 Mw, Tm
0, and Tc of C-PE and L-PE. 

Code Mw / g mol-1 Tm
0 / °C Tc / °C 

C-PE(44k) 44 × 103 139.4 108.0–109.0 

C-PE(115k) 115 × 103 140.5 111.0–113.5 

L-PE(65k) 65 × 103 145.6 119.5–121.5 

C-PE(44k) + L-PE(65k) – – 117.5–119.0 

 

2-2-2 Instruments and measurements 

The crystallization behavior of the sheared melt was observed using a polarizing 

optical microscope (POM; Olympus, BX-51) equipped with a hot stage (Linkam CSS-

450). The hot stage consists of parallel plates made of quartz, with a gap between both 

plates (h) of 100 m. The temperature and shear profiles are shown in Figure 2.1. All 

samples were melted at a rate of 30 °C/min and annealed at a temperature above Tm
0 (melt 
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annealing temperature, Tmax = 150 °C) for 1 min. Then, the samples were cooled down to 

the desired Tc at a rate of 30 °C/min. Pulse shear flow was applied to the samples 

immediately before reaching Tc. The shear rate (𝛾̇) and duration time of shear flow (d) 

were fixed at 50 s-1 and 1 s, respectively. The ranges of T were 26.5–31.4 K for C-PE 

and 24.1–26.1 K for L-PE. During isothermal crystallization, the number density of shish-

like fibril crystals, i.e., the number density of the nuclei that grew to shish-like fibril 

crystals (N) was measured using a video camera (Victor KY-F550). The saturated value 

of N (st) against the crystallization time t [23] was also measured. The formation rate of 

shish-like fibril crystals (I) was calculated by I = dN/dt as a function of T or Tc. As 

reported in a paper [11], N corresponds to the number of the nuclei. 

Figure 2.1 Melting and crystallization temperature, T, against crystallization time, t. All 

samples were melted and then kept at Tmax ( = 150 °C) for 1 min. After annealing, they 

were cooled to Tc to observe the crystallization. Pulsed shear flow with 𝛾̇ = 5 s-1 was 

applied immediately before reaching Tc. 
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To characterize the morphology of the shish-like fibril crystals, scanning electron 

microscopy (SEM) was performed using Hitachi S-2150. In the SEM observations, shish-

like fibril crystals were initially prepared using the hot stage. The sample film, including 

shish-like fibril crystals in the molten state, was quenched to 20 °C. Then, shish-like fibril 

crystals within the sample were isolated from the sample film using the difference in 

melting temperature between shish-like fibril crystals and unoriented small crystals. 

Isolated shish-like fibril crystals were subjected to surface etching using decalin. 

 

2-3 Results and discussion 

2-3-1 Morphology of the shish-like fibril crystals of C-PE 

Figure 2.2 (a) shows a POM image of the formation of shish-like fibril crystals of C-

PE from the sheared melt at Tc = 113.5 °C. A similar morphology of fibril crystals has 

been observed for linear PE [11,12,27–29]. Figure 2.2 (b) shows an SEM image of 

several strands of shish-like fibril crystals of C-PE extracted from a thin-film sample 

immediately after isothermal crystallization from the sheared melt. The fibril crystals 

within the sample can be observed as bundle-like structures, and the fiber axis coincided 

with the flow direction. The diameter d of a single strand of the shish-like fibril crystal 

was ~1.5 m. To observe the inner morphology of shish-like fibril crystals in detail, rough 

etching of macroscopic strands of shish-like fibril crystals was conducted using decalin 

as a solvent. Figure 2.2 (c) shows an SEM image of several etched strands of the shish-

like fibril crystals. A macroscopic single strand was found to consist of a bundle of several 

microfibers with d = 1 m. Because the extraction from the bulk sample was rough and 

incomplete, the inner structure of the microfiber was unknown. However, this does not 

imply that the microfiber is composed of a single extended chain crystal. 
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Figure 2.2 Morphology of (a) shish-like fibril crystals formed from the sheared melt observed by POM, (b) several strands of the shish-

like fibril crystal, and (c) inner structure of several etched strands of the shish-like fibril crystal observed by SEM. 
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The Tm (nominal melting temperature) values of the observed shish-like fibril crystals 

and spherulites of C-PE and L-PE were also measured (Table 2.2). In both samples, the 

Tm of the shish-like fibril crystals was much higher than that of the spherulites. The Gibbs-

Thomson equation [30] is expressed as 

𝑇m = 𝑇m
0 −

𝑐

𝑙
 (2.1) 

where c and l are a constant and crystal thickness, respectively. From this equation, it is 

clear that the value of l for fibril crystals is much larger than that for spherulites. Therefore, 

it is considered that the observed fibril crystals correspond to overgrown assemblies of 

shish crystals generated from the elongated chains. Moreover, the Tm of the observed fibril 

crystals of C-PE was significantly lower than that of L-PE. The C-PE fibril crystals are 

somewhat unstable compared to the L-PE fibril crystals due to the topological constraint 

of C-PE being unable to elongate completely, that is, due to the existence of two 

permanent foldings in the fully stretched state. However, the morphologies of the fibril 

crystals of C-PE and L-PE were essentially identical. From these experimental findings, 

it is concluded that the fibril crystals of C-PE observed in this chapter can be regarded as 

assemblies of shish crystals [11,12,23,29,31]. 

