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Abstract 

Crystallization of semicrystalline materials, e.g., polyolefines or fats, is a quite important topic 

not only from a scientific point of view but also from an industrial outlook. The comprehensive 

interactions during crystallization have not been not fully understood, such as the interaction 

between the material structures, the additives, the processing conditions which are leading to 

the final properties of the product. The novel developed RheoNMR is a combined technique in 

the group of Prof. Dr. Manfred Wilhelm with a combination of rotational rheology and low-

field 1H-NMR. It provides the correlation of the viscoelastic behavior and local mobility of the 

crystallizing material under identical shear and thermal conditions.  

In this thesis, the effects of the critical parameters such as the crystallization temperature, 

applied steady shear, and large strain amplitude on the isothermal crystallization mechanism of 

neat HDPE, HDPE/nucleating agent (NA) blends and coconut fat were investigated via the 

RheoNMR method. The final degree of crystallinity for HDPE/NA blends under quiescent 

crystallization was found to be equivalent to the crystallinity values observed via DSC, and 

thus, the accuracy of the RheoNMR technique is confirmed. A direct correlation between the 

time of gelation 𝑡gel from rheology (where the dynamic moduli 𝐺′ = 𝐺′′) and the required time 

to reach 20% crystallinity 𝑡0.2 measured by NMR, showed a strong relationship of 

crystallization mechanisms with the crystallization temperature, the NA content within the 

HDPE sample and the applied large deformation during crystallization. The 𝑡0.2 and 𝑡gel values 

reduced almost 50% by a 0.5 °C decreased in crystallization temperature in the used 

temperature range. Additionally, the increasing NA content up to 3 weight % in the HDPE 

sample accelerated the crystallization with consequence a decreased the 𝑡gel to half and reduced 

the 𝑡0.2 value to almost one-third compared to the 𝑡0.2 and 𝑡gel values of the neat HDPE sample. 

This result indicated both enhanced nucleation and crystal growth stage. Besides, steady shear, 

conducted at the beginning of the experiment, also accelerated the crystallization by an 

increased number of nuclei, and hence, shortened 𝑡gel and the 𝑡0.1 (required time for 10% 

crystallinity). However, a delay in 𝑡gel and shortened the 𝑡0.2 were observed when the large 

strain amplitude (𝛾0 = 30%) was applied during the complete crystallization process. This 

could be stated that the nucleation stage of the crystallization was delayed by possibly 

destroying nuclei via deformation. However, continuously applied deformation effectively 

enhanced the crystal growth stage by the oriented crystal structure, and thus, reduced the 𝑡0.2. 
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Morphologies of HDPE/NA blends were investigated by SEM analysis after RheoNMR 

experiments. Analysis of lamellae orientation was studied by using fast Fourier transforms 

(FFT) based on the conversion of the SEM image into frequency spacing. The symmetrical 

circular shape of FFT image indicated randomly distributed lamellae for samples crystallized 

under quiescent conditions. The elliptical shape of FFT images for the samples crystallized 

under applied large deformation showed the oriented lamellar structure. 

Additionally, the analysis of the isothermal hardening behavior of coconut fat was investigated 

via RheoNMR under quiescent and applied deformation conditions. While the crystallization 

temperature significantly influenced the final degree of the crystallinity, the applied 

deformation caused a slight decrease in the fractal dimensions at the early stage of the 

crystallization. 

Demonstrated herein are the robustness, reproducibility, and convenience of RheoNMR 

analysis for investigation of the crystallization process of PE and coconut fat under the specified 

conditions. Analyzing empirical crystallization data by using classical suspension models or by 

developing semi-empirical equations for kinetic analysis can help to develop the simulation 

programs for solidification processes. Additionally, the RheoNMR method can be useful for 

valuable quality control analysis i.e., in the food industry using different qualities of fat since 

confectionery products contain a significant amount of fat. The RheoNMR method opens up 

the possibility to learn required deformation or shear rate for intentional application to the 

commercial processing which allows a better controlling physical property of the fat product. 

Within this Ph.D. work, the dispersion of the cellulose with plant-oil based compatibilizers into 

the LDPE matrix was studied by using the shear rheology for investigating the material flow 

properties. The cellulose dispersion within the polymer matrix was improved. Modified 

amylose showed a higher capacity to compatibilize the cellulose compare to the modified starch 

within the LDPE matrix. 

Lastly, the investigation of the melt rheological properties of the novel, renewable long-chain 

spaced aliphatic polyether mimic samples was studied via using shear rheology. Importantly, 

the polymers were with unique structures due to the fact that they were synthesized via non-

conventional polymerization methodologies e.g. acyclic diene metathesis and thiol-ene 

polymerization, respectively. According to the results, samples based on acyclic diene 

metathesis polymerization can find an application as an impact modifier for some polymers, 
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mainly due to their inherent biodegradability and the calculated low flow activation energies of 

them. 
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Zusammenfassung 

Die Kristallisation von teilkristallinen Materialien wie z.B. Polyolefinen und Fetten ist nicht 

nur aus wissenschaftlicher, sondern auch aus industrieller Sicht von großer Bedeutung, da die 

vielfältigen Wechselwirkungen während der Kristallisation noch nicht vollständig verstanden 

sind, wie z.B. die Wechselwirkung zwischen den Materialstrukturen, den Additiven, den 

Verarbeitungsbedingungen, welche zu den endgültigen Eigenschaften des Produktes führen. 

Eine, im Arbeitskreis von Prof. Dr. Manfred Wilhelm, neu entwickelte kombinierte Methode 

aus Rotationsrheologie und Niederfeld-1H-NMR, die sogenannte RheoNMR, erlaubt die 

Korrelation des viskoelastischen Verhaltens mit der lokalen Mobilität des kristallisierenden 

Materials unter identisch Scher- und thermischen Bedingungen.  

In dieser Arbeit werden die Auswirkungen der kritischen Parameter, wie der 

Kristallisationstemperatur, der groß Scheramplituden und der angewandten stetigen Scherrate, 

auf den isothermen Kristallisationsmechanismus von reinen HDPE und HDPE/ Keimbildner 

NA-Mischungen, sowie Kokosnussfett mittels RheoNMR untersucht. Es wurde festgestellt, 

dass der finale Kristallinitätsgrad für HDPE/NA-Mischungen für Kristallisation im 

Ruhezustand im RheoNMR Gerät, mit den mittels DSC beobachteten Kristallinitätswerten 

übereinstimmt, und somit wird die Genauigkeit der RheoNMR-Technik bestätigt. Eine direkte 

Korrelation zwischen der Zeit der Gelierung 𝑡gel aus der Rheologie (wobei die dynamischen 

Module 𝐺′ =  𝐺′′) und der erforderlichen Zeit zum Erreichen einer 20%igen Kristallinität 𝑡0.2 

gemessen mittels NMR, zeigte eine starke Abhängigkeit des Kristallisationsmechanismus von 

der Kristallisationstemperatur, dem NA-Gehalt in den HDPE-Proben und der angewandten 

Deformation während der Kristallisation. Die 𝑡gel und 𝑡0.2 Werte nehmen um fast 50% ab mit 

0.5 ºC verringerter Kristallisationstemperatur im verwendeten Temperaturbereich. Die 

Erhöhung des NA-Gehalts auf 3 Gew.-% in der HDPE-Probe beschleunigte die Kristallisation 

mit der Folge, dass die 𝑡gel auf die Hälfte, und die 𝑡0.2 auf fast ein Drittel reduziert wurde, 

verglichen zu den 𝑡0.2- und 𝑡gel-Werten der reinen HDPE-Probe. Dieses Ergebnis zeigte sowohl 

eine verbesserte Keimbildung als auch ein Kristallwachstumsstadium an. Zusätzlich 

beschleunigte die zu Beginn des Experiments durchgeführte stetige Scherung die Kristallisation 

um eine erhöhte Anzahl von Kernen und verkürzte daher 𝑡gel und 𝑡0.1 (Zeit zum Erreichen einer 

10%igen Kristallinität). Eine Verzögerung in 𝑡gel und eine Verkürzung von  𝑡0.2 wurden jedoch 

beobachtet, wenn die große Dehnungsamplitude (𝛾0 = 30%) während des vollständigen 
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Kristallisationsprozesses angewendet wurde. Es kann davon ausgegangen werden, dass 

hierdurch die Keimbildungsstufe der Kristallisation verzögert wurde, indem möglicherweise 

Kerne durch Verformung zerstört wurden. Eine kontinuierlich angewendete große 

Scherdeformation verbesserte jedoch effektiv die Wachstumsstufe der Kristallisation durch die 

orientierte Kristallstruktur und reduzierte somit die 𝑡0.2. Die Morphologien der HDPE/NA-

Proben wurden mittels REM-Analyse untersucht. Die Morphologien der Proben wurden mittels 

REM-Analyse im Anschluss an die RheoNMR-Experimente untersucht. Die Analyse der 

Lamellenorientierung wurde unter Verwendung der schnellen Fourier-Transformationen (FFT) 

untersucht, die auf der Umwandlung des REM-Bildes in Frequenzabstände basierten. Die 

symmetrische Kreisform des FFT-Bildes zeigte zufällig verteilte Lamellen für Proben an, die 

im Gleichgewichtszustand kristallisierten. Die elliptische Form der FFT-Bilder zeigte die 

orientierte Lamellenstruktur für Proben an, welche unter Anwendung großer 

Dehnungsamplituden kristallisierten. Während bei Proben, welche im Gleichgewichtszustand 

kristallisierten, zufällig verteilte Lamellen beobachtet wurden, führte eine angewendete 

Deformation zu ausgerichteten Lamellenstrukturen. 

Zusätzlich wurde die Analyse des isothermen Aushärtungsverhaltens von Kokosfett mittels 

RheoNMR im Gleichgewichtszustand und bei angewandter Deformation durchgeführt. 

Während die Kristallisationstemperatur den finalen Kristallinitätsgrad signifikant beeinflusst 

hat, führte die angewandte Deformation zu einer leichten Abnahme der fraktalen Dimensionen 

im frühen Stadium der Kristallisation. 

Hierbei wurden die Robustheit, Reproduzierbarkeit und Einfachheit der RheoNMR-Analyse 

zur Untersuchung des Kristallisationsprozesses von PE und Kokosfett unter den gegebenen 

Bedingungen demonstriert. Die Analyse empirischer Kristallisationsdaten unter Verwendung 

klassischer Suspensionsmodelle oder durch die Entwicklung semi-empirischer Gleichungen für 

die kinetische Analyse kann zur Entwicklung von die Simulationsprogramme für 

Erstarrungsprozesse beitragen. Zusätzlich kann das RheoNMR-Verfahren eine wertvolle 

Qualitätskontrollanalyse sein, z.B. in der Lebensmittelindustrie unter Verwendung 

unterschiedlicher Fettqualitäten, da Süßwaren häufig eine signifikante Menge an Fett enthalten. 

Das RheoNMR-Verfahren eröffnet die Möglichkeit, die erforderliche Scherdeformations- oder 

Schergeschwindigkeit für die gezielte Anwendung auf die kommerzielle Verarbeitung zu 

ermitteln, was eine bessere Kontrolle der physikalischen Eigenschaften des Fettprodukts 

ermöglicht. 
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In dieser Doktorarbeit wurde die Dispersion von Cellulose mit, auf Pflanzenölen basierenden 

Vermittlern in einer LDPE-Matrix mittels Scherrheologie zur Analyse der 

Materialflusseigenschaften untersucht. Die Cellulosedispersion innerhalb der Polymermatrix 

wurde verbessert. So zeigte modifizierte Amylose eine höhere Fähigkeit zur 

Kompatibilisierung von Cellulose im Vergleich zu modifizierter Stärke innerhalb der LDPE-

Matrix. 

Abschließend wurden die schmelzrheologischen Eigenschaften einer neuartigen, erneuerbaren 

Polyetherprobe mit langkettigen, aliphatischen Segmenten mittels Scherrheologie untersucht. 

Wichtig war, dass die Polymere einzigartige Strukturen aufwiesen, da sie mittels 

unkonventioneller Polymerisationsmethoden, z.B. azyklische Dien-Metathese bzw. Thiol-En-

Polymerisation, synthetisiert wurden. Den Ergebnissen zufolge können Proben, die auf der 

azyklischen Dien-Metathese-Polymerisation basieren, eine Anwendung als 

Schlagzähmodifikator für einige Polymere finden, hauptsächlich aufgrund ihrer inhärenten 

biologischen Abbaubarkeit und ihrer berechneten niedrigen Fließaktivierungsenergien. 
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Özet 

Yarı kristallin malzemelerin (örneğin poliolefinler veya yağlar) kristalizasyonu, sadece bilimsel 

açıdan değil, aynı zamanda endüstriyel açıdan da oldukça önemli bir konudur. Kristalizasyon 

sırasındaki kapsamlı etkileşimler, örneğin ürünün nihai özelliklerini etkileyen malzeme 

yapıları, katkı maddeleri ve malzeme işleme koşulları arasındaki etkileşim, tam olarak 

anlaşılmamıştır. Prof. Dr. Manfred Wilhelm'in grubunda yeni geliştirilen Rheo-NMR metodu,  

rotasyonel reoloji ve düşük alanlı 1H-NMR ile birlikte kombine bir tekniktir. Bu metot, aynı 

deformasyon ve termal koşullar altında kristalleşen malzemenin viskoelastik davranışı ve yerel 

hareketliliğinin korelasyonunu sağlar. 

Bu tezde, kristalizasyon sıcaklığı, uygulanan sabit kayma ve büyük gerinim genliği gibi kritik 

parametrelerin saf HDPE, HDPE/çekirdeklendirme maddesi (NA) karışımları ve 

hindistancevizi yağının izotermal kristalizasyon mekanizması üzerindeki etkileri RheoNMR 

yöntemi kullanılarak araştırılmıştır. Sonuçta, durgun kristalleşme koşulunda elde edilen 

HDPE/NA karışımları için kristalinite değerleri, DSC aracılığıyla gözlemlenen kristalinite 

değerlerine eşdeğer bulunmuştur ve bu RheoNMR tekniğinin doğruluğunu teyit etmektedir. 