 

Table 2.2 Tm of the observed fibril crystals and spherulites of C-PE and L-PE. 

 Tm / °C 

Code Shish-like fibril crystal Spherulite 

C-PE(115k) 136.8 129.6 

L-PE(65k) 143.3 130.8 
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2-3-2 Comparison of I between C-PE and L-PE 

Figure 2.3 shows plots of I against T-2 for C-PE(115k) and L-PE(65k). It was found 

that I obeyed the well-known equation [32] 

I = I0exp(−G*/kT) = I0exp(−C/T2) (2.2) 

where G* is the free energy required to form a critical primary nucleus and k is the 

Boltzmann constant. Therefore, the formation of shish-like fibril crystals of C-PE and L-

PE can be regarded as a nucleation-controlled process. Although the slopes of the straight 

lines C were somewhat different, but not extremely changed, irrespective of the 

topological nature of the polymers. 

According to classical nucleation theory [33], C is defined by 

𝐶 ∝ 𝜎2𝜎e (2.3) 

where  and e are the side- and end-surface free energies of the nucleus, respectively. 

Although it is necessary for a few assumptions, it can be judged the type of nucleus, such 

as a fold or bundle nucleus, from the value of C. As reported by Yamazaki et al. [11], the 

type of nucleus of the L-PE shish was shown to be a bundle nucleus, and the value of C 

for the fold nucleus was much greater than that for the bundle nucleus. Therefore, it can 

be concluded that the nucleus of the shish-like fibril crystal of C-PE is also a bundled 

nucleus. 

By contrast, considering that the values of Mw for C-PE(115k) and L-PE(65k) are 

different, a direct comparison of the values of the intercepts, I0, for C-PE and L-PE must 

be made. The Mw of C-PE is approximately twice that of L-PE. When the molecules of 

C-PE(115k) and L-PE(65k) are fully stretched, the end-to-end lengths are approximately 

the same, and both C-PE(115k) and L-PE(65k) have comparable chain dimensions. In 

general, in primary nucleation, it was found that the value of I0 should decrease with 
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increasing Mw [34,35]. This chapter reveals that the I0 of C-PE(115k) was significantly 

smaller than that of L-PE(65k) by one order of magnitude, indicating that the former is 

more difficult to nucleate. 

Figure 2.3 Plots of I against T-2 for C-PE(115k) and L-PE(65k). 

 

2-3-3 Formation mechanism of shish-like fibril crystals of C-PE and L-PE 

Figure 2.4 (a) shows a schematic illustration of the initial formation process of a 

shish from the oriented melt of a general linear polymer. An oriented melt is formed when 

polymer chains are elongated at entanglement points by the applied flow to the polymer 

melt. The bundle nucleus is generated from this oriented melt and then grows into a shish-

like fibril crystal. 
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Roovers previously reported that the entanglement density (e) of linear polymers is 

five times larger than that of cyclic polymers with the same molecular weight [19]. 

Considering the difference in Mw between C-PE(115k) and L-PE(65k), it can be estimated 

that the e of C-PE(115k) is two-fifths that of L-PE(65k). It is natural to consider that 

entanglement enhances the formation of oriented melt and suppresses crystallization. The 

density of the oriented melt is expected to be proportional to the entanglement density. 

Although it was reported that I0 is exponentially controlled by e [37], it does not lead to 

serious problems when considering that I0 is linearly suppressed by e, within a small 

change in e. Therefore, it is assumed that the formation rate or formation density of shish-

like fibril crystals is solely controlled by e. However, the ten-fold difference in I0 between 

C-PE(115k) and L-PE(65k) is excessively large to match the above assumption, implying 

that it is necessary to consider the entanglement density and entanglement species. 

Figure 2.4 (b) shows a schematic illustration of the difference in the formation ability 

of the oriented melt of cyclic and linear polymers. Linear polymers exhibit many knot 

entanglements that have a functional pinning effect in the polymer network. By contrast, 

cyclic polymers have lower entanglements, including knot entanglement, than linear 

polymers due to the lack of chain ends. Moreover, the lack of knot entanglement makes 

it easier to disentangle compared to a linear polymer. Even if the cyclic polymer chains 

are stretched by external flow, they can easily relax to the state of randomly coiled chains. 

Therefore, it is more difficult for a cyclic polymer to form an oriented melt than a linear 

polymer. This is the reason why it is more difficult for C-PE to form shish-like fibril 

crystals than L-PE. 
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(a) 

 

 

(b) 

 

 

Figure 2.4 (a) Schematic illustration of the formation mechanism of shish-like fibril 

crystals. (b) Schematic illustration of the difference in the formation ability of the oriented 

melt between cyclic and linear polymers. 
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2-3-4 Effect of the addition of L-PE to C-PE 

Further investigation of the effects of the entanglement species on the formation of 

shish-like fibril crystals was conducted using a blended sample of C-PE and L-PE. It has 

been reported that the addition of small amounts of linear chains to cyclic chains 

influences the crystallization rate in the quiescent state [38]. Figure 2.5 shows plots of I 

against Tc for C-PE(115k), L-PE(65k), and blended samples of C-PE(44k) and L-PE(65k) 

with L-PE = 1 and 3 wt%. Notably, the C-PE(44k) homopolymer cannot form shish-like 

fibril crystals in this Tc range under the present shear conditions. The blended samples 

can easily form shish-like fibril crystals because the Tc range of the formation of the shish-

like fibril crystals of the blended samples approaches that of the L-PE(65k) homopolymer, 

that is, a higher Tc range. In other words, the addition of small amounts of L-PE to C-PE 

remarkably enhances the formation of shish-like fibril crystals. 

There is a concern that the enhancement of I in the blended samples may be caused 

by the formation of shish-like fibril crystals from only the L-PE component in the blended 

samples. Figure 2.6 shows plots of st against Tc for L-PE(65k) and the blended sample 

of C-PE(44k) and L-PE(65k) with L-PE = 3 wt%. Comparing st at the same Tc, the st 

of the blended sample was found to be approximately one-sixth that of the L-PE(65k) 

homopolymer. Because C-PE and L-PE have good compatibility with each other, it is 

expected that C-PE molecules are distributed uniformly within the matrix of L-PE. If only 

the L-PE component in the blended sample forms shish-like fibril crystals, it is not 

possible to reach such a high st for the blended sample due to the small L-PE of 3 wt%. 

It is considered that the remarkable enhancement in the formation of shish-like fibril 

crystals is caused by the novel entanglement formed between C-PE and L-PE. Figure 2.7 

shows a schematic illustration of the formation of shish-like fibril crystals from the melt 
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of the C-PE homopolymer and blended samples of C-PE and L-PE. When C-PE with 

insufficient Mw is applied to the external flow, the C-PE chains are stretched incompletely, 

and some chains are immediately relaxed to a random coil. Consequently, it is difficult to 

form shish-like fibril crystals from these melts. By contrast, in the blended sample, the L-

PE chain penetrates the C-PE ring [38]. This entanglement is not expected to easily 

disentangle. If an external flow is applied to such a melt, the chains will be strongly 

stretched, and shish-like fibril crystals will form easily compared to the C-PE 

homopolymer. 

Figure 2.5 Plots of I against Tc for C-PE(115k), L-PE(65k), and blended samples of C-

PE(44k) and L-PE(65k) with L-PE = 1 and 3 wt%.  
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Figure 2.6 Plots of st against Tc for L-PE(65k) and blended samples of C-PE(44k) and 

L-PE(65k). The L-PE in the blended sample was fixed at 3 wt%. 
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Figure 2.7 Schematic illustration of the effects of entanglements of neat C-PE and blended samples of C-PE and L-PE. 
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2-4 Conclusion 

To clarify the effects of entanglement species on the formation of shish-like fibril 

crystals, the formation rate, I, of cyclic and linear polyethylenes (C-PE and L-PE, 

respectively) from the melt under pulsed shear flow (𝛾̇ = 50 s-1 for 1 s) was studied as a 

function of the crystallization temperature, Tc, or the degree of supercooling, T, using a 

POM. The C-PE(115k or 44k) and L-PE(65k) were prepared with weight average 

molecular weights, Mw, of 115000, 44000, and 65000, respectively. The I of the C-

PE(115k) and L-PE(65k) homopolymers obeyed the equation I = I0exp(−C/T2). The 

values of C for the two samples were not very different. However, the I0 of C-PE(115k) 

was significantly lower than that of L-PE(65k). This implies that the shish-like fibril 

crystals of C-PE are more difficult to form than those of L-PE. It was found that knot 

entanglement plays an important role in the formation of shish-like fibril crystals. 

The shear-induced crystallization behavior of the blended C-PE and L-PE samples 

provided further insight into the effect of entanglement species on the formation of shish-

like fibril crystals. The addition of small amounts of L-PE to the C-PE matrix significantly 

enhanced the formation of the shish-like fibril crystals. It is speculated that the novel 

entanglement formed by the penetration of the L-PE molecule into the C-PE ring affected 

the formation of the oriented melt. 
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Chapter 3 

Formation of shish-like fibril crystals from the melt of blends of cyclic and linear 

polyethylene under shear flow 

 

3-1 Introduction 

3-1-1 Effect of entanglements of linear polyolefins on shear-induced crystallization 

When linear polyolefins such as polyethylene (PE) and polypropylene (PP) are 

subjected to shear flow, the molecular chains of the linear polyolefins are elongated, and 

an oriented melt is formed. Subsequently, precursors of extended chain crystals, also 

known as shish crystals, are formed from the oriented melt. The precursors grow to shish 

or shish-like fibril crystals, and folded chain lamellar crystals (kebab crystals) are 

epitaxially generated on the surface of the shish [1–8]. Several possible models, such as 

the Janeschitz-Kriegl model [9–13], coil-stretch model by Keller et al. [14,15], and 

Petermann model [16], have been proposed for the formation of shish-kebab crystals, and 

their formation mechanisms have been discussed. Since the shish-kebab structure consists 

of the core of the extended chain crystal and epitaxially grown folded lamellar crystals, it 

is widely believed that the shish crystals should be formed before the kebab crystals [17–

26]. However, Murase et al. recently proposed a new method for the formation of shish-

kebab crystals using ultrahigh molecular weight PE (UHMWPE) via gel-spinning [27–

30]. Accordingly, the formation mechanism of shish-kebab crystals is still under debate. 

Blends of binary molecular weights have often been used to elucidate the formation 

mechanism of shish-kebab crystals. Fukushima et al. [31], Kanaya et al. [32], Yang et al. 