Reolojiden gelen jelleşme süresi 𝑡gel ile NMR ile ölçülen %20 kristalinite değerine ulaşmak 

için gerekli süre 𝑡0.2 arasında yapılan doğrudan bir korelasyon, kristalizasyon mekanizmaları 

ile kristalizasyon sıcaklığı, HDPE numunesi içindeki NA içeriği ve kristalizasyon sırasında 

uygulanan büyük deformasyon arasında güçlü bir ilişki olduğunu göstermiştir. Elde edilen 𝑡gel 

ve 𝑡0.2 değerleri, kullanılan sıcaklık aralığında kristalizasyon sıcaklığındaki 0.5 °C'lik bir düşüş 

ile neredeyse %50 azalmıştır. Bundan başka, HDPE numunesine eklenen NA içeriğinin 

ağırlıkça %3'e kadar arttırılması kristalleşmeyi hızlandırmıştır. Bunun sonucunda, saf HDPE 

örneği için elde edilen  𝑡gel ve 𝑡0.2 değerlerine kıyasla 𝑡gel yarıya düşerken ve 𝑡0.2 değeri ise 

neredeyse üçte birine düşmüştür. Bu sonuç, eklenen NA ile arttırılmış çekirdeklenme ve 

geliştirilmiş kristal büyüme aşamasını göstermektedir. Ayrıca, deneyin başlangıcında 

uygulanan sabit kesme oranı da çekirdeklenmeyi arttırarak kristalleşmeyi hızlandırmıştır ve 

dolayısıyla 𝑡gel ve 𝑡0.1 (%10 kristalleşme için gerekli süre) değerleri azalmıştır. Bununla 

birlikte, kristalizasyon işlemi sırasında uygulanan büyük gerinim genliği (𝛾0 = 30%) 

sonucunda 𝑡gel'de gecikme ve 𝑡0.2'de ise azalma gözlenmiştir. Bu 𝑡gel'deki gecikmenin 

kristalleşmenin çekirdeklenme aşamasının, uygulanan büyük deformasyonun muhtemelen bir 

süreliğine oluşan çekirdekleri yok etmesinden kaynaklandığı söylenebilir. Çekirdeklenme 

aşamasındaki gecikmeye rağmen sürekli olarak uygulanan büyük deformasyon kristallerin 
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büyüme aşamasında kristal yapılarını yönlendirerek kristalizasyon hızını etkili bir şekilde 

arttırmıştır ve böylece 𝑡0.2 değerini düşürmüştür. HDPE/NA örneklerinin morfolojileri, 

RheoNMR deneylerinden sonra SEM analizi ile incelenmiştir. Lamel oryantasyonunun analizi, 

SEM görüntüsünün hızlı Fourier dönüşümü (FFT) tekniği kullanılarak frekans aralığına 

dönüştürülmesiyle incelenmiştir. FFT görüntüsünün simetrik dairesel şekli, durgun koşullar 

altında kristalize edilen numunelerin rastgele dağılmış lamellere sahip olduğunu göstermiştir. 

Uygulanan büyük deformasyon altında kristalize edilen numunelerden elde edilen FFT 

görüntülerinin eliptik şekli ise örneklerin yönlendirilmiş lamel yapısına sahip olduklarını ortaya 

çıkarmıştır. 

Ek olarak, hindistancevizi yağının izotermal kristallenme davranışının durgun halde ve 

uygulanan deformasyon koşulları altında RheoNMR metodu ile incelenmiştir. Kristalizasyon 

sıcaklığı elde edilen son kristalinite değerini önemli ölçüde etkilerken; uygulanan deformasyon 

ise kristalizasyonun erken aşamasındaki fraktal boyutlarda hafif bir azalmaya neden olmuştur. 

Burada gösterilenler, belirtilen koşullar altında PE örneklerinin ve hindistancevizi yağının 

kristalizasyon sürecinin araştırılması için RheoNMR analizinin uygun, tekrarlanabilir ve etkin 

olduğunu ortaya koymuştur. Klasik süspansiyon modellerini kullanarak veya kinetik analiz için 

yarı-ampirik denklemler geliştirerek deneysel kristalizasyon verilerini analiz etmek, katılaşma 

süreçleri için simülasyon programlarının geliştirilmesine yardımcı olabilir. Ayrıca, RheoNMR 

yöntemi yüksek standartlarda kalite kontrol analizleri için örneğin şekerleme ürünleri önemli 

miktarda farklı kalitede yağ içerdiğinden gıda endüstrisinde yararlı olabileceği açıktır. 

RheoNMR yöntemi, ticari proseslerde uygulanması için gerekli deformasyon veya kayma 

oranını öğrenme imkânı sağlar; ve bu da yağ ürününün fiziksel özelliğinin daha iyi kontrol 

edilmesini sağlayabilecektir. 

Bu doktora çalışmasında, selülozun bitkisel yağ bazlı bağdaştırıcılarla LDPE matrisine 

dağılımı, malzeme akış özelliklerinin araştırılması için kesme reolojisi kullanılarak 

incelenmiştir. Polimer matris içindeki selüloz dispersiyonu iyileştirilmiştir. Modifiye edilmiş 

amiloz, LDPE matrisi içindeki modifiye nişastaya kıyasla selülozu uyumlu hale getirmek için 

daha yüksek bir kapasite göstermiştir.  

Son olarak, yeni sentezlenmiş yenilenebilir uzun zincirli, aralıklı alifatik polieter mimik 

numunelerinin eriyik reolojik özelliklerinin araştırılması kesme reolojisi kullanılarak 

incelenmiştir. Daha da önemlisi, bu polimerler, asiklik dien metatez ve tiyol-en 

polimerizasyonu gibi geleneksel olmayan polimerizasyon metodolojileriyle sentezlendikleri 
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için benzersiz yapılara sahiptir. Bu sonuçlar, asiklik dien metatez polimerizasyonuna dayalı 

numunelerin temel olarak doğal biyolojik bozunurlukları ve hesaplanan düşük akış aktivasyon 

enerjileri nedeniyle bazı polimerler için bir darbe modifiye edici olarak uygulama 

bulabileceğini göstermiştir
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1 Introduction  

Polyethylene (PE) is one of the most consumed semi-crystalline polymers in the world. 

It constitutes the largest segment (32%) of the worldwide plastic production (Plastic 

Europe report 2016). The global demand for PE is expected to rise owing to its wide-

ranging versatility, easy processability, and low cost (Roger 2014). Different PE types 

find an enormously broad range of applications in many aspects due to diverse 

mechanical, chemical, thermal, electrical and optical properties of them.  

Polyethylene can be classified based on its density. The main PE types regarding the sold 

volumes are; high-density polyethylene (HDPE), low-density polyethylene (LDPE) and 

linear low-density polyethylene (LLDPE). Other common varieties include ultra-high-

molecular-weight polyethylene (UHMWPE), ultra-low-molecular-weight polyethylene 

(ULMWPE), medium density polyethylene (MDPE) and very-low-density polyethylene 

(VLDPE). The mechanical properties of PE significantly change by the extent and type 

of branching, the weight average molecular weight (𝑀w), the molecular weight 

distribution (Ð) and the crystal structure. The rigid property with a highly crystalline 

structure of HDPE makes it suitable to use as milk jugs, detergent bottles, butter tubs, 

garbage containers, chemical storage tanks, water pipes and toys (Peacock 2000). Beside 

HDPE, UHMWPE has outstandingly tough mechanical properties and high chemical 

resistance with a molecular weight numbering in the millions. Hence, it is possible to see 

UHMWPE as a chute, hopper, truck bed liners, machinery parts, fibers of bulletproof 

vests and even as hip, knee as well as shoulder implants (Kurtz 2004). Conversely, LDPE 

is a flexible product with low crystallinity, which results in applications such as films for 

commercial and retail packaging, bags, squeeze bottles and food storage containers 

(Peacock 2000).  

These physical and mechanical characteristics of PE types can be improved for specific 

applications by composites and also copolymerization of ethylene with different 

monomers. For instance, copolymerization of vinyl acetate with ethylene results in 

ethylene-vinyl acetate copolymer (EVA) which is commonly used in athletic shoe sole 

foams (Verdejo and Mills 2002). Composites of PE are widely used in many applications 
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i.e. textile, carpets, packing, electrical, thermal energy storage, automotive applications, 

biomedical and space applications (Khanam and AlMaadeed 2015; van Dam 2008). 

Designed PE composites can be categorized into two groups regarding reinforcing 

material as fiber-reinforced PE and particle-reinforced PE composites. Particles and 

fibers are used to increase the modulus. While the addition of fibers into the PE polymer 

matrix is used to obtain higher strength, added particles decrease the ductility of the 

polymer matrix (Khanam and AlMaadeed 2015). Beside improved properties, the 

addition of them reduces the cost of composites. In the last decades, environmental 

benefits have been critically considered due to heavy plastic pollution worldwide, and 

thus bio-based, degradable, natural materials are preferred for developments on PE 

composites (van Dam 2008). For instance, the most commonly used fibers are natural 

cellulosic fibers i.e. sisal, cotton and protein-based fibers i.e., wool, silk (van Dam 2008). 

In addition to bio-based PE composites, the further modification of PE properties can be 

done by the use of newly developed bio-based plastics as an impact modifier.  

The crucial task at this point is to investigate the processability of the produced PE 

composites, newly synthesized renewable polymer or modified PE with additives such as 

nucleating agents before the potential large-scale manufacturing. Despite the 

investigation of the bulk properties, crystallization kinetic of PE materials is considerably 

important. Thus, processing conditions are seriously and inevitably tailor the final 

material properties due to changing crystallization kinetics, the crystal morphology, and 

ultimate crystallinity. 

Fabrication process and processing conditions effects on PE properties 

The most common techniques in PE processing are injection molding, blow molding and 

extrusion. Fabrication processes convert the pellet or powder PE material into a final 

consumer product by manipulating the material in the molten state. During processing, 

molten PE is shaped into its final form and cooled down below the melting temperature 

to keep its form. Crystallization of the polymers mostly starts during the cooling that 

depends on the degree of supercooling. Crystallization in polymers is quite important and 

comprehensive topic in the field of polymer research. Challenging questions are 

especially the vigorous interactions ongoing during crystallization between the molecular 
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characteristic i.e. chemical composition and molecular topology (branching) (Pasch and 

Malik 2014) and the fabrication conditions, such as applied thermal mechanism (e.g., 

cooling rate and crystallization temperature 𝑇C), flow type (e.g., shear, elongation or both) 

and the duration of the high deformation (Zuidema 2000). Therefore, research on 

crystallization kinetics of PE and controlling of the nucleation process have a great 

interest not only from a scientific point of view but also from an industrial one to 

understand their influence on material properties and the efficiency of the PE production. 

Here, the possibility to influence the crystal morphology by the addition of a nucleating 

agent (NA) into PE is of particular interest. Previous research showed that an addition of 

an effective NA, i.e. HPN-20E, into HDPE enabled a significant reduction in a cycle time 

of ~10% in injection molding and an increased performance in the production with more 

stable and consistent neck ovality ratio (Seven et al. 2016). 

The fundamentals of the nucleation theory and crystal growth and their relation on the 

temperature difference between the equilibrium melting temperature 𝑇m
0  and 

crystallization temperature 𝑇C were explained by Lauritzen and Hoffman (1960); Sadler 

(1987). The mesomorphic layer transition reported by Strobl (2007). Temperature and 

pressure effect on PE phases were described by Wunderlich and Melillo (1968); Keller et 

al. (1994). Flow-induced crystallization was studied by many scientists Kawai et al. 

(1968); Mackley et al. (1975); Lagasse and Maxwell (1976); Eder and Janeschitz-Kriegl 

(1988). These studies revealed the orientation of polymer chains to the applied flow 

direction and promoted nucleation by the applied shear flow. Despite the researches that 

have been carried out for decades, the comprehensive relationship between the polymer 

structures, the processing conditions and the final properties of the product have not been 

fully understood due to a large number of variable parameters. Besides, the evolution over 

complex polymer structures, e.g., PE composites, blends with other polymers or 

additives, as well as improved processing techniques demonstrates the necessity of deeper 

investigations on the correlation of viscoelastic behavior and the local mobility via 

characterization techniques. 

Commonly used characterization techniques for semi-crystalline polymers, such as PE, 

include differential scanning calorimetry (DSC) for thermal and physical properties; 

diffraction and scattering (X-ray, light) for microstructures determination; nuclear 
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magnetic resonance (NMR) for investigation of structure, chain relaxation as well as 

crystallinity; microscopies (optical, electron) for morphology analyses and rheology for 

mechanical testing (Piorkowska and Rutledge 2013). For the investigation of the 

crystallization process in polymers in situ via a combination of different characterization 

techniques under thermally and psychically, identical conditions enable a deepened 

understanding by a direct association of material properties, such as the viscoelastic 

behavior, to its crystallinity, while avoiding problems, like e.g., not comparable 

homogeneous cooling rates for different methods. For instance, novel developed a 

combined technique with a combination of rheology and low-field 1H-NMR, RheoNMR 

(Ratzsch, et al. 2017; Özen et al. 2015, 2016; Räntzsch et al. 2019) enables the correlation 

of the viscoelastic behavior and local mobility, measured by the proton relaxation, under 

oscillatory shear at identical temperature conditions. Low-field RheoNMR is a powerful 

technique for precise investigation of temperature-sensitive processes such as PE 

crystallization. 

1.1 Outline 

The present thesis is divided into ten chapters. In details, the thesis is organized as 

follows:  

Chapter 1 introduces a literature review of the production and classification of PE. The 

chapter provides a summary of the crystallization behavior of PE during processing with 

the parameters such as cooling rate, applied deformation, and chosen crystallization 

temperature. Additionally, commonly used characterization techniques for analyzing PE 

crystallization and mechanical properties of it are briefly introduced.  

Polyethylene along with its copolymers is used in a wide variety of consumer products 

owing to its semicrystalline structures. A more detailed description and the types of PE 

are mentioned in Chapter 2.  

During thermoplastic processing, the orientation of PE chains due to flow under 

supercooling causes shear-induced crystallization which affects the final crystallinity. 

The crystallization is a highly sensitive process depending on the processing conditions 

such as temperature, cooling rate, and applied deformation. Therefore, crystallization has 
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been an attractive topic in scientific and industrial aspects. In Chapter 3, the fundamentals 

of crystallization theories and parameters affecting crystallization kinetics are explained. 

The processability of the polymeric materials can be investigated by using rheology.  

Low-field (time-domain) NMR is a useful tool to quantitatively investigate and monitor 

the molecular dynamics in the phases of a crystallizing polymer. Other commonly used 

characterization techniques, DSC, XRD, and scanning electron microscopy (SEM) are 

presented in Chapter 4. 

The crystallization of polymers is a highly temperature-dependent process. The 

difficulties of thermal history effects for different characterization techniques are 

experimentally challenging especially for samples with fast crystallization kinetics, e.g., 

high-density polyethylene (HDPE). Thus, the recently introduced novel method, 

RheoNMR, enables the correlation of macroscopic material properties and microscopic 

molecular dynamics with a single experimental run, under identical temperature, cooling 

rate, and shear conditions. The details of the RheoNMR method, the developments on the 

method to obtain a sensitive and accurate measurement for fast crystallize bulk samples 

are announced in Chapter 5. 