[33], and Kimata et al. [34] independently investigated the flow-induced crystallization 

of a PE blend with high and low molecular weights. Seki et al. [35] and Keum et al. [36] 
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independently studied the shear-induced crystallization of PP blends. In these studies, 

long-chain components have been shown to play an important role in the formation of a 

shish-kebab crystalline structure. Long-chain components become entangled with each 

other, and these entanglements enhance the chain stretching under the flow field. To 

summarize, these studies were performed to clarify the role of entanglements in the 

formation of the shish-kebab structure. Although the importance of entanglements in the 

formation of the shish-kebab structure has been frequently reported, as mentioned above, 

it has not yet been fully studied and is not yet understood. 

 

3-1-2 Crystallization of cyclic and linear polymers 

Cyclic polymers are topologically different from linear polymers because of the 

absence of chain ends; therefore, they show lower entanglements and faster self-diffusion 

than linear polymers. Several pioneering experimental studies have been conducted on 

the physical properties of cyclic polymers with the evolution of synthetic methods. 

Roovers showed the viscoelastic properties of cyclic polystyrene and polybutadiene in a 

melt [37,38]. McKenna et al. also demonstrated that cyclic polystyrenes have a lower 

melt viscosity than linear ones [39,40]. These results are understood by the lower 

entanglements of the cyclic polymer relative to the linear polymer. Thus, the 

crystallization behaviors of cyclic polymers differ from those of linear polymers. Córdova 

et al. and Su et al. reported the crystal growth of cyclic and linear poly(ε-caprolactone) 

(PCL) from a melt in a quiescent state [41,42]. They showed that the spherulitic growth 

rates of cyclic PCL are approximately one order of magnitude higher than those of linear 

PCL at the same crystallization temperature (Tc) when cyclic and linear PCLs have an 

almost identical weight average molecular weight (Mw). Shin et al. also showed that cyclic 
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PCL has a lower half-crystallization time than linear PCL [43]. The faster crystallization 

of cyclic PCL compared to linear PCL, when Mw exceeded 75,000 g/mol, was considered 

to be influenced by the topological characteristics of cyclic PCL, such as lower 

entanglements. Cyclic PCL was considered to have a higher rate of crystallization than 

linear PCL because of its faster disentangling within the melt. In contrast, results that 

were opposite to those mentioned above have also been reported, and the possibility that 

experimental facts cannot be explained by entanglements alone has been suggested 

several times [44–46]. The current conflict on the crystal growth of cyclic polymers has 

been comprehensively summarized by Pérez et al. [47]. 

As it is clear that the entanglements are closely related to the viscoelasticity or 

rheology of polymers [48], it is expected that the effect of entanglements on shear-induced 

crystallization may be remarkably greater than that on crystallization in the quiescent state 

mentioned above. Owing to the difficulties in preparing cyclic crystalline polymers with 

high purity and high yield, there are limited studies on the shear-induced crystallization 

of cyclic polymers. As described in Chapter 2, the shear-induced crystallization behavior 

of cyclic PE (C-PE) and linear PE (L-PE) homopolymers was compared [49]. It was found 

that C-PE formed shish-like fibril crystals from the sheared melt, as well as L-PE, when 

the Mw of C-PE was sufficiently high. The melting temperature (Tm) of the shish-like fibril 

crystals obtained from C-PE was significantly lower than that of crystals obtained from 

L-PE. The formation rate of shish-like fibril crystals (I) of C-PE was lower than that of 

L-PE. These results imply that the lack of entanglements, attributed to topological 

features associated with the absence of the C-PE chain end, suppressed the formation of 

shish-like fibril crystals for C-PE in shear-induced crystallization. It was also reported the 

shear-induced crystallization of a PE blend of C-PE as the matrix and L-PE as an additive. 
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The formation of shish-like fibril crystals for the PE blend was accelerated by the addition 

of L-PE to the C-PE matrix. Mills et al. reported the unique diffusion behavior of cyclic 

polymers in a linear polymer matrix [50]. These results imply the influence of novel 

entanglement species formed by cyclic and linear polymers. 

 

3-1-3 Purpose of this chapter 

In this chapter, the formation of shish-like fibril crystals of blend samples with C-PE 

as a matrix and L-PE as an additive in shear-induced crystallization was clarified. The Mw 

and blend ratios of C-PE and L-PE were changed to control the entanglement density, and 

the effect of the entanglement state formed by C-PE and L-PE on the formation of shish-

like fibril crystals will be investigated. 

 

3-2 Experimental 

3-2-1 Samples 

The C-PE and L-PE were prepared using the same procedures reported previously 

[51–54]. PE precursors such as cyclic and linear polyoctenamers were synthesized via the 

ring-opening metathesis polymerization of cis-cyclooctene catalyzed by a cyclic Ru-

alkylidene complex and second-generation Grubbs catalyst, respectively. Both PE 

precursors were hydrogenated with p-toluenesulfonyl hydrazide and converted to the 

corresponding PE. The chemical structures of the samples were confirmed by FT-IR 

(JASCO FT/IR-410 spectrometer), 1H NMR, and 13C NMR (JEOL AL300 SC-NMR). 

The Mw of the L-PEs was also calculated assuming 100% hydrogenation of L-PO. The 

Mw of C-PO and L-PO was evaluated using the relationship between the intrinsic viscosity 

and Mw reported by Bielawski et al. [51]. The Mw values of C-PE and L-PE used in this 
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chapter are summarized in Table 3.1. 

Blended samples of C-PE and L-PE for shear-induced crystallization were prepared 

as follows; the C-PE and L-PE homopolymers were mixed in a predetermined fraction 

and completely dissolved in o-xylene. The solution was poured into excess methanol, and 

the precipitate was recovered from the solution. The powder-blended samples were fully 

dried in vacuo. The four types of blended samples prepared in this chapter are summarized 

in Table 3.2. Hereafter, the weight fraction of L-PE in the blended sample is referred to 

as L-PE. Before the observation of shear-induced crystallization, all samples were first 

melted above the equilibrium melting temperature (Tm
0) under an Ar atmosphere and then 

quenched ca. 20 °C to prepare a film-like sample. The Tm
0 of C-PE and L-PE were 

estimated assuming that the Tm
0 of C-PE is equal to that of perfectly extended chain 

crystals of linear polymethylene that possess half the Mw of C-PE [55]. However, for L-

PE, the relation between Tm
0 and the carbon number of the linear PE in the backbone was 

applied, as reported by Broadhurst [56,57]. The calculated Tm
0 values of C-PE and L-PE 

are also summarized in Table 3.1. 

 

Table 3.1 Mw and Tm
0 of C-PE and L-PE used in this chapter. 

Code Mw / g mol-1 Tm
0 / °C 

C-PE(230k) 232×103 141.0 

C-PE(130k) 130×103 140.9 

C-PE(86k) 86×103 140.7 

L-PE(104k) 104×103 145.9 

L-PE(42k) 42×103 145.1 
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Table 3.2 Experimental conditions of the blend samples. 

Component 𝛾̇ / s-1 td / s  / - Tc / °C 

C-PE(230k) L-PE(42k) 30 1 30 120 

C-PE(130k) L-PE(42k) 70 1 70 119 

C-PE(86k) L-PE(42k) 70 1 70 119 

C-PE(230k) L-PE(104k) 5 1 5 120 

 

3-2-2 Instruments and measurements 

The behavior of shear-induced crystallization was observed using a hot stage 

(Linkam, CSS-450) equipped with a polarizing optical microscope (POM, Olympus, BX-

51). The geometry of the hot stage consisted of a quartz parallel plate rotating the bottom 

plate. The gap between the two plates was fixed at 100 m. In shear-induced 

crystallization, the film-like samples were heated to 160 °C (Tmax) at a heating rate of 

30 °C/min and were melted completely. The molten state was maintained at Tmax for 1 

min to erase the thermal history of the samples. Then, the samples were cooled and 

isothermally crystallized at the crystallization temperature (Tc = 119–120 °C). The range 

of shear rate (𝛾̇ ) was 5–70 s−1, and the duration of shear flow (td) was fixed at 1 s. 

Therefore, the shear strain was different for each sample. The shear flow was applied just 

before Tc (ca. Tc+0.5 °C). Subsequently, the formation of shish-like fibril crystals from 

the quiescent melt was observed. As reported in a paper [23], the number density of shish-

like fibril crystals (N) corresponds to that of the nuclei. A single nucleus grows into a 

shish in an earlier stage, following which the shish becomes overgrown, forming a strand-

like structure (shish-like fibril crystal). the formation of an overgrown fibril crystal was 

observed using a POM in the early stages and was measured the number density of the 
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nuclei that grew to shish-like fibril crystals (N). The formation rate of shish-like fibril 

crystals, I, is defined by: 

I ≡ dN/dt (3.1) 

where t is the crystallization time. In this chapter, it was found that  increases linearly 

with t and then saturates at a certain value (st) (Figures S3.1–S3.4 in the Appendix). it 

was adjusted the shear strain such that st is almost of the same order for each sample 

(Figures S3.5–S3.6 in the Appendix). The experimental conditions for shear-induced 

crystallization are summarized in Table 3.2. 

 

3-3 Results and discussion 

Figure 3.1 shows the typical morphologies of the shish-like fibril crystals for a) L-

PE = 0 wt%, b) L-PE = 1 wt%, and c) L-PE =100 wt% of the C-PE(230k)/L-PE(42k) blend 

system observed by POM. As mentioned in the experimental section, to adjust st to 

almost the same order for all the samples, Tc = 120 °C for L-PE = 0 and 1 wt% and Tc = 

126 °C for L-PE = 100 wt% was chosen. In contrast, 𝛾̇, td, and shear strain  ( = 𝛾̇×td) 

were fixed for all the samples. Therefore, the experimental conditions of shear-induced 

crystallization when L-PE = 100 wt% were milder than those of the other systems. In all 

the samples, similar morphologies of fibril crystals were demonstrated by the following 

authors: Ogino et al. for PP [58]; Zhao et al. for PP [59]; Yamazaki et al. for PE, PP, and 

aliphatic polyesters [23,24,60,61]; Pennings for PE and PP [62]; and Wang et al. for 

branched PLLA [63]. The Tm of the shish-like fibril crystals was significantly higher than 

that of spherulite, which is a folded chain crystal and is close to the Tm
0 of PE [49]. This 

result indicates that the lamellar thickness of shish-like fibril crystals is larger than that of 

spherulites, as predicted by the Gibbs–Thomson equation [64], and is close to that of the   
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Figure 3.1 Polarizing optical micrographs of shish-like fibril crystals formed from the sheared melt of the C-PE(230k)/L-PE(42k) blend 

system with a) L-PE = 0 wt%, b) L-PE = 1 wt% and c) L-PE = 100 wt%. 
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extended chain crystal. 