Nucleation of HDPE has a great interest in both the industrial and scientific points of the 

view to alter the physical properties of HDPE, e.g., the cycle time in extrusion. An organic 

salt based on cis-1,2-cyclohexanedicarboxylic acid calcium salt (Hyperform HPN-20E) 

has been found as an effective nucleating agent (NA) for PE and polypropylene (PP) 

(Seven et al. 2016; Jiang et al. 2012). Nevertheless, a detailed examination of the effects 

of the concentration of NA on PE crystallization under flow conditions has not been 

available in the literature. The newly developed RheoNMR method was used to 

investigate the influence of deformation, temperature, and addition of NA on 

crystallization kinetics, final crystallinity and viscoelastic behavior of HDPE. In Chapter 

6, the resulting information was used for a potential new direction to correlate the 

macroscopic mechanical properties (gelation point) with microscopic properties as the 

rate of crystallization and half time of the crystallization process. The practical 

importance of the fundamental questions was used as a motivation for this chapter: 
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-How does temperature under quiescent condition effects crystallization kinetics of the 

HDPE sample?  

-How does the existence of a NA in the HDPE sample change the gelation point 

(crossover of the moduli), crystallization kinetics? 

-How does the applied shear flow type and duration of it impact the gel point, 

crystallization kinetics, and crystallinity of neat and nucleated HDPE? 

-How are the microstructures, e.g., the unit cell of crystal, alignment of the lamellae, and 

resulting morphology of NA/HDPE blends after RheoNMR experiments? 

-How are the resulting crystallinity, crystallization kinetic parameters of NA/HDPE blend 

under quiescent conditions with similar cooling rate experiments performed with different 

characterizations techniques such as DSC, XRD? 

Different models were used to obtain a deeper understanding of all results which were 

also compared with previous studies in Chapter 6. 

Knowledge of the flow properties and crystallization under-identified conditions of fat is 

important to control processing, and thus obtain target product characteristics i.e. 

firmness, texture, and stability at a certain temperature. Coconut oil was used as a model 

substance for a fat crystallization kinetic study in Chapter 7. Coconut oil finds several 

applications to be used in the food industry and the kinetic study of its crystallization has 

rarely been reported. Therefore, the low-field RheoNMR technique was used to 

investigate the effects of oscillatory shear on fat crystallization kinetics and the final 

crystallinity. 

One of the most attractive reinforcing filler material is cellulose due to its a biodegradable, 

non-toxic, low cost, lightweight material structure. Synthesized amylose and starch-based 

compatibilizers with reinforcing filler material cellulose were added into low-density 

polyethylene (LDPE) in various weight ratios. In Chapter 8, the melt shear rheological 

properties of composites were investigated by using commercial rheometers for the 

understanding of processability, thermal stability, and critically the state of filler 

dispersion in the matrix. 
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In Chapter 9, shear rheology was used to analyze the melt material properties of novel 

synthesized renewable-based polyether derivatives. Resulting properties and possible 

industrial applications were discussed. 

A summary of all studied topics mentioned previous chapters is given and the main 

contributions are discussed. Additionally, future research directions based on determined 

results are suggested in the final Chapter 10. 
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2 Polyethylene  

Polyethylene (PE) is a semi-crystalline thermoplastic. It has a wide range of physical 

properties such as elasticity, and resistance towards water weather, chemical, etc. These 

final physical properties of PE products depend on the crystallinity, molecular weight, 

molecular weight distribution, branching characteristics. The global demand for PE has 

been on the rise due to its versatility, easy processability, low cost, chemical inertness, 

and recyclability. Polyethylene represents the largest segment (32%) of the total plastic 

demand in worldwide plastic production as seen in Figure 2.1 (Plastic Europe report 

2016). The demand for PE was expected to expand by 4% per year to reach 99.6 million 

metric tons in 2018 (Roger 2014). 

 
Figure 2.1: The worldwide plastic-type demand in 2015. PE: polyethylene, PP: polypropylene, 

PVC: polyvinyl chloride, PET: polyethylene terephthalate, PS: polystyrene, PUR: polyurethane, 

PA: polyacrylate. Data was taken from the Plastic Europe Report (2016). 

Polyethylene can be classified, depending on its density and sold volume, into three 

important types which are high-density polyethylene (HDPE), low-density polyethylene 

(LDPE) and linear low-density polyethylene (LLDPE). The first synthesized 

polyethylene was LDPE discovered by Micheal Perrin using free-radical initiators in the 

1930s (Peacock 2000). In 1936 the British company Imperial Chemical Industries (ICI) 

started the manufacturing of LDPE (Peacock 2000). The production of HDPE started in 

the 1950s by the discovery of the Ziegler-Natta catalyst (Ziegler et al. 1955; Natta 1956; 
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Peacock 2000). In 1960, the first commercial LLDPE was produced by DuPont using 

copolymers of ethylene with α-olefins via gas-phase polymerization (Peacock 2000). The 

different types of PE can vary depending on the synthesis method, used comonomer type 

and amount. 

2.1 Types of polyethylene (PE) 

Polyethylene ((C2H4)n) is a large molecule consists of repeating structural units (C2H4), 

known as monomers, which are covalently bonded.  

2.1.1 Low-density polyethylene (LDPE) 

Low-density polyethylene (LDPE) was the first synthesized and commercially produced 

PE in the 1930s. High pressure (~1100 to 2000 bar) and high temperatures (100-300 °C) 

are used during the free radical polymerization of ethylene to produce LDPE (Luft et al. 

1982; Peacock 2000). The most common types of initiators for the polymerization process 

are listed in Table 2.1. 

Table 2.1: The most common types of initiators (Peacock 2000). 

Initiator Reaction 

Hydroperoxide ROOH → RO• + HO• 

Dialkyl peroxide ROOR′→ RO• + R′O• 

Tertiary perester RCOOCOCR′3→ RCO• + R′3COCO• 

Azodialkyl RNNR′→ RN• + R′N• 

R and R′=an alkyl or aryl group or various other organic moieties. 

 

 

Figure 2.2: The growth of polyethylene chains via free radical polymerization (Peacock 2000). 

After decomposition of the initiator, polyethylene chains grow by attachment of an 

ethylene molecule to the free radical species via a carbon-carbon covalent bond, and the 

unpaired electron is transposed to the new chain end, as shown in Figure 2.2. The chain 

branching occurs via intramolecular and intermolecular radical transfer that results in 
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short chain branching (SCB) and long-chain branching (LCB) respectively as seen in 

Figure 2.3.  

 

 

Figure 2.3: The (a) intermolecular and (b) intramolecular radical transfer during the free radical 

polymerization of ethylene used for LDPE production (Peacock 2000). 

 
Figure 2.4: Illustration of the chemical structure of low-density polyethylene (LDPE). 

Low-density polyethylene has a molecular structure as illustrated in Figure 2.4 that can 

be altered mainly by controlling the polymerization conditions. The increase in the 

reaction pressure increases the resulting molecular weight of LDPE. The systematically 
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altered reactor pressure causes a broad molecular weight distribution. By raising the 

polymerization temperature, the branching level of LDPE increases which leads to a 

decrease in the degree of crystallinity. The melting point of LDPE is around 100 °C which 

limits its use, for example in contact with hot water (Kricheldorf et al. 2005).  

2.1.2 High-density polyethylene (HDPE) 

The Ziegler-Natta catalyst discovered in 1950 and enabled the important progress in 

ethylene polymerization by means of the production of high-density polyethylene HDPE 

(Ziegler et al. 1955; Natta 1956; Peacock 2000). High-density polyethylene is a 

semicrystalline polymer that consists of a linear polymer chain with very few or no 

branches as illustrated in Figure 2.5 (Kricheldorf et al. 2005). In contrast to LDPE, a 

combination of the catalyst type and polymerization condition affect the molecular 

structure of HDPE. There are three groups of catalysts used in this polymerization process 

(Kricheldorf et al. 2005): 

1. Titanium or zirconium halogenides or hydrides based catalysts (Ziegler 

catalysts) e.g., titanium tetrachloride (TiCl4) 

2. Chromium compounds based catalysts (Phillips catalysts) 

3. Metallocenes based catalysts and also other single-site catalysts such as nickel 

ylid, nickel diimine, palladium, iron or cobalt complexes  

Using a catalyst in the polymerization process makes the production possible at the low-

pressure condition in three different ways, namely as a slurry (suspension) process, a gas 

phase process, and a solvent process (Kricheldorf et al. 2005). 

 1. Slurry process: Hydrocarbons e.g., isobutane, hexane, n-alkane are used to 

dissolve the monomers and the catalysts in the temperature range from 70 to 90 °C, with 

pressure varying in between 0.7 and 3 MPa. The polymerization takes 1 to 3 hours with 

the efficiency ranges 95 to 98%. Polyethylene precipitates due to the polymerization 

temperatures being kept below the melting point range of HDPE (125-143 °C). While the 

molecular weight distribution can be controlled by the type of catalysts or by stepwise 

performed polymerization processes, the molecular weight of HDPE depends on the 

hydrogen amount. 
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 2. Gas-phase polymerization: In this process, the catalysts are supported on an 

inert substrate (e.g., silica or alumina). The monomer and the catalysts are brought in 

contact in a fluidized bed which is stirred at 2 to 2.5 MPa the pressure and temperature 

between 85 and 100 °C (Kricheldorf et al. 2005). The produced polymer can be removed 

from the reactor regularly.  

 3. Solvent polymerization: Polymerization is performed in cyclohexane or another 

appropriate solvent with the addition of catalysts at 140-150 °C, and the under the 

pressure of 0.7-7 MPa (Kricheldorf et al. 2005). Although this process takes 1 to 5 min 

with a conversion of 95%, the achieved maximum molecular weight of HDPE is restricted 

by increased viscosity of the solution. 

 

Figure 2.5: Illustration of the chemical structure of high-density polyethylene (HDPE). 

Additionally, a class of HDPE is known as an ultra-high molecular weight polyethylene 

(UHMWPE) with a molecular weight of over 1,000,000 g/mol. The physical and 

mechanical properties of UHMWPE are outstanding such as high abrasion resistance, 

high impact toughness, good chemical resistance. Therefore, UHMWPE has a wide range 

of industrial applications including pickers for textiles machinery, bumpers and siding for 

ships, runners for bottling production, bullet-proof vests and also in orthopedics as an 

artificial joint owing to (Kurtz 2004). 

2.1.3 Linear low-density polyethylene (LLDPE) 

In 1960, the first commercial LLDPE was produced by DuPont with gas-phase 

polymerization (Peacock 2000). In this polymerization, the copolymerization of ethene 

with α-olefins is done by using the Ziegler catalysts in commercial production or single 

site catalysts based on metallocene/MAO on a laboratory scale. The commonly used α-

olefins are 1-butene, 1-hexene, and 1-octene (Kricheldorf et al. 2005; Peacock 2000). In 

contrast to LDPE, LLDPE has much higher tensile strength due to SCB molecular 

characteristics. The chemical structure of an LLDPE can be seen in Figure 2.6. This SCB 

structure reduces the degree of crystallinity, the melting point and the density of LLDPE 

compare to HDPE (Kricheldorf et al. 2005; Peacock 2000). These properties make 
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LLDPE more flexible; and consequently, favorable material for packaging films and 

sealing layers in multilayer films. 

 

Figure 2.6: Illustration of the chemical structure of a linear low-density polyethylene (LLDPE). 

The incorporation of substantially high levels of comonomer content i.e., octane content 

between 3.3-14.6 mol%, leads to a reduction in the density below the density of LDPE 

(Wypych 2016). These products are named ultra-low density or very low-density 

polyethylene (ULDPE and VLDPE, respectively). The ULDPE has the potential to be 

used neat or blended into other polymers as impact strength and clarity modifier due to 

its flexible, transparent, and elastomeric structure (Peacock 2000).  

All the above mentioned different types of polyethylene have a diverse range of densities, 

the degree of crystallinities and the range of melting temperature is also in a varying range 

as described in Table 2.2. 

Table 2.2: Properties of different types of polyethylene (Peacock 2000). 

Property HDPE LDPE LLDPE VLDPE 

Density (g/cm3) 0.94-0.97 0.91-0.94 0.90-0.94 0.86-0.90 

Degree of crystallinity (%) 62-82 42-62 34-62 4-34 

Melting temperature (°C) 125 -140 98-115 100-125 60-100 
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3 Polymer Crystallization  

Polymer crystallization has been extensively studied in recent decades, and it still attracts 

significant interest. This is mainly because of the commercial interest and importance of 

semi-crystalline polymers for the polymer industry. The physical properties of the 

commercial semi-crystalline product can be tailored by controlling crystal size, shape, 

orientation and final crystallinity. In this chapter, general important aspects of the 

polymer crystallization theory are explained with reference to polyethylene which is the 

most popular globally demanded semi-crystalline polymer. 

Many stereoregular polymers (polyethylene, isotactic or syndiotactic polypropylene, 

poly(ethylene oxide), etc.) crystallize due to the packing of individual polymer chains 

into a regular array (Hiemenz and Lodge 2007). The ordered region of the semi-

crystalline polymer consists of crystallites that are surrounded by disordered chains 

comprising a partially ordered layer adjacent to the crystallites as shown schematically in 

Figure 3.1. The noncrystalline phase consisted of tie chains, loops, and cilia as a type of 

chain configurations that depends on the molecular weight, branching, and crystallization 

conditions of the PE sample (Peacock 2000).  

 
Figure 3.1: A simple illustration of the three-phase morphology in solid polyethylene and tie 

chains, loops, and cilia in the non-crystalline phases of polyethylene (Peacock 2000). A 

specification is given for high-density polyethylene (HDPE) as a thickness range of approximately 

80-200 Å with several micrometers lateral dimension for crystallites and the range of non-

crystalline phase approximately 50-300 Å (Peacock 2000).  
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Molded HDPE samples typically comprise of crystallites, which have a thickness in the 

range of 80–200 Å with lateral dimensions of several micrometers, and the non-

crystalline region size varies between 50 Å and 300 Å (Peacock 2000). Crystallites are 

thinner and smaller for LDPE and LLDPE samples compare to HDPE. 