Although it is necessary to conduct detailed observations such as by transmitted or 

scanning electron microscopy (TEM or SEM) for the morphologies obtained in this 

chapter, it is assumed that a single strand of the shish-kebab crystals become overgrown, 

forming shish-like fibril crystals, as concluded by Yamazaki et al. [23,24,60,61]. Despite 

the milder crystallization conditions for L-PE = 100 wt% compared to the others, the 

number of shish-like fibril crystals formed was qualitatively comparable among these 

samples. Additionally, the Mw of L-PE in this blend was significantly smaller than that of 

C-PE. Therefore, L-PE can form shish-like fibril crystals more easily than C-PE. In the 

blend system of C-PE and L-PE, each component is not expected to crystallize separately 

from the sheared melt. From the observations of the molten state of all the blend samples 

by POM, macroscopic phase separation was not observed. As reported by Fukushima et 

al. [31], Kanaya et al. [32], and Yang et al. [33], the binary blend of PE with a large Mw 

difference could not be interpreted as the segregated shear-induced crystallization of each 

component. Additionally, as reported by An et al. [65], even in topologically different 

blend systems of linear PE and branched PE, segregated shear-induced crystallization 

cannot be expected. From these analogies, it is considered that segregated shear-induced 

crystallization does not occur in topologically different blend systems of cyclic and linear 

polymers used in this chapter. 

Figure 3.2 shows the L-PE dependence of I in the C-PE(230k)/L-PE(42k) and C-

PE(230k)/L-PE(104k) blend systems, where the Mw of C-PE is relatively high. The shear 

conditions of both blend samples were different. When the latter sample was measured 

with the same shear conditions as the former sample, I of the latter sample was not in the 

observable range and became extremely large. In both blend systems, a maximum in I 
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was observed against L-PE. In contrast, it seems that L-PE
 *, where I reached a maximum, 

was maintained around L-PE = 1 wt% in both blend systems. In the former system, I at 

L-PE = 0 wt% was not much larger than that in the latter system. This result is reasonable 

because the latter system was under milder shear conditions than the former system. The 

remarkably small difference in I at L-PE = 0 wt% may imply that the formation of shish-

like fibril crystals, in the case of the C-PE homopolymer, is not sensitive to the shear 

conditions because there were fewer entanglements of C-PE relative to L-PE. 

 

Figure 3.2 Plots of the formation rate of shish-like fibril crystals I vs. L-PE in the C-

PE(230k)/L-PE(42k) and C-PE(230k)/L-PE(104k) blend systems. 
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In these blend systems, the Mw of C-PE is sufficiently large to form shish-like fibril 

crystals [49]. As noted by Roovers [37,38], it is expected that C-PE with a high Mw has 

the necessary number of entanglements to stretch the chains under shear flow, although 

the entanglement density of C-PE is smaller than that of L-PE. In shear-induced 

crystallization, two competing factors are attributed to entanglement, the enhancement of 

the formation of the oriented melt and the suppression of crystallization, as shown in 

Figure 3.3. The increase and decrease in the entanglement density correspond to the 

increase and decrease of L-PE. While the former increased the formation rate of shish-

like fibril crystals, the latter caused it to decrease. Because the increase in the 

entanglement density due to the addition of L-PE enhances the formation of the oriented 

melt and suppresses crystallization, an appropriate entanglement density exists for the 

formation of shish-like fibril crystals. The entanglement density increases with increasing 

L-PE because L-PE has free groups at both ends that can entangle with other chains. In 

both blend systems, with increasing L-PE, the enhancement of the formation of the 

oriented melt becomes dominant during chain stretching under shear flow, as shown in 

the second row of Figure 3.3. This facilitated the formation of shish-like fibril crystals. 

Subsequently, in the nucleation and growth stages, excess large L-PE, that is, a high 

entanglement density, suppressed the nucleation of shish-like fibril crystals, as shown in 

the third row of Figure 3.3. This made the formation of shish-like fibril crystals difficult, 

thereby maximizing the L-PE dependence of I. Finally, the change in I at approximately 

L-PE = 1 wt% for both blend systems may be related to the concentration of overlapping 

L-PE in the bulk (ca. 1 wt%). 
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Figure 3.3 Schematic illustration of the effects of entanglements on the formation of the oriented melt and the suppression of 

crystallization.  
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Figure 3.4 shows the L-PE dependence of I for the C-PE(230k)/L-PE(42k), C-

PE(130k)/L-PE(42k), and C-PE(86k)/L-PE(42k) blend systems. The Mw of L-PE in these 

blend systems was fixed at a constant, that is, Mw = 42,000. However, the Mw of C-PE 

was variable. In these blend systems, the total entanglement density was less than that 

shown in Figure 3.2 because of the lower Mw of each component. The absolute values of 

I among these blend systems should not be compared because the experimental conditions 

of the shear-induced crystallization were different, as mentioned previously. In C-