Additionally, the crystalline part of a polymer is composed of multiscale structures. The 

smallest entity is the unit cell. Polyethylene shows three different types of unit cells as 

orthorhombic, monoclinic and hexagonal. Unit cell types are defined according to the 

different constraints on values of unit cell sides (axes = a, b, c) and unit cell axial angles 

(α, β, γ) (Gedde 1995; Hiemenz and Lodge 2007; Strobl 2007; Peacock 2000). The 

orthorhombic is the most common and stable unit cell type of PE. In contrast, the 

monoclinic is a metastable phase formed under elongation condition during PE 

crystallization, and the hexagonal can be produced at extremely high pressure in 

laboratory crystallization conditions (Peacock 2000; Gedde 1995; Hiemenz and Lodge 

2007). Therefore, the orthorhombic unit cell can be considered the only unit cell type in 

commercial samples. Figure 3.2 shows an illustration of the orthorhombic unit cell. The 

dimension of the orthorhombic unit cell is known as to be a = 7.42, b = 4.95, c = 2.55 Å 

with angles α = β = γ = 90° which are reported for HDPE at room temperature (Bunn 

1939). The density of the HDPE orthorhombic unit cell is accepted as 1.00 g/cm3. The a 

and b axes of the orthorhombic unit cell are larger for LDPE and LLDPE compare to the 

orthorhombic unit cell of HDPE, while the length of the c axis remains constant for all 

type of PE. Additionally, the monoclinic unit cell dimensions are a = 8.09, b = 4.79 and 

c = 2.55 Å with angles α = β = 90°, γ = 107.9°, and the hexagonal unit cell has a = 8.42, 

b = 4.56, c < 2.55 Å with angles α = β = 90°, γ = 120° (Peacock 2000). Another entity 

in multi-scale structures of the crystalline part is a single crystal that is constructed by 

repeating unit cells. The concept was first described by Storks in 1938 as a “fringed 

micelle model” as illustrated in Figure 3.3a. In the fringed micelle model, “micelles” were 

the crystalline region in which polymer chains are aligned parallel, and “fringed” was a 

representation of the part in which non-crystalline (disordered) chains were assumed to 

be attached to the crystallites as partially ordered (Peacock 2000).  
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Figure 3.2: Polyethylene orthorhombic crystal (a) orthogonal view and (b) a view along the c 

axis (Peacock 2000). 

In 1957, a single crystal was independently reported by Keller. The reported a lozenge-

shaped single crystal was obtained from a very dilute solution with a thickness of 10 nm 

and lateral dimensions varying from a few micrometers up to more than 100 µm as seen 

in Figure 3.3b.  

 

Figure 3.3: Simple illustration of two central concepts: (a) fringed micelle model (Keller 1968), 

(b) a lozenge-shaped single crystal with perfect (regular) chain folding (Gedde and Hedenqvist 

2019). 

Later developments on the technology for imaging and different etching protocols of 

polymer surface made it possible to imagine a lamellae and spherulite morphologies that 

can be seen in Figure 3.4. During the growth of stacked lamellar morphologies, lamellae 

can be bent, splayed or branched which causing the formation of a spherulite structure. 

The spherulite consists of bundles of lamellae growth radially from a nucleus with an 

amorphous phase in between the lamellae. The spherulites grow until the impingement 

with the neighboring spherulites. The spherulites in thin films of HDPE appear as 

“Maltese crosses” under an optical microscope. The size of the spherulites can be within 

a wide range depending on the molecular structure of the polymer and density of the 
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nucleation. In the case of a high concentration of nucleation, spherulites can not grow due 

to the limited space. Therefore, a multitude of lamellar bundles is generated under this 

circumstance. These bundles are called sheaves due to their similarity to wheat sheaves. 

Another entity is a stack of lamellae which takes place when higher molecular weight PE 

chains align parallel to each other due to oriented melt by application of the high shear 

rate during crystallization. Such a stack of lamellae is also known as row-nucleated 

structures or cylindrites. While stacked lamellar morphologies are major growth patterns 

of polyethylene samples, the isotactic polypropylene sample shows mostly spherulites 

type morphology. Under the application of elongation stress during crystallization, a shish 

kebab supermolecular morphology can be generated. The core of the shish kebab 

structure is consisted of fully extended long PE chains, cylindrites, and kebab part 

lamellae grow perpendicular to the shish part.  

 

Figure 3.4: Multi-scale crystalline structures for polyethylene. Chain folded lamellae stack is 

constituted by packed crystals as a plate shape. Spherulites are formed as results of the lamellae 

splays, bends, and branches (Hiemenz and Lodge 2007). Shish kebab morphology consists of 

extended chains called shish, which act as nuclei and lamellae called kebab part grow on shish.  

Shish kebab morphology can be generated by conducted elongation flow during crystallization. 

The crystallization process can be explained by thermodynamics, which is the subject of 

the next section. In the next section, the theory of the relation between the microscopic 

structure to the macroscopic parameters is explained. 
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3.1 Thermodynamics of Polymer Crystallization 

In this section, theoretical concepts on polymer crystallization are explained by using the 

following sources: Keller (1968); Gedde (1995); Peacock (2000); Bower (2002); 

Muthukumar (2004); Hiemenz and Lodge (2007); Piorkowska and Rutledge (2013). 

Thermodynamic fundamental principles enable the possibility to compare theoretical 

predictions with experiments, e.g., the change of lamellar thickness with supercooling. 

Crystallization of polymers is the process where the molten disordered state changes to 

the ordered stable crystalline state. During crystallization, the system tries to adopt a state 

of minimum free energy. At constant pressure, the crystallization process is described 

thermodynamically by the following equation: 

∆𝐺 = ∆𝐻 − 𝑇∆𝑆       (3.1) 

where ∆𝐺 is the change of Gibbs free energy, ∆𝐻 is the change of enthalpy (changes in 

the internal heat energy), T indicates the absolute temperature and ∆𝑆 is the change of 

entropy. The transformation process from melt state to crystalline states by decreased 

temperature causes an internal heat release which is larger than the loss of entropy 

multiplied by the absolute temperature. On the one hand, lowering temperature is the 

driving force of crystallization thermodynamically. On the other hand, from the kinetic 

point of the view, it leads to an increase in viscosity, and hence the crystallization process 

slows down. Therefore, the phase transition mechanism can be described by the 

equilibrium of both thermodynamic and kinetic factors.  

The nature of the crystallization mechanism is based fundamentally on the knowledge of 

the equilibrium melting temperature 𝑇m
0 , which is extrapolated theoretical temperature for 

the melting of perfect infinitely thick crystal. This thermodynamic quantity is very 

important. It gives information about the conformational character of the polymer chain. 

Additionally, morphological and structural information can be predicted by comparison 

of the experimentally observed melting temperature and the 𝑇m
0 . Moreover, it is crucial to 

determine the temperature dependence of the crystal growth rate. At the 𝑇m
0 , the change 

in the Gibbs free energy ∆𝐺 per unit mass is zero. Thus, the 𝑇m
0  is given by:  

𝑇m
0 = ∆𝐻/∆𝑆          (3.2) 
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Combination of Equation 3.1 and Equation 3.2 provides the following,  

∆𝐺 = ∆𝐻(1 − 𝑇/𝑇m
0)     (3.3) 

The change in Gibbs free energy with a temperature drop below 𝑇m
0  to a crystallization 

temperature 𝑇C initiates the crystallization. This temperature change is represented as the 

supercooling ∆𝑇 = 𝑇m
0 − 𝑇C in the following equation: 

∆𝐺 = ∆𝐻(∆𝑇)/𝑇m
0          (3.4) 

After being cooled polymer melt to below 𝑇m
0 , polymer chains fold upon themselves to 

generate a crystal. The dimension of the stable cuboid shape crystal (see Figure 3.5) can 

be calculated with respecting the minimum specific free energy ∆𝑔0 at given volume 𝑉 =

𝐿1𝐿2𝐿3 and the specific surface free energies 𝜎𝑖 with a surface i: 

∆𝐺 = 𝑉∆𝑔0 + 2𝐿1𝐿2𝜎3 + 2𝐿1𝐿3𝜎2 + 2𝐿2𝐿3𝜎1  (3.5) 

𝑉 = 𝐿1𝐿2𝐿3      𝐿2 = 𝑉/𝐿1𝐿3   (3.6) 

 
Figure 3.5: Equilibrium cuboid shape of crystal with three different surfaces (i =1, 2, 3) with 

specific surface free energies 𝜎𝑖 (Gedde 1995). 

Equation 3.6 is inserted to Equation 3.5: 

∆𝐺 = 𝑉∆𝑔0 +
2𝑉

𝐿3
𝜎3 + 2𝐿1𝐿3𝜎2 +

2𝑉

𝐿1
𝜎1   (3.7) 

The derivatives of ∆𝐺 with respect to 𝐿1 and 𝐿3 is set to zero: 

𝜕(∆𝐺)

𝜕𝐿1
= 𝐿3𝜎2 −

𝑉

𝐿1
2 𝜎1 = 0 →

𝐿1

𝜎1
=
𝐿2

𝜎2
    (3.8) 

𝜕(∆𝐺)

𝜕𝐿3
= 𝐿1𝜎2 −

𝑉

𝐿3
2 𝜎3 = 0 →

𝐿2

𝜎2
=
𝐿3

𝜎3
    (3.9) 
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And the combination of Equation 3.8 and Equation 3.9 gives: 

𝐿1

𝜎1
=
𝐿2

𝜎2
=
𝐿3

𝜎3
     (3.10) 

Equation 3.10 shows the existence of the proportion between the dimension and the 

surface free energies. For instance, the equilibrium proportion of the specific surface 

energy of the fold surface to the specific energy of the lateral surface is close to seven for 

polyethylene (Gedde 1995). Additionally, the thickness of the formed crystal 𝐿c related 

with the fold surface energy 𝜎e and the supercooling ∆𝑇. This important relation is 

explained by the Thompson-Gibbs equation. The change in free energy is equal to zero 

at the equilibrium melting point as following: 

∆𝐺 = ∆𝐺∗ + ∑ 𝐴𝑖𝜎𝑖 = 0
𝑛
𝑖=1 → ∆𝐺∗ = ∑ 𝐴𝑖𝜎𝑖

𝑛
𝑖=1    (3.11) 

where ∆𝐺∗ is the surface-independent change in free energy with an area of the formed 

crystal surface 𝐴𝑖. The two-fold surface of the lamellae shaped polymer crystal as shown 

in Figure 3.3 constitutes almost the total surface energy due to the need for high energy 

for folding chains. Thus, the surface energy per unit area is much higher compared to 

lateral surface energies:  

∑ 𝐴𝑖𝜎𝑖
𝑛
𝑖=1 ≈ 2𝐴𝜎     (3.12) 

The surface-independent term is equal to: 

∆𝐺∗ = ∆𝑔0𝐴𝐿c𝜌c    (3.13) 

where 𝜌c is the density of the crystalline region. The specific bulk free energy change 

∆𝑔0 could be expressed similarly Equation 3.4 based on specific ∆ℎ0 and ∆𝑠0 per unit 

mass: 

∆𝑔0 = ∆ℎ0 − 𝑇𝑚∆𝑠
0 = ∆ℎ0 (

𝑇m
0−𝑇m

𝑇m
0 )      (3.14) 

The insertion of Equation 3.14 into Equation 3.13 gives the following equation: 

∆𝐺∗ = ∆ℎ0(𝑇m
0 − 𝑇m)

𝐴𝐿c𝜌c

𝑇m
0         (3.15) 
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Consequently, Equation 3.15 and Equation 3.12 is inserted into Equation 3.11 as follows: 

∆ℎ0(𝑇m
0 − 𝑇m)

𝐴𝐿c𝜌c

𝑇m
0 = 2𝐴𝜎𝑇m

0              (3.16) 

𝑇m
0 − 𝑇m =

2𝜎𝑇m
0

𝐿c𝜌c∆ℎ
0                (3.17) 

The resulting simplified Equation 3.18 is known as Thompson-Gibbs equation: 

𝑇m = 𝑇m
0 (1 −

2𝜎

𝐿c𝜌c∆ℎ
0)   (3.18) 

where the nominal melting point 𝑇m for the crystal is solely depends on the crystal 

thickness 𝐿𝑐 . There is a strong relationship between the thickness (𝐿c
∗ ) of the first formed 

crystal and the degree of supercooling that can be explained as: 

𝐿c
∗ =

𝐶1

∆𝑇
+ 𝐶2     (3.19) 

where 𝐶1 and 𝐶2 are constants. Thus, the thickness of the first crystal is controlled only 

by supercooling, and the thickening rate depends on the absolute crystallization 

temperature 𝑇C. The dependence of the growth rate of a crystal at chosen 𝑇C can be 

predicted by developed models explained in the next section.  

3.2 Quiescent crystallization 

The nucleation and the growth processes depend strongly on the temperature difference 

between the 𝑇m
0  and 𝑇C. The maximum crystallization 𝑇C,max is a temperature at which a 

crystal grows with a maximum rate. Another characteristic temperature is the glass 

transition temperature 𝑇g. Empirical rules exist between these characteristic temperatures 

of polymer samples (Okui 1990). For instance, the proportion of 𝑇m
0/𝑇g (in K) known as 

Boyer-Beaman rule was found as an average value about 1.5 for all polymers (van 

Krevelen and te Nijenhuis 2009). This proportion for linear PE was reported as 2.18 (van 

Krevelen and te Nijenhuis 2009). Additionally, a similar relationship was found for 

𝑇C,max/𝑇g =1.25-1.33 (Okui 1990). Based on the aforementioned empirical relationship 

between 𝑇m
0 , 𝑇C,max, and 𝑇g, the 𝑇C,max arises in the middle of the 𝑇m

0  and the 𝑇g, and hence 

𝑇C,max~(𝑇m
0 + 𝑇g)/ 2 (Okui 1990).  
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Crystallization process starts when the isotropic polymer melt cooled below the 𝑇m
0 . Then, 

crystallization involves two stages, which are called the primary and secondary 

crystallization. Primary crystallization includes the initial, rapid and dominated 

crystallization stage. Nuclei form and start growing radially during the primary 

crystallization stage. When the spherulites impinge on each other, the crystallization rate 

decreases. Hereby, secondary crystallization is the slower stage of the polymer 

crystallization. It involves the crystal thickening of the already formed crystals behind the 

crystal front and the formation of the subsidiary crystal. These stages should not be 

confused with the primary and the secondary nucleation steps which are mentioned in the 

next section (see Section 3.2.1).  

In the following sections, the fundamentals of the nucleation theory and crystal growth 

theories are explained. The mentioned theories of nucleation and crystal growth 

mechanisms are assumed under ambient pressure conditions. Additionally, the Avrami 

model is presented as a method for the kinetic analysis of isothermal crystallization.  

3.2.1 Nucleation theory 

In the nucleation the stage, a new independent crystal (nuclei) forms. This stage is also 

known specifically as primary nucleation. Further secondary and tertiary nucleation steps 

lead to crystallite growth (see Section 3.2.2) by the addition of the chain stems to the 

surface of the nuclei or growing crystal.  

In the primary nucleation stage, a crystalline nucleus forms by compilation of unit cells 

in a cooled polymer melt below the equilibrium melting point. Primary nucleation is 

classified into three categories as homogenous, heterogeneous and self-nucleation. 

Spontaneous formation of the nuclei is called homogeneous nucleation. Homogeneous 

nucleation occurs under large supercooling conditions. It is also possible to observe 

homogeneous nucleation when the sample is a thin film by fast quenching, or droplets 

too small to contain the heterogeneities. Alternatively, nuclei can appear on the surface 

of some heterogeneities (impurities or nucleating agents), within the disordered phase of 

polymer. This type of nucleation is termed heterogeneous nucleation. In the 

heterogeneous nucleation process, heterogeneities act as preexisting nuclei. If this 

preexisting nucleus is a polymer crystal, that was not completely molten under heated 
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condition, the type of nucleation is called self-nucleation. Heterogeneous nucleation is 

the most common nucleation process during polymer crystallization from the bulk melt. 

This is mainly because the commercial polymers contain additives, and it is also hard to 

prevent the presence of foreign contaminating particles in polymer melts.  

Nucleation and diffusion occur in crystallization simultaneously. Molecules, which are 

close to the critical size boundary of a new lattice, are diffused to form a stable nucleus. 

While diffusion is faster for short-range at higher temperatures, there is no dominant 

diffusion below the glass transition. The nucleation rate I to obtain a stable nucleus can 

be explained by Arrhenius type dependency towards 𝑇𝐶 (Fisher et al. 1948; Piorkowska 

and Rutledge 2013; Frenkel 1946): 

𝐼 = 𝐼0exp (−
∆𝐺∗

𝑘𝑇C
)    (3.20) 

where 𝐼0 is the prefactor, ∆𝐺∗ is activation free energy required for a stable nucleus 

generation, 𝑘 is Boltzmann`s constant. The prefactor 𝐼0 is described by the following with 

the contribution of the temperature dependence of particle transport; 

𝐼0 = 𝑁 (
𝑘𝑇C

ℎ
) exp (−

𝐸D

𝑘𝑇C
)    (3.21) 

where 𝑁 is the number of stems, ℎ is Plank`s constant, and 𝐸D is the activation free energy 

for the short-range diffusion of molecules. Combination of Equation 3.20 and Equation 

3.21 gives the following: 

𝐼 = (
𝑁𝑘𝑇C

ℎ
) exp (−

(𝐸D+∆𝐺
∗)

𝑘𝑇C
)    (3.22) 

For cuboid shape crystal, the free energy barrier ∆𝐺∗ was already provided by Equation 

3.7 based on the surface to volume ratio of the growing crystal. The following equations 

describe the free energy barrier formation of spherical and cylinder-shaped nuclei: 

Spheres: ∆𝐺∗ =
4𝜋(𝑟∗)3

3
∆𝑔0 + 4𝜋(𝑟∗)2𝜎    (3.23) 

Cylinder: ∆𝐺∗ = 𝜋(𝑟∗)2𝑙∆𝑔0 + 2𝜋𝑟∗𝑙𝜎s + 2𝜋(𝑟
∗)2𝜎e   (3.24) 
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where 𝜎𝑖 is the specific surface free energy of surface i with the radius 𝑟∗ and the length 

𝑙, and the ∆𝑔0 is the specific Gibbs free energy difference. The expression of ∆𝐺∗ can 

also be expressed as a function supercooling ∆𝑇 (Yi et al. 2013; Gedde 1995): 

                                    Spheres: ∆𝐺∗ =
16𝜋𝜎3(𝑇m

0 )2

3(∆ℎ0)2(∆𝑇)2
     (3.25) 

Cylinders: ∆𝐺∗ =
8𝜋𝜎s

2𝜎e(𝑇m
0 )
2

(∆ℎ0)2(∆𝑇)2
    (3.26) 

Cuboids: ∆𝐺∗ =
32𝜎s

2𝜎e(𝑇m
0 )
2

(∆ℎ0)2(∆𝑇)2
     (3.27) 

Equation 3.27 describes ∆𝐺∗ for homogeneous nucleation. The activation free energy 

barrier ∆𝐺∗ decreases with an increased supercooling ∆𝑇 due to the inverse relationship:  

∆𝐺∗ ~
1

(∆𝑇)2
 . Consequently, the thermodynamic driving force is stronger at the lower 𝑇C 

that leads to more nuclei with smaller critical nucleus sizes. When nuclei reach their 

critical size, they become stable and can grow.  

3.2.2 Crystal growth mechanism 

The temperature dependence of the growth rate of newly formed crystals of thickness 𝐿c
∗  

can be explained by the kinetic theories of crystal growth. The kinetics theories of crystal 

growth are divided into two types as enthalpic nucleation and entropic nucleation 

theories. An early theory for the growth of polymer crystals was introduced by Larutizen 

and Hoffman in 1960. They assumed the required free energy of nuclei formation and the 

number of formed new nuclei have an enthalpic origin. In the Lauritzen-Hoffman (LH) 

theory, lamellae have a thickness as 𝐿c
∗  and width as 𝐿p as seen in Figure 3.6a. The 

lamellae grow as a function of the degree of supercooling ∆𝑇 with a constant growth rate 

radially G, and lateral spreading rate g (Gedde 1995; Reiter and Strobl 2007; Bower 

2002). A single stem with a thickness b along the radial growth direction attaches to the 

lamellae with chain folding to form secondary nuclei. For the attachment of the new stem, 

the necessary free energy barrier ∆𝐺∗ must be crossed for the addition of a single stem, 

which adds surface to the lamellae. The crystal growth with formed nuclei (attached and 

detached stems) on the preexisting surface (secondary nucleation) is illustrated in Figure 
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3.7a. The free energy change with formed nuclei (stems) amount is shown as a chart in 

the same figure. 

 

Figure 3.6: Illustration of a lamellae growth with thickness as 𝐿𝑐
∗  and width as 𝐿𝑝 based on (a) 

the Lauritzen-Hoffman (LH) theory. The LH theory describes the crystal growth with a growth 

rate radially G, lateral spreading rate g, and nucleation rate i by attachment of a single stem has 

a thickness b and a width a. (b) Schematic a lamellae growth instantaneously with varying lengths 

based on the Sadler-Gilmer (SG) theory. Figures are replotted from references: Piorkowska and 

Rutledge (2013) and Bower (2002). 

The LH theory explains the crystallization kinetics of polymers in three regimes 

depending on the degree of supercooling 𝛥𝑇 as depicted in Figure 3.7b. The radial growth 

rate G can be expressed based on surface nucleation rate i, the spreading rate of surface 

nuclei g and lamellae width 𝐿p for different regimes:  

   Regime I:   g ≫ i        𝐺𝐼 = 𝑏𝑖𝐿p   (3.28) 

  Regime II:    g ≈ i          𝐺𝐼𝐼 = 𝑏√𝑖𝑔   (3.29) 

  Regime III:  g ≪ i         𝐺𝐼𝐼𝐼 = 𝑏𝑖𝐿p   (3.30) 

For regime I, the new layer is completed by formed nuclei resulting from the small degree 

of supercooling 𝛥𝑇. In this instance of g ≫ i, monolayers are formed one at a time, and 

hence, the radial growth rate 𝐺𝐼 can be described through Equation 3.28. In regime II, 

multiple nucleations occur, and cause secondary or more layers before the initial layer 

has been covered under the relatively larger degree of 𝛥𝑇 to compare to regime I. In 

regime II, the lateral growth rate is closer or equal to the nucleation rate g ≈ i. This allows 

the radial growth rate 𝐺𝐼𝐼 to be expressed by Equation 3.29. In the case of regime III, 

many layers consist of prolific multiple nucleations before the layers are fully covered. 

For this regime, ΔT is even larger than the regime II. This means the radial growth rate 
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𝐺𝐼𝐼𝐼 can be modeled by Equation 3.30 which is the same equation as Regime I. 

Additionally, the LH theory describes the radial growth rate G is the inverse function of  

supercooling: 

𝐺 ≈ 𝐺0 exp (−
𝐾g

𝑇CΔT
)    (3.31) 

where  𝐾𝑔 represents the nucleation constant which depends on the polymer, and 𝐺0 is a 

pre-exponential factor depending on the segmental flexibility of polymers. Equations for 

different regimes are derived from Equation 3.31. The radial growth rate G of the crystal 

for regime I (𝐺𝐼) can be expressed with a diffusion activation energy 𝐸D e.g., 24 kJ/mol 

of -CH2- groups for PE with 𝑀nw  = 70.3 K (Sperling 2006), as following: 

𝐺𝐼 = 𝐺0(𝐼) exp (−
𝐸D

𝑘𝑇C
) exp (−

𝐾g(𝐼)

𝑇CΔT
)   (3.32) 

The regime II and regime III can be explained with similar Equation 3.32: 

𝐺𝐼𝐼 = 𝐺0(𝐼𝐼) exp (−
𝐸D

𝑘𝑇C
) exp (−

𝐾g(𝐼𝐼)

𝑇CΔT
)    (3.33) 

𝐺𝐼𝐼𝐼 = 𝐺0(𝐼𝐼𝐼) exp (−
𝐸D

𝑘𝑇C
) exp (−

𝐾g(𝐼𝐼𝐼)

𝑇𝐶ΔT
)     (3.34) 

These three regimes can be identified with a different slope as 𝐾g(𝐼) = 𝐾g(𝐼𝐼𝐼) = 2𝐾g(𝐼𝐼) 

from the plot of (log G)/ 𝐺0 as a function of 1/(𝑇CΔT) (see Figure 3.7b). The nucleation 

constants can be determined as a function of surface energy terms 𝜎 as following: 

𝐾g(𝐼) =
4𝑏𝜎e𝜎s𝑇m

0

∆ℎ0𝑘
= 𝐾g(𝐼𝐼𝐼), and 𝐾g(𝐼𝐼) =

2𝑏𝜎e𝜎s𝑇m
0

∆ℎ0𝑘
   (3.35) 

For instance, the transition points for three regimes were reported as ΔTI-II = 23.8 °C and 

ΔTII-III = 15.8 °C and 𝐾g(𝐼𝐼) = 0.94 𝑥 105 for PE with 𝑀nw = 70.3 K, 𝑇m  = 144.7 °C 

(Sperling 2006). 
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Figure 3.7: (a) Illustration of crystal growth with formation nuclei (attached and detached stems) 

on the preexisting surface (secondary nucleation) and the chart shows the free energy change 

with formed nuclei (stems) amount. The A0 is the required free energy for the generation of the 

first stem. The next steps in the crystal growths with the detachment and attachment of the stem 

have a lower free energy barrier. (b) Schematic representation of three regimes in LH theory. 

The growth rate of the complete crystal (lamella) is determined by using the lateral growth rate 

g and the surface nucleation rate i as a function of ΔT. These three regimes can be identified with 

a different slope as 𝐾𝑔(𝐼) = 𝐾𝑔(𝐼𝐼𝐼) = 2𝐾𝑔(𝐼𝐼) from the plot of (log G)/G0 according to as 1/(𝑇𝐶𝛥𝑇). 

Figures are replotted from reference: Gedde (1995). 

An entropic nucleation theory was introduced by Sadler and Gilmer (Sadler 1987; Sadler 

and Gilmer 1988). In 1983 Sadler revealed the inconsistent nucleation on the crystal 

surface at low supercooling caused macroscopically rounded and microscopically rough 

crystal shapes according to the low entropy free energy barrier. Nucleation on the 

lamellae is instantaneous with existing even incomplete layers, and stems have a varying 

length that may even be smaller than stable stem length as seen in Figure 3.6b. The Sadler-

Gilmer (SG) theory based on basic phenomenological laws as Equation 3.31 and Equation 

3.19 as respectively 𝐺𝛼exp (−
𝐾g

𝑇CΔ𝑇
) and 𝐿c

∗ =
𝐶1

∆𝑇
+ 𝐶2. The concept of crystal growth 

can be defined in various forms as stem attachment, pinning and/or detachment. Pinning 

occurs when the crystal growth is obstructed due to the way of chain folds and loops (non-

viable chain conformation). The crystal growth continues by the detachment of non-

viable chain conformation. In the SG model, the pinning and detachment parts mainly 

control the crystal growth instead of the free energy barrier to stem attached to the pre-

existing surface in LH theory. This forward (attachment)  𝑘+ and backward (detachment) 

𝑘− reactions ratio can be expressed as: 
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k−

k+
= 𝑒𝑥𝑝 (

2𝜀

𝑘𝑇m
0 −

𝑚𝜀

𝑘𝑇C
)     (3.36) 

where is 𝜀 the interaction energy, the number of neighboring sides referred with 𝑚. Monte 

Carlo computer simulation was used by Sadler and Gilmer to generate the kinetic 

expression (Sadler and Gilmer 1988; Sadler 1987).  

Recently, the mesomorphic layer transition (multistage model) concept was addressed by 

Strobl to describe the process of growth lamellae as seen in Figure 3.8 (Reiter and Strobl 

2007; Strobl 2000, 2009).  According to this model, a mesomorphic thin layer forms in 

the melt. The mesomorphic thin layer thickens spontaneously due to high inner mobility 

and creates granular crystal. As a final step, granular crystals merge to reduce the excess 

energy of the folded surface to stabilize, and hence, lamellae crystals form. The 

thermodynamic based development of the multistage model relies on Ostwald`s rule of 

stages. Ostwald`s rule of stages states that the nanometer size crystals form into the 

mesomorphic phase. These nano-crystals are stable, but also energetically close to the 

disordered state. The system evolves with crystal growth and causes the differences in the 

surface free energy on macroscopically stable lamellae (Strobl 2006; Keller et al. 1994). 

 
Figure 3.8: Multistage crystal growth model (Strobl 2006; Strobl 2009, 2000). The polymer 

chains are formed into a thin layer called a mesomorphic layer. The thickening of the 

mesomorphic layer spontaneously causes the solidification and generates the granular crystal 

structure. The stabilization occurs with the merging of granular crystal blocks to reduce the 

excess energy of the folded surface. Figure is replotted from references: Strobl 2000; 2006; 2009. 

Based on the multi-stage polymer crystal growth, a thermodynamic scheme is constructed 

as seen in Figure 3.9a to describe crystallization, recrystallization and melting line. 

Crystallization and melting are controlled by different laws, which means they are not 

reverse processes. The equilibrium crystallization temperature 𝑇C
0 and the equilibrium 
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melting temperature 𝑇m
0  are determined by linear extrapolation of the straight melting and 

crystallization lines to 1/𝐿C = 0. The relation between temperature and thickness of 

crystal can simply be explained by the crystallization line in Figure 3.9a, and as given by: 

𝐿C =
𝐶C

𝑇C
0−𝑇

      (3.37) 

where 𝐶C is constant. The 𝑇C
0 is higher than 𝑇m

0 . Therefore, the existence of a transient 

mesomorphic phase is indicated by the difference between 𝑇C
0 and 𝑇m

0 .  

 
Figure 3.9: (a) The linear dependencies in between temperature and the inverse crystal thickness 

for crystallization and melting line in a multi-stage crystallization model. Here, the equilibrium 

crystallization temperature 𝑇𝐶
0 is higher than the equilibrium melting temperature 𝑇𝑚

0 , and this 

difference shows existence of a transient mesomorphic phase. (b) Relationship between the 

temperature (T) and the inverse of the number of structural units in stem (1/n) in multi-stage 

crystallization model in which labels are as following: (a) amorphous melt, mesomorphic (m), 

native crystals (cn), and stable crystals (cs) for multistage crystallization model. The three lines 

indicate the limits as following: melting line (𝑇𝑎𝑐𝑠
∞ = 𝑇𝑚

0 ), the crystallization line (𝑇𝑚𝑐
∞ = 𝑇𝐶

0), the 

mesomorphic structure line (𝑇𝑎𝑚
∞ = 𝑇𝑧𝑔). For instance, of isothermal crystallization, the route is 

numbered starting from one and end at number three and direction showed with a grey color 

arrow lines. The charts are replotted from references: Strobl 2006; 2009. 