PE(230k)/L-PE(42k), as shown in Table 3.2, Tc was slightly higher and 𝛾̇ was smaller 

than those in the other systems. In this system, the formation of shish-like fibril crystals 

was lower than that in the others over the entire range ofL-PE. This result is reasonable 

because this system was under the mildest experimental conditions for shear-induced 

crystallization. To compare the L-PE dependence of I among these samples, the 

experimental conditions (Tc and 𝛾̇ ) of shear-induced crystallization should be fixed 

against all L-PE and all these samples. However, although the Tc and 𝛾̇ of C-PE(130k)/L-

PE(42k) and C-PE(86k)/L-PE(42k) are the same, they are different from those of C-

PE(230k)/L-PE(42k). This means that the comparison of the L-PE dependence of I 

among these three samples should not be carried out directly. Therefore, it should be 

focused on the change in I in each blend system against L-PE. For all these blend systems, 

I reached a maximum against L-PE; however, L-PE
 * was different. In the C-PE(130k)/L-

PE(42k) and C-PE(86k)/L-PE(42k) blend systems, L-PE
 * was almost identical, and there 

seems to be no clear Mw dependence of C-PE in the blend component. I reached a clear 

maximum in the C-PE(130k)/L-PE(42k) system, but it was somewhat ambiguous for C-

PE(86k)/L-PE(42k). The unclear maximum in the latter system may be due to the lower 

entanglement density compared with that in the former. In contrast, in the C-PE(230k)/L-
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PE(42k) blend system, L-PE
 * was shifted to the larger L-PE. The maximum presented in 

Figure 3.4 can be interpreted using the mechanism shown in Figure 3.3. The reason for 

the shift in the maximum in Figure 3.4 to a lower L-PE was investigated when the shear 

conditions became strong, such as those of the C-PE(130k)/L-PE(42k) and C-PE(86k)/L-

PE(42k) blend systems. The experimental results showed that L-PE
 * was not determined 

solely by the entanglement density within the samples. As has been reported by many 

researchers [66–73], when the shear conditions such as the shear rate or strain become 

strong, it is well known that the influence of shear quickly appears in an earlier stage of 

crystallization, for example, in the shortening of the induction period of nucleus formation 

or the increase in nucleation density. Even in the case of the addition of a small amount 

of L-PE, that is, a small increase in the entanglement density, the influence of shear is 

observed with the increase in shear strength. As a result, it is considered that the maximum 

of the C-PE(130k)/L-PE(42k) and C-PE(86k)/L-PE(42k) blend systems appeared at a 

lower L-PE. 

 

3-4 Conclusion 

With polarized microscopic observations of blended samples of C-PE as a matrix and 

L-PE as an additive, the effect of the Mw and blend ratio of C-PE and L-PE on the 

formation rate of shish-like fibril crystals (I) was clarified. In all blend systems of C-

PE(230k)/L-PE(42k), C-PE(230k)/L-PE(104k), C-PE(130k)/L-PE(42k), and C-

PE(86k)/L-PE(42k), the maximum was observed at a certain weight fraction of L-PE, i.e., 

L-PE. The increase in L-PE corresponded to an increase in the entanglement density, 

which promoted the formation of oriented melts. Additionally, the increase in L-PE led 

to the suppression of crystallization. These results imply that the formation of shish-like 
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fibril crystals in the blended samples of C-PE and L-PE was determined by these 

competing effects. 

 

 

Figure 3.4 Plots of I vs. L-PE for C-PE(230k)/L-PE(42k), C-PE(130k)/L-PE(42k), and 

C-PE(86k)/L-PE(42k) blend systems. 
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3-5 Appendix 

3-5-1 Row data of the number density of shish-like fibril crystals N vs. t 

Figures S3.1–S3.4 show the raw data of the number density of shish-like fibril 

crystals N vs. t for C-PE(230k)/L-PE(42k), C-PE(230k)/L-PE(104k), C-PE(130k)/L-

PE(42k), and C-PE(86k)/L-PE(42k), respectively. It is obvious that N increases linearly 

against t and it is experimentally found saturation values of N (st). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3.1 Plots of N vs. t for C-PE(230k)/L-PE(42k) blend system. 

 

 

 

1.0x10
7

0.8

0.6

0.4

0.2

0.0

N
 /

 m
m

-3

5004003002001000

t / s

  C-PE(230k) + L-PE(42k)  

 L-PE=0 wt%

 L-PE=0.1 wt%

 L-PE=1 wt%

 L-PE=5 wt%



 

66 

 

6
6
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3.2 Plots of N vs. t for C-PE(230k)/L-PE(104k) blend system. 
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Figure S3.3 Plots of N vs. t for C-PE(130k)/L-PE(42k) blend system. 
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Figure S3.4 Plots of N vs. t for C-PE(86k)/L-PE(42k) blend system. 

 

3-5-2 Variation of the saturation values of N (st) against Tc and  

To determine an appropriate Tc for a series of experiments, a broad survey of st for 

a wide range of Tc was carried out in advance. Figure S3.5 shows the plots of st against 

Tc at constant strain ( = 5) for the C-PE(230k)/L-PE(104k) blend system. It was found 

that st of this sample is scattered in the range from ca. 1 to 5 mm-3. A moderate 

crystallization temperature Tc = 120 °C was selected for this sample so that the shear 

condition can be changed widely in subsequent experiments. Because too low or high Tc 

needs to more mild or strong shear conditions for the formation of shish-like fibril crystals. 
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If such moderate Tc was not selected, there is almost no room to change the shear 

conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3.5 Plots of st vs. Tc at a constant strain ( = 5) for C-PE(230k)/L-PE(104k) 

blend system. 