Additionally, the temperature dependence of inverse of the number of structural units in 

the stem, n = LC / Δz with Δz the length per structure unit diagram can be seen in Figure 

3.9b. This diagram based on four different phases: the melt, mesomorphic layer, native 

crystals (labeled cn) and stabilized crystals (labeled cs). This model lies on three lines, 

melting line (𝑇acs
∞ = 𝑇m

0) is named as 𝑇acs
∞ , the crystallization line (𝑇mc

∞ = 𝑇C
0) is 

represented by 𝑇mcn
∞ , and mesomorphic structure is limited by the line called 𝑇am

∞ . The 

mesomorphic phase does not exist above the mesomorphic phase line. There is zero-
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growth at the exact temperature 𝑇am
∞  which is also called as 𝑇zg, (𝑇am

∞ = 𝑇zg). The ordering 

of the limiting temperatures as following: 

𝑇am
∞ = 𝑇zg < 𝑇acs

∞ = 𝑇m
0 < 𝑇mc

∞ = 𝑇C
0    (3.38) 

These transition temperatures are thermodynamically related as follows: 

∆ℎma

∆ℎca
=
∆𝑠ma𝑇am

∞

∆𝑠ca𝑇ac
∞ ≈

(𝑇mc
∞ −𝑇ac

∞)𝑇am
∞

(𝑇mc
∞ −𝑇am

∞ )𝑇ac
∞   (3.39) 

where the entropy changes during melting of the mesomorphic ∆𝑠ma = 𝑠a−𝑠m and 

crystalline phase ∆𝑠ca = 𝑠a−𝑠c (Strobl 2009; Strobl and Cho 2007; Strobl 2006). 

According to the study of Strobl and Cho (2007) extrapolated temperature values for 

linear PE was found as 𝑇am
∞ = 132.5 °C, 𝑇acs

∞ = 144 °C, 𝑇mc
∞ = 154 °C.  

3.2.3 Crystallization kinetics 

The Avrami model describes the crystallinity as a function of time under isothermal 

condition. This model is commonly used to analyze the crystallization kinetics for any 

type of solidification (crystallization) process (Strobl 2006, 2007; Banks and Sharples 

1963; Avrami 1939, 1940; Hiemenz and Lodge 2007; Gedde 1999) under heterogeneous 

nucleation with some assumptions. The assumptions are (1) spherical growth in three 

dimensions, (2) the beginning of the nucleation is simultaneous and positioning of the 

crystals are random, and (3) radially crystal growth with a constant velocity. The 

illustration of the fundamental idea of the Avrami model can be seen in Figure 3.10. This 

illustration is based on the idea of falling raindrops in a puddle creates circles of waves 

that expand and intersect, covering the whole surface. The probability of the expanding 

waves to touch arbitrarily chosen point P is derived as an equation by Poisson. The points 

of the impact of the raindrops are implied the nuclei, and growing spherules are indicated 

as waves in this model. All nuclei are distributed randomly and grow radially. The 

probability px that a point P intersect by x fronts of growing crystals (spherulites) can be 

explained by Poisson distribution (Gedde 1995; Hiemenz and Lodge 2007; Gedde and 

Hedenqvist 2019): 

𝑝(𝑥) =
𝑒𝑥𝑝(−𝑆)𝑆𝑥

𝑥!
                                        (3.40) 
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where S is the average number of the spherulite fronts passing the point P. The probability 

of the no fronts crosses the point P when the polymer is still molten can be given by: 

𝑝(0) = 𝑒𝑥𝑝(−𝑆) = 1 − (
𝑣c

 𝑣c∞
)             (3.41) 

where 𝑣c represents the volume fraction of spherulites and the final reached volume 

crystallinity 𝑣c∞. The spherulites are growing radially with a constant rate �̇� during time 

t. The average number of the fronts crossing P is given by: 

𝑆(𝑡) =
4

3
𝜋(�̇�𝑡)3g              (3.42) 

where g is the volume concentration of the nuclei. The combination of Equation 3.41 and 

3.42 is given as: 

1 − (
𝑣c

 𝑣c∞
) = exp (

4

3
𝜋(�̇�𝑡)3g)    (3.43) 

 
Figure 3.10: Snapshots illustrating the circular crystal growth in case of heterogeneous 

nucleation to describe the fundamental idea of the Avrami model (Gedde and Hedenqvist 2019).  

The description of the homogeneous nucleation is slightly more complex. Here, several 

nuclei appear at a constant rate both in space and time. Under the assumption of three-

dimensional growth of the number of spherulites (dS) within the spherical shape confined 

between the radii r and r + dr crosses the point P is described by: 

𝑑(𝑆) = 4𝜋𝑟2 (𝑡 −
𝑟

�̇�
) 𝑙𝑑𝑟    (3.44) 

where l is the nucleation density. Integration of dS between 0 and �̇�𝑡 gives the total 

number of spherulites which cross the point P: 
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𝑆 = ∫ 4𝜋𝑟2𝑙
�̇�𝑡

0
(𝑡 −

𝑟

�̇�
)𝑑𝑟 =

𝜋�̇�3𝑙

3
𝑡4          (3.45) 

Insertion of Equation 3.45 into Equation 3.41 gives: 

1 − (
𝑣c

 𝑣c∞
) = exp (−

𝜋�̇�3𝑙

3
𝑡4)     (3.46) 

The volume-related relative crystallinity can be express as 𝜑c = 𝑣c/ 𝑣c∞. Equation 3.43 

and 3.46, which are based on different nucleation mode, can be generalized in the same 

form as the Avrami equation: 

𝜑c(𝑡) = 1 − exp (−(𝐾(𝑡 − 𝑡𝑖))
𝑛) = 1 − exp (−𝑘(𝑡 − 𝑡𝑖)

𝑛)       (3.47) 

Where 𝜑c(𝑡) is the relative crystallinity at the time 𝑡, 𝑡𝑖 indicates the induction time 

(required time to observe nuclei), K (time)-1 and n (-) are the Avrami constant and 

exponent, respectively (Strobl 2006, 2007; Banks and Sharples 1963; Avrami 1939, 1940; 

Hiemenz and Lodge 2007; Gedde 1999). Crystallinity can be determined by some 

characterization techniques such as DSC, NMR, and dilatometry as a mass 

crystallinity 𝑋c(𝑡) evaluation as a function of time 𝑡, and the achieved final mass 

crystallinity 𝑋C
∞. The relative mass crystallinity 

𝑋C

𝑋C
∞ can also be described by Equation 

3.47 as (
𝑋C

𝑋C
∞) = 1 − exp (−(𝐾(𝑡 − 𝑡𝑖))

𝑛) which is the general expression of the Avrami 

model. Additionally, the mass crystallinity can be converted to volume fraction with 

related the density of crystal 𝜌c and the density of melt 𝜌a (𝜌c,PE = 1.00 g/cm3 for 

orthorhombic stable form (Silvestre et al. 2000), 𝜌a,PE = 0.85 g/cm3 (Sperling 2006; 

Schonhorn and Ryan 1966) as follows: 

𝜑c =
𝑋C

𝑋C+
𝜌c
𝜌a
(1−𝑋C)

     (3.48) 

The exponent n reflects both the dimensionality of the growth and the nucleation mode 

as tabulated in Table 3.1 under the assumption of constant nucleation rate of 

heterogeneous (n) and homogeneous (n + 1) (Sperling 2006). The Avrami approach 

provides a good fit up to 50% of the final crystallinity that is assumed to be the period of 

primary crystallization (Piorkowska and Rutledge 2013). The rate of crystallization, the 

morphology of the sample and overall degree of crystallinity of polymer sample is 
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affected by many factors such as molecular characteristics of the polymer, temperature, 

orientation, and additives.  

Table 3.1: The relation between n and nucleation mode/crystal growth shape (Sperling 2006). 

Crystal growth 

shape 

Nucleation mechanism Avrami exponent n 

Rod Heterogeneous 1 

Homogeneous 2 

Disc Heterogeneous 2 

Homogeneous 3 

Sphere Heterogeneous 3 

Homogeneous 4 
 

3.3 Factors Affecting Crystallization  

Temperature effect 

Crystallization occurs between glass transition temperature (𝑇g) and the 𝑇m
0  as displayed 

in Figure 3.11.  

 
Figure 3.11: General curve of crystallization rate as a function of temperature (Gedde 1995). 

If a polymer is crystallized by heating above its 𝑇g, this phenomenon is defined as cold 

crystallization. In case of a temperature drop below its 𝑇m
0 , it is called crystallization or 

melt crystallization. A decrease in temperature causes an increase in the viscosity, which 

inhibits the diffusion of the polymer chain, and hence crystallization is slower. On the 

other hand, a temperature drop lowers the energy barrier to the formation of stable nuclei. 
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Thus, the energetic factors accelerate the crystallization process while kinetic factors 

slower the crystallization with a temperature drop below the melting point of the polymer. 

Molecular characteristics and interlamellar connection effects 

The characteristics of the molecules are important to obtain sufficient freedom of 

movement of the polymer chains for crystallization. Therefore, while the linear segments 

of PE with sufficient chain length and freedom could crystallize, entanglements and 

branches are specifically compact in the interlamellar regions or at the interfaces between 

spherulites. Increasing molecular weight increases the number of entanglement, causing 

higher viscosity, and thus overall crystallization is slower. Additionally, the PE chain 

length distribution is also important. The presence of very short non-crystallizable 

polymer chains increases free volume and the mobility of longer chains in their environs. 

In the case of applied flow on crystallizing HDPE sample with a broad molecular weight 

distribution (Ɖ), higher molecular weight chains align more than shorter chains (Peacock 

2000). Therefore, increasing 𝑀w with broader Ɖ makes the PE crystallization process 

more sensitive to applied flow. Additionally, the broad Ɖ could cause diverse population 

lamellae with different thicknesses (Peacock 2000). The broad molecular weight 

distribution is commercially widespread in the high molecular weight PE due to the easier 

synthesis and the needs in the industrial applications. The molecular weight effect on the 

crystallization of PE is smaller than the branching effect. For example, an increase in the 

average molecular weight (𝑀w) of PE from 60,000 to 3,000,000 caused a dropped at 

crystallinity from 78% to 52% (Mandelkern 1985; Peacock and Mandelkern 1990). The 

crystallinity can be decreased even further to less than 50% by the addition of about 1.9 

ethyl branches per 100 carbon atoms to the backbone of PE with 𝑀w = 104,000 

(Mandelkern 1985; Peacock and Mandelkern 1990).  

Another important effect on crystallinity is interlamellar connections between 

neighboring crystallites. All PE types have covalent links. Covalent interlamellar 

connections are known as two types: tie chains and entangled loose loops (see Figure 3.1). 

The interlamellar connection cannot be directly displayed. The general assumption for 

polymers is the tie chain type connection. The interlamellar connections convey the force 

between crystallites, hence influencing the mechanical properties of the product such as 
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ductility, toughness, and the modulus. As a case in the absence of interlamellar 

connections, PE would be a brittle material with low physical strength.  

Orientation effect-Flow induce crystallization (FIC) 

Despite the quiescent crystallization is not being completely understood, crystallization 

induced by flow or shear (flow-induced crystallization FIC) has been an important subject 

of research for decades. Interest in flow-induced crystallization comes from orientation, 

temperature, and pressure, which are common phenomenon within polymer processing 

technology (injection molding, extrusion, blow molding, etc.). These processing 

conditions affect the rate of crystallization, the final degree of crystallinity and also the 

morphology, and consequently final material properties. However, despite a decade of 

research, the relation between polymer structures, processing conditions and the ultimate 

properties of the product are not fully understood. This is mainly because the FIC process 

cannot be simply divided into stages. There are severe interactions between the type of 

applied flow (e.g., shear, elongation or both), thermal history (e.g., cooling rate and 𝑇C), 

chain relaxation dynamics, nucleation and the growth of polymer crystals. 

Previous researches on FIC (Kawai et al. 1968; Keller and MacKley 1974; Mackley 1975; 

Mackley et al. 1975; Lagasse and Maxwell 1976; Yeh 1976; Eder and Janeschitz-Kriegl 

1988; Eder et al.1990; Eder et al.1992) revealed that the applied shear causes a localized 

orientation of the polymer chains in the direction of the shear. This localized orientation 

of chains reduces the energy barrier, and thus the nucleus formation is promoted. Even 

an applied small shear at higher isothermal crystallization temperature can instantly 

induce crystallization because of the high mobility of the polymer chain. For instance, 

Lagasse and Maxwell (1976) mentioned that the ultrahigh molecular weight polyethylene 

could be crystallized very fast by the application of a small shear at the temperature near 

the equilibrium melting point. They observed also that the critical shear rate, above which 

shear flow accelerated crystallization, decreased with either an increase in molecular 

weight of the sample or a drop in flow temperature as a result of molecular relaxation 

dynamics of polymeric melt (Lagasse and Maxwell 1976). The important role of the high 

molecular weight chain in the polymer was emphasized also by the study of 

Kumaraswamy (2005). Kumaraswamy (2005) reported that a sample with even a very 
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small fraction of an increased high molecular weight chain showed accelerated 

crystalization by the applied flow.  

The morphology is also affected by the applied flow type and duration. Hill and Keller 

(1969) showed that the applied stress level on thin PE film influenced the morphology. 

In their study, the twisted lamellae in spherulitic disks shape were attained under the 

quiescent crystallization condition (Hill and Keller 1969). Additionally, they noted that 

high stress enhanced nucleation, and promoted the formation of chain extended PE fibrils 

(Hill and Keller 1969). Odell et al. (1978) and Bashir et al. (1986) reported that melt 

extrusion of PE through a capillary caused an elongational flow-induced high degree of 

chain orientation along the flow direction. This generated extremely high modulus chain 

extension (fibrils) with interlocking shish kebab morphology. Furthermore, in the study 

of Monasse (1995), applied shear under isothermal crystallization conditions accelerated 

PE crystallization, and promoted anisotropic row nucleation. The polyethylene samples 

essentially show the stacked lamellar morphologies. It is very common to see the shish 

kebab morphologies for isotactic polypropylene (iPP) crystallization under shear.   

Moreover, the nature of flow is important for understanding the dynamics of polymer 

molecules under applied flow such as the possible amount of chain orientation. The 

simple shear flow can be defined with a combination of elongational flow and rotational 

flow. The explanatory pictures for shear flow were proposed by Smith et al. (1999). In 

this representation, while the pure rotational flow causes only rotation with no 

deformation, the pure elongational flow with strain rate can be determined as large 

deformation without any rotation. Thus, it is excepted that rotational and elongational 

components in simple shear flow are equal. Under these conditions, while the extensional 

flow orient and/or stretch polymer chain state, the rotational flow creates a fluctuation in 

the extension due to end-over-end tumbling (coiled) of the chain. Therefore, the shear 

flow is accepted as a weak flow for orientation or stretching compare to elongation.   

Thermodynamically, the chain extension is the reason for the drop in polymeric melt 

entropy which leads to a rise in crystallization temperature and hence causes faster 

crystallization kinetics. At the 𝑇𝑚
0  is given as 𝑇𝑚

0 = ∆𝐻/∆𝑆 in Equation 3.2. This equation 

can be represented as the following: 
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𝑇m(flow) =
∆𝐻0

∆𝐻0−𝑇𝑚
0 ∆𝑆(flow)

𝑇𝑚
0     (3.49) 

where ° represents the quiescent condition, ∆𝐻 is the change of enthalpy (assumed no 

change underflow) and ∆𝑆(flow) is the change in the melting entropy due to flow (Pantani 

et al. 2005). The meaning of Equation 3.49 is that applied flow causes a decrease in 

entropy which increases the melting temperature for the oriented polymer melt (Flory 

1947; Pantani et al. 2005). The enhancement of nucleation with the applied flow was 

described by Kosher and Fulchiron (2002). Kosher and Fulchiron (2002) expressed the 

total number of nuclei N as the sum of the observed nuclei in quiescent condition Nq, and 

flow-induced nuclei Ns as following: 

 N= Nq + Ns     (3.50) 

The flow-induced nuclei Ns were created at a rate proportional to the first normal stress 

difference 𝑁1 which is a measure of elasticity in the molten phase: 

 �̇�s = 𝐶𝑁1       (3.51) 

where 𝐶 is the constant. Furthermore, Zuidema et al. created an advanced model based 

on the modification of the Eder rate equation (Eder et al. 1990) to predict the dynamic of 

flow-induced nucleation, the amount of oriented structure and morphology changes. 

Consequently, Zuidema et al. (2001) observed applied higher shear rates than the critical 

shear rate accelerated the nucleation rate, increased rheological relaxation time and 

caused stronger shish growth for iPP. 

In this study, the kinetic model to describe the FIC under isothermal condition was 

established with a modified Avrami theory equation (Equation 3.47) assuming that the 

hypothesis of the theory is still valid after shear treatment.  

Additive effect-nucleating agent (NA) 

Nucleating agents (NAs) are one of the most used additives in the polymer industry. The 

NAs are used to controlling the nucleation process during crystallization. The addition of 

an NA provides the sites and surfaces on which lamellae can grow epitaxially (Binsbergen 

1977; Okada et al. 2007; Piorkowska and Rutledge 2013; Wittmann and Lotz 1981; 
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Mercier 1990; Beck 1967). The presence of a foreign surface reduces the free energy of 

the formation of a critical nucleus, and hence, the crystallization rate is increased 

(Hoffman et al. 2001). The enhancement of the rate of crystallization increases the 

crystallization temperature 𝑇C as 20 °C or more for PP, and only 2-5 °C for PE (Tolinski 

2015). The NA is considered more effective for iPP compared to PE because of 

effectively increased 𝑇C. The nucleation of HDPE has also a great interest in both the 

industrial and scientific points of the view to modify the physical properties of HDPE. 

The HPN-20E has a wide range of used commercialized organic NA for PP and HDPE 

(Dotson 2007; Jiang et al. 2012; Tolinski 2015). The used HPN-20E in HDPE has led to 

improvements in productivity, optimizing barrier and clarity properties, cycle time 

reduction (Seven et al. 2016). It has a non-harmful structure, and hence, possible to use 

it also in the food PE package market (Seven et al. 2016; Jiang et al. 2012; Sherman 2014; 

Tolinski 2015). The HPN-20E is an organic salt based on cis-1,2-

cyclohexanedicarboxylic acid calcium salt. This commercial NA is sold as a blend that 

contains one-third of zinc stearate, which has a melting temperature at 𝑇m = 120 °C. The 

added zinc stearate increases the bulk density of the pure NA and makes the product easier 

to handle commercially. While the zinc stearate is fully soluble in HDPE, the calcium 

salt-based part of the NA remains solid in the molten HDPE. A chemical structure and 

SEM image of the organic salt part of the HPN-20E can be seen in Figure 3.12. It is 

composed of two parts that are polar and nonpolar. The nonpolar part has close contact 

with the polymer melt, and it aligns parallel to the layered polymer chains during 

crystallization (Wittmann and Lotz 1981; Mercier 1990; Seven et al. 2016). A polar group 

increases the cohesion of the salt crystal and makes the NA insoluble in the melt 

(Wittmann and Lotz 1981; Mercier 1990). For instance, the benzene ring surface of NA 

interacts with the CH2 backbone of PE while PE crystallizes through with this interaction 

(Khanna 1993). Additionally, a rod shape (ruler-like) of the HPN-20E particle allows the 

polymer crystals to align owing to the process flow dynamics. It has an average particle 

width of 2.8 µm (Seven et al. 2016). The geometrical form, optimum particle size and 

amount of NA have a strong influence on its effectiveness (Seven et al. 2016; Mercier 

1990; Beck 1967). The concentration of NA in PE has typically ranged from 0.5 to 5 wt% 

(Seven et al. 2016). The well-dispersed NA-PE blend can be achieved by using a 

masterbatch blend with using a co-rotating twin-screw extruder.  
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Figure 3.12: (a) Structure of calcium salt part of the HPN-20E (cis-1,2-cyclohexanedicarboxylic 

acid) nucleating agent (NA). (b) SEM images of commercially available power like HPN-20E 

material.  

Nucleating agents (NAs) effect on flow-induced crystallization (FIC) 

Lagasse and Maxwell (1976) showed that the presence of the nucleating agent in the 

polymer (carbon black-iPP blend and carbon black-ethylene-propylene copolymer) did 

not significantly affect the shear-induced crystallization kinetics. However, Jerschow and 

Janeschitz-Kriegl (1997) reported that the addition of NA enhanced the effect of shear on 

crystallization, and caused the formation of highly oriented (not randomly aligned) 

surface layers in iPP. Huo et al. (2004) observed that a low content of the NA (β-phase) 

(less than 0.1 wt%) in the iPP increases the formation of the β-phase crystals under 

applied shear rate 20 s-1. But, increased concentrations of NA decreased the β-phase 

crystallinity with the application of shear. Thus, they considered that the β-phase 

crystallinity is more dependent on the shear rate.  
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4 Characterization Techniques Principles  

4.1 Rheology  

Rheology is the science of how materials flow and deform as a result of an applied force 

(Goodwin and Hughes 2000; Osswald and Rudolph 2015). The field of rheology 

comprehends by the behavior of ideal viscous liquid (Newtonian fluid) and perfectly 

elastic solid (Hookean solid). Most materials (e.g., polymers) possess both elastic and 

viscous behavior under deformation and are therefore referred to as viscoelastic. The 

rheological characterization provides important information about the structure and 

performance of the materials. In this section, the basic principles of shear rheology are 

introduced based on the following sources Goodwin and Hughes 2000; Osswald and 

Rudolph 2015; Rosato and Rosato 2003; Schramm 2000; Dealy and Larson 2006; Shaw 

2012; Macosko 1994. 

4.1.1 The concept of shear rheology 

The concept of simple shear rheology can be explained as in Figure 4.1 by a two-plate 

model with a material placed between two parallel plates of a distance ℎ. The upper plate, 

having an area 𝐴, is moved in one direction by an applied force 𝐹 over a distance 𝑥. 

 
Figure 4.1: Two-plate model for the shear experiment. Material is located between two plates in 

a distance ℎ. The upper plate with the area 𝐴 is moved by the force 𝐹 over a distance 𝑥. 

The resulting stress (or shear stress) σ is defined as the shear force 𝐹 divided by the shear 

area 𝐴 of the plate: 

𝜎 [𝑃𝑎] = 𝐹 [𝑁] 𝐴⁄ [𝑚2]    (4.1) 
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The applied stress to the material causes a deformation 𝛾 (strain) as given by the following 

equation. 

𝛾 =  𝑥 [𝑚] ℎ [𝑚]⁄      (4.2) 

The velocity gradient 𝑣, synonymously the rate of strain or shear rate �̇�, drops at the 

bottom plate to 𝑣𝑚𝑖𝑛 = 0 and it is defined as a time-derivative of the strain 𝛾.  

�̇�[𝑠−1] = 𝑑𝛾 𝑑𝑡 =⁄ 𝑣 [
𝑚

𝑠
] ℎ [𝑚]⁄     (4.3) 

The force 𝐹 and the displacement 𝑥 can be affected by the type and dimensions of 

geometry used for the measurements, such as cone-plate, plate-plate or Couette geometry 

(see Figure 4.2).  

 
Figure 4.2: Schematic illustration of (a) parallel-plate, (b) cone-plate and (c) Couette geometry 

in a strain-control rheometer. The motor is located at the bottom and applies defined deformation 

to the sample (the black part in between geometries) via the lower geometry. The torque 

transducer measures the resulting mechanical response and it is connected to the upper geometry.  

There are two instrument set-ups commonly used for shear rheology measurements which 

are stress-controlled and strain-controlled. In the stress-control instrument, the torque is 

applied to one plate and the mechanical response is measured as a deformation. The 

schematic illustration in Figure 4.2 shows a strain-control rheometer design in which the 

deformation rate is set and the corresponding torque, or stress respectively, is recorded. 

The cone-plate geometry with a set truncation gap is used to produce a uniform shear rate 

throughout the sample. The parallel-plate geometry has an adjustable gap height, but it 

produces an uneven velocity field. The highest shear rate is on the rim and zero at the 

center. While the cone-plate geometry is a popular tool for investigating non-linear 
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properties, the parallel-plate geometry is commonly used for measuring the linear 

properties of the material and for testing boundary effects like a slip. The Couette 

geometry has a small gap between two cylinders, and the shear rate is constant overall 

points within the gap. Additionally, it has a higher sensitivity for low-viscosity fluids due 

to the bigger contact area with samples. 

4.1.2 Phenomenological models 

The term “viscoelastic” corresponds to a material partially viscous (fluid-like) and 

partially elastic (solid-like). The viscoelastic behavior of a material can be understood by 

the introduction of two simple linear constitutive models which are Hooke`s law (see 

Equation 4.4) for ideal elastic materials and Newton`s law (see Equation 4.7) for viscous 

materials under a specific case of shear flow.  

Ideal elastic behavior can be explained by Hooke`s law as seen in Figure 4.3a. In this 

model, the stress 𝜎 and the strain 𝛾 are proportional with a material-dependent 

proportionality constant 𝐺 (shear modulus) as seen in the following equation. 

Ideal elastic materials:  𝜎 = 𝛾                                              (4.4) 

 

Figure 4.3: (a) Hooke`s spring for ideal elastic materials and (b) dash-pot for ideal viscous 

materials at a constant temperature. A sinusoidal deformation is applied with a rotational 

movement at a constant angular frequency. 

The applied deformation 𝛾 is sinusoidal over time 𝑡 and the deformation amplitude 𝛾0 

and angular frequency 𝜔1 = 2𝜋𝜈 with 𝜈 being the frequency of strain oscillation: 

𝛾(𝑡) = 𝛾0 sin(𝜔1𝑡)                                                    (4.5) 

Combining Equation 4.4 and Equation 4.5 show the time-dependent stress 𝜎(𝑡). 

𝜎(𝑡) = 𝐺𝛾0 sin(𝜔1𝑡)     (4.6) 
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The ideal viscous material follows Newton`s linear dash-pot model (see Figure 4.3b) with 

proportionality between the stress 𝜎 and the shear rate �̇�. The constant of proportionality 

is the viscosity 𝜂 as shown in Equation 4.7. 

Ideal viscous materials:  𝜎 = 𝜂�̇�                                              (4.7) 

The time-dependent shear rate �̇� under oscillatory shear is as follows: 

�̇�(𝑡) = 𝑑𝛾 𝑑𝑡 =⁄ 𝛾0𝜔1cos(𝜔1𝑡)     (4.8) 

The time-dependent shear stress 𝜎(𝑡) is determined with a combination of Equation 4.7 

and Equation 4.8. 

𝜎(𝑡) = 𝜂𝛾0𝜔1cos(𝜔1𝑡)     (4.9) 

𝜎(𝑡) = 𝜂𝛾0𝜔1 sin(𝜔1𝑡 + 𝛿) , 𝛿 = 90°   (4.10) 

The physical meaning of the Hookean spring is that the applied force is stored as energy 

in the spring. It returns to its initial state when the mechanical force is removed. On the 

other hand, the given energy is dissipated in the Newtonian damper, and the damper 

movements are irreversible. 

 
Figure 4.4: (a) Kelvin-Voigt model for elastic solids with some viscous part. (b) Maxwell model 

for viscous liquids with some elastic part. 

The aforementioned models are combined in series or parallel to explain viscoelastic 

behavior most simply. A Kelvin-Voight model (see Figure 4.4a) is the parallel connection 
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of the spring and the damper to describe an elastic solid with some viscous part. A 

Maxwell model (Figure 4.4b) combines the spring and the damper in series to explain 

viscous liquids with some elastic part. 

Linear addition of stress with the Hooke`s law for the elastic part and Newton`s law for 

the viscous part expresses the total stress of the Kelvin-Voigt model: 

𝜎 = 𝐺𝛾 + 𝜂�̇�      (4.11) 

However, the stress is equally distributed over all parts of the Maxwell model. Thus, the 

shear rates are linearly added. Under the assumption of oscillatory shear as follows: 

�̇�(𝑡) = (�̇� 𝐺) + (𝜎 𝜂⁄ )⁄ =𝛾0𝜔1cos(𝜔1𝑡)   (4.12) 

The relaxation time 𝜆 = 𝜂/𝐺 is used to calculate the oscillatory shear stress of the 

Maxwell model. 

𝜎(𝑡) = 𝛾0 (𝐺
(𝜔1𝜆)

2

1+(𝜔1𝜆)
2 sin(𝜔1𝑡) + 𝐺

𝜔1𝜆

1+(𝜔1𝜆)
2 𝑐𝑜𝑠(𝜔1𝑡))  (4.13) 

                       𝜎(𝑡) = 𝛾0(𝐺′ sin(𝜔1𝑡) + 𝐺′′𝑐𝑜𝑠(𝜔1𝑡))                    (4.14) 

Here, a storage modulus 𝐺′ represents the reversible deformation energy (elastic 

contribution), and a loss modulus 𝐺′′ measures dissipating deformation energy (viscous 

contribution). The dissipation factor (loss tangent, tan𝛿) is determined by the proportion 

of the two moduli: 

tan𝛿 = 𝐺′′ 𝐺′⁄      (4.15) 

When the material flows (fluid-like behavior) the loss tangent (𝑡𝑎𝑛𝛿 >1) is bigger than 

one. If the loss tangent is smaller than one (tan𝛿 <1), the material shows elastic (solid-

like) behavior. While in the ideal elastic response the loss tangent is zero (tan𝛿 = 0), it 

is equal to infinite for the ideal viscous response (tan𝛿 = ∞). 