 

Figure S3.6 shows the plots of st against  at almost constant Tc (Tc = 119–120 °C) 

for all the samples used in this chapter. Even in the same shear strain, it was found that 

st was significantly changed depending on L-PE. Since too large or small st will lead to 

unreliable I, the shear condition has to be selected carefully. Needless to say, if possible, 

applying consistent experimental conditions such as Tc and  for all the samples with 

different L-PE should be desired. 

10x10
6

8

6

4

2

0


s
t 
/ 

m
m

-3

124123122121120119118117

Tc /
 o
C

  L-PE=0 wt%

  L-PE=0.1 wt%

  L-PE=1 wt%



 

70 

 

7
0
 

 

Figure S3.6 Plots of st vs.  for C-PE(230k)/L-PE(104k), C-PE(230k)/L-PE(42k), C-

PE(130k)/L-PE(42k), and C-PE(86k)/L-PE(42k) blend systems. 
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Concluding Remarks 

This thesis revealed the role of entanglements of polymer crystallization under the 

quiescent and flow field. The role of entanglements in polymer crystallization is one of 

the most important irrespective of the quiescent and flow field and has not been clarified 

well. Cyclic polymers have a unique feature in that entanglement species are restricted 

compared with linear polymers. The entanglements formed between cyclic and linear 

polymers are especially of interest. 

In Chapter 1, to clarify the role of novel entanglements formed between cyclic and 

linear polymers during crystallization, the isothermal crystallization behavior of blends 

of cyclic polyethylene (C-PE) and linear polyethylene (L-PE) in a quiescent state was 

investigated. The samples were prepared by mixing the prepared C-PE and L-PE at the 

weight fraction of L-PE (L-PE) of 0–100 wt%, with the weight average molecular weight 

(Mw) of C-PE and L-PE being 175×103 and 154×103, respectively. The isothermal 

crystallization behavior was analyzed through polarizing optical microscopy (POM) and 

differential scanning calorimetry (DSC). The morphology observed by POM was similar 

to that of L-PE. From the time evolution of the heat flow measured via DSC, the half-

crystallization time (t1/2) was obtained as a function of L-PE at different degrees of 

supercooling (T). The 1/t1/2 values of the C-PE and L-PEhomopolymers were almost the 

same at T = 27 K. At a lower T, the 1/t1/2 values of the C-PE was significantly larger 

than that of L-PE, and vice versa at a larger T. In contrast, the 1/t1/2 value reached a 

minimum at L-PE = 50 wt%, irrespective of T. As the entanglement density increased 

with increasing L-PE, the crystallization rate was expected to decrease monotonically. 

Considering the experimental relationship between 1/t1/2 and L-PE, it was speculated that 
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the suppression of crystallization in the blended system is caused by a novel entanglement 

formed by the penetration of the L-PE chain into the C-PE chain. 

In Chapter 2, to clarify the role of entanglement species in the formation of shish-

like fibril crystals, the shear-induced crystallization behaviors of C-PE, L-PE, and C-PE 

and L-PE blends were investigated using a hot stage equipped with a polarizing optical 

microscope. The shear-induced crystallization behavior of the C-PE(115k) and L-PE(65k) 

homopolymers, where the values in parentheses represent the molecular weights (Mw), 

indicated that the formation rate of the shish-like fibril crystals of the former was one 

order of magnitude smaller than that of the latter. This implies that it is more difficult for 

C-PE to form shish-like fibril crystals than L-PE due to the topological effect of C-PE; 

that is, C-PE chains are more difficult to elongate by shear than L-PE chains due to the 

lack of chain ends. The shear-induced crystallization behavior of the blended C-PE and 

L-PE samples provided further insight into the effect of entanglement species on the 

formation of shish-like fibril crystals. The addition of small amounts of L-PE to C-PE 

remarkably enhanced the formation rate and density of the shish-like fibril crystals. The 

influence of the novel entanglement formed by the penetration of the L-PE molecule into 

the C-PE ring on the formation of the oriented melt was speculated to be significant. 

In Chapter 3, the shear-induced crystallization behavior of a blend of C-PE and L-

PE. Using C-PE as a matrix and L-PE as an additive was investigated. The molecular 

weight and blend ratio of C-PE and L-PE were changed and the formation rate of shish-

like fibril crystals (I) was measured. In both blend systems of C-PE(230k)/L-PE(42k) and 

C-PE(230k)/L-PE(104k), where the values in parentheses represent the molecular weight, 

I reached a maximum at a certain weight fraction of L-PE, L-PE. As the L-PE was 

increased, that is, the entanglement density was increased, the formation of the oriented 
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melt was promoted while crystallization was simultaneously suppressed by 

entanglements. The maximum value of I was observed owing to these two competing 

factors. Similar behavior was observed in the blend systems of C-PE(230k)/L-PE(42k), 

C-PE(130k)/L-PE(42k), and C-PE(86k)/L-PE(42k). These results imply that the 

formation of shish-like fibril crystals in the blended samples of C-PE and L-PE was 

determined by these competing effects. 
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