Together 𝐺′ and 𝐺′′ results in a complex modulus 𝐺∗ which has an imaginary and a real 

part: 

 𝐺∗ = 𝐺′ + 𝑖𝐺′′    (4.16) 
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|𝐺∗| = √(𝐺′)2 + (𝐺′′)2    (4.17) 

The complex modulus and complex viscosity are related as follows: 

𝜂∗ =  𝐺∗ 𝑖𝜔⁄       (4.18) 

The Maxwell model can be extended via parallel connections of many Maxwell elements 

to explain a material that has a broader distribution of relaxation times. The extended 

Maxwell model is called as a multiple Maxwell mode in which the storage and the loss 

moduli can be expressed as follows:                      

                                                                                                               

(4.19) 

   

              

                  (4.20) 

 

4.1.3 Linear viscoelasticity 

The introduced Maxwell model is used for the characterization of the viscoelastic 

materials with the dynamic oscillatory shear measurements. The oscillatory shear 

measurements describe to the material under periodic sinusoidal deformation with a strain 

amplitude 𝛾0 at an angular frequency 𝜔1 as 𝛾(𝑡) = 𝛾0 sin(𝜔1𝑡). The materials response 

is an oscillating function of stress 𝜎(𝑡) =  𝜎0 sin(𝜔1𝑡 + 𝛿) with the amplitude  𝜎0 and a 

phase angle 𝛿. The Maxwell model (see Equation 4.14) is valid only in the linear 

viscoelastic regime for small-amplitude oscillatory shear (SAOS) flow, where the 

modulus 𝐺 is independent of the applied deformation 𝛾0. The linear and non-linear 

viscoelastic behavior regions of the material can be distinguished by a measurement with 

a set frequency 𝜔1 and a varying strain amplitude 𝛾0 (𝑡). Illustration of the strain 

dependency test result can be seen in Figure 4.5. 

Viscoelastic materials such as polymers have properties that are strongly influenced by 

the temperature. The temperature dependence of the viscoelastic properties can be 

𝐺′(𝜔) =∑[𝐺𝑖
(𝜔1𝜆𝑖)

2

1 + (𝜔1𝜆𝑖)2
]

𝑛

𝑖=1

 

𝐺′(𝜔) =∑[𝐺𝑖
(𝜔1𝜆𝑖)

2

1 + (𝜔1𝜆𝑖)2
]

𝑛

𝑖=1
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determined in the linear viscoelastic regime by using the William-Landel-Ferry (WLF) 

equation and the Time-Temperature-Superposition principle (TTS). The TTS principle is 

used to create a master curve at a reference temperature (𝑇𝑟𝑒𝑓) in a substantially increased 

range of times or angular frequency 𝜔1. Shear rheometers could be limited in the angular 

frequency range for especially higher angular frequencies (𝜔1≥100 rad/s). Hence, the 

TTS principle provides more information about the molecular structure of the material at 

a certain reference temperature. This principle depends on the phenomena that the 

relaxation mechanisms involved in the modulus 𝐺(𝑡) have an equal temperature 

dependency. The molecular relaxation is accelerated by increasing temperature and this 

corresponds to a decrease in the time scale of the measurement. The experimental 

advantages are that time is saved at low frequencies and accessibility to the information 

at high frequency is obtained. Furthermore, the frequency-dependent measurements are 

conducted for the same frequency range at different temperatures with the set strain 

amplitude 𝛾0, which is chosen in the linear viscoelastic region. This also is of advantage 

towards material degradation at higher temperatures and temperature-dependent material 

phases changes like crystallization and the glass transition.  

non-linear 

viscoelastic

regime

 G'

 G''

G
',
 G

'' 
(P

a
)

g0 (a.u.)

linear 

viscoelastic

regime

 
Figure 4.5: A strain dependency test of a predominantly elastic material (𝐺′> 𝐺′′). In the linear 

viscoelastic regime, moduli are independent of applied strain. After the critical strain 𝛾0, the 

module 𝐺 is dependent to applied strain 𝛾0, and this regime is called as the non-linear viscoelastic 

regime. 

The master curve is designated by shifting the data horizontally with using a shift 

factor 𝑎T. The dependence of the shift factor on the temperature is described by the 

William-Landel-Ferry (WLF) equation (Williams et al. 1955): 
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log𝑎𝑇 =
−𝐶1(𝑇−𝑇ref)

𝐶2+𝑇−𝑇ref
     (4.21)                         

where 𝑇 and 𝑇ref are the temperatures and the reference temperature respectively,  𝐶1 and 

𝐶2 are empirical constants. Empirical constants are similar for dynamically similar 

materials. The reference 𝑇ref should be chosen to be in between 𝑇g (glass transition 

temperature) and 𝑇g +100 K.  

In Figure 4.6 the shifting process is represented for linear polystyrene (𝑀w = 105 kg/mol). 

The reference temperature was chosen as 𝑇ref = 160 °C, and 𝑎T = 1 for the master curve 

at the 𝑇ref. The vertical shift 𝑏T may also be necessary to obtain a smooth master curve. 

The vertical shift factor depends weakly on temperature and is to set 𝑏T = 1 at the 𝑇ref. 

The phenomenon explaining this vertical shift factor is that the relaxation modulus is 

proportional to the temperature-dependent material density ρ. 

𝐺𝑖(𝑇) = 𝐺𝑖(𝑇0)𝑇𝜌 𝑇0𝜌0⁄     (4.22) 

𝑏T =
𝑇0𝜌0

𝑇𝜌
           (4.23) 

The TTS principle is valid for thermorheologically simple materials. The master curve 

(see Figure 4.6) shows the characteristic behavior of an entangled, linear, monodisperse 

polymer (polystyrene). The moduli have the proportionality as 𝐺′𝛼𝜔2 and 𝐺′′𝛼𝜔1 that is 

based on the Maxwell model (see Equation 4.13). The loss modulus (𝐺′′ ≥ 𝐺′) is 

dominant at the low-frequency region, thus this region is called the “flow region”. In the 

flow region, where 𝜔 ≪ 1/𝜆d, the complex viscosity |𝜂∗| is independent on the 𝜔 due to 

the linear relation between 𝐺′′ and 𝜔. The longest relaxation time (𝜆d =
1

𝜔
) can be 

calculated by the inverse of 𝜔 at the crossover of the moduli (𝐺′ = 𝐺′′) for monodisperse 

polymers. The crossover of the moduli provides an indication of the weight average 

molecular weight (𝑀w) and the dispersity (Ð) of the polymers. The crossover of the 

moduli is shifted horizontally to the left by increasing 𝑀w and could be changed vertically 

to up by narrowing Ð.  In the range of higher frequencies (𝜔 > 1/𝜆d), polymer chains 

can not slip past one another, and the entanglement points act as fixed network 

connections. As a result, the ability of this temporary polymer network to temporarily 
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store the applied energy increases that causes a crossover of the moduli. Thus, elastic 

solid behavior (𝐺′ ≥ 𝐺′′) is dominant above the crossover frequency of the modulus, 

hence this regime is called “rubbery plateau”. 

 
Figure 4.6: Master curve, designated via TTS, shows the frequency dependency of the storage 

(𝐺′), loss modulus (𝐺′′), complex viscosity |𝜂∗| and 𝑡𝑎𝑛𝛿 (linear polystyrene with 𝑀𝑤 = 105 

kg/mol, 𝑇𝑟𝑒𝑓 = 160 °C). 

The plateau modulus 𝐺N
0 can be extracted from the value of the 𝐺′(𝜔) where tan𝛿 has the 

minimum value. The entanglement molecular weight 𝑀e can be derived from the 𝐺N
0  with 

using the universal gas constant R as follows (Ferry 1980): 

𝑀e =
𝜌𝑅𝑇

𝐺N
0      (4.24) 

The defined time 𝜆R in this regime is called as Rouse time, where relaxation along the 

polymer chain before entanglements come into effect (Rouse-like movements) (Fetters et 

al. 1994). The extension of the plateau region is 𝑀w dependent. The second moduli 

crossover at the higher frequencies (or reduced temperatures) is observed at 𝜔 = 1 / 𝜆e, 

where 𝜆e is the entanglement time. This region is called the transition zone and it 

describes the relaxation process of the chain segments. 

4.1.4 Nonlinear viscoelasticity 

Previously explained (see Section 4.1.3) the linear viscoelastic behavior is observed under 

small amplitude oscillatory shear (SAOS) conditions. While the material response is 

directly proportional to the amplitude of applied deformation in the linear regime, this 
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simple proportionality is lost in the nonlinear regime. Most of the processing (e.g., blow 

or injection molding, extrusion) methods imply high deformation or shear rate on the 

materials and cause a non-linear material response of the material. Therefore, the non-

linear rheology is of great interest in both industry and academia. Well-known examples 

of the nonlinear rheological behavior of material are shear thinning (e.g., pseudoplastic) 

is a case where the material viscosity decreases with increasing shear strain, and shear-

thickening (dilatant fluids), which is simply the opposite of the shear thinning.  

The method of Fourier-Transform (FT) has been used (Wilhelm 2002, 1998) for the 

prediction of nonlinear rheological response of the material under large amplitude 

oscillatory shear (LAOS). The aperiodic frequency domain material stress response can 

be quantified by the intensities of the odd harmonics via Fourier transform. The complex 

function of the Fourier transform is defined as a frequency-dependent signal 𝐹(𝜔1) or 

time-dependent signal 𝑓(𝑡), which is reversibly transformed into the frequency dependent 

signal in the following way: 

𝑓(𝑡) =
1

2𝜋
∫ 𝐹(𝜔)𝑒𝑖𝜔𝑡
∞

−∞
𝑑𝜔     (4.25) 

𝐹(𝜔1) = ∫ 𝑓(𝑡) 𝑒−𝑖𝜔𝑡
∞

−∞
𝑑𝑡      (4.26) 

After the FT analysis, the resulting frequency spectrum consists of monotonically 

decaying odd harmonics 𝐼n (n = 1, 3, ..). The intensity of the third harmonic 𝐼3 is 

normalized to the stress response 𝐼1 at the excitation frequency 𝜔1 and the corresponding 

property 𝐼3/1 (𝛾0, 𝜔1) is a sensitive quantity towards the mechanical non-linearity of the 

material (Wilhelm 2002; Cziep et al. 2016; Dötsch et al. 2003; Hyun et al. 2011). This 

concept can be explained by following mathematical derivation of the equations. As 

previously mentioned, a Newtonian fluid under a constant shear rate follows Equation 4.7 

as  𝜎 = 𝜂�̇�. However, when the material is non-Newtonian, the viscosity 𝜂 is a function 

of shear rate 𝜂(|�̇�|) independently in the direction of shear. Therefore, the viscosity can 

be determined as a polynomial with respect to the absolute shear rate for small shear rates 

via a Taylor expansion.  

 𝜂(|�̇�|) = 𝜂0 + 𝑎1|�̇�| + 𝑎2|�̇�|
2 +⋯     (4.27) 
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where 𝜂0, 𝑎1, 𝑎2 might be complex in oscillatory shear. Alternatively, considering the 

independence of the shear rate is independent of the applied direction of shear, it is 

possible to express Equation 4.27 as follows: 

𝜂(�̇�) = 𝜂0 + 𝑎2�̇�
2 + 𝑎4�̇�

4 +⋯      (4.28) 

The oscillatory strain 𝛾 and strain rate �̇� are defined in a simplified notation: 

𝛾(𝑡) = 𝛾0𝑒
𝑖𝜔1𝑡     (4.29) 

�̇�(𝑡) = 𝛾0𝜔1 𝑖𝑒
𝑖𝜔1𝑡      (4.30) 

The shear stress 𝜎 is derived by the insertion of Equation 4.28 in Equation 4.7: 

𝜎(�̇�) = (𝜂0 + 𝑎2�̇�
2 + 𝑎4�̇�

4 +⋯)�̇�    (4.31) 

Substitution of the strain rate Equation 4.30 into Equation 4.31 results the shear stress as 

a function of time: 

 𝜎(𝑡) = (𝜂0 + 𝑎2 𝛾0
2𝜔1

2 𝑖2𝑒𝑖2𝜔1𝑡 + 𝑎4 𝛾0
4𝜔1

4 𝑖4𝑒𝑖4𝜔1𝑡 +⋯)𝛾0𝜔1 𝑖𝑒
𝑖𝜔1𝑡              (4.32) 

𝜎(𝑡) = 𝜂0𝛾0𝜔1 𝑖𝑒
𝑖𝜔1𝑡 + 𝑎2 𝛾0

3𝜔1
3 𝑖3𝑒𝑖3𝜔1𝑡 + 𝑎4 𝛾0

5𝜔1
5 𝑖5𝑒𝑖5𝜔1𝑡 +⋯      (4.33) 

 

           I1 α 𝛾0𝜔1               I3 α 𝛾0
3𝜔1

3                  I5 α𝛾0
5𝜔1

5 

The resulting property 𝐼3/1 α 𝛾0
2 shows a quadratic scaling law at low strain amplitudes. 

4.2 Nuclear magnetic resonance (NMR) 

Nuclear magnetic resonance is a powerful characterization technique that is used to 

observe local magnetic fields around atomic nuclei by excitation of the nuclei of the 

sample with radio frequency waves in a magnetic field. Rabi et al. in 1939 detected 

nuclear magnetic moments using magnetic resonance absorption of molecular beams, and 

developments were continued by Bloch et al. (Bloch 1946; Bloch et al. 1946) and 

independently by Purcell et al. (1946). Today, the versatility of the NMR methods provide 

profound access to the structure and dynamics of complex molecules in many scientific 
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fields. In this chapter, the basic NMR interactions and relaxation phenomena are 

introduced based on the following sources Schmidt-Rohr and Spiess (1994), Bovey and 

Mirau (1996), Keeler (2010), Haris (1986). 

4.2.1 Nuclear spins and magnetization 

The atom nucleus consists of a core with protons and neutrons which is positively 

charged. The nucleus is surrounded by a cloud of electrons which leads to the neutrally 

charged atom. The nucleus has magnetic properties know as a spin angular momentum 

or a spin 𝐼 when both atomic number and the atomic mass are odd or one of them is odd.  

The spin properties are defined by using both the atomic number (the number of protons) 

and the atomic mass (the sum of the protons and neutrons). The spin quantum number 𝐼 

is zero (no spin and magnetic properties) when the nucleus has even numbers of both 

protons and neutrons in the nuclei such as carbon 12C and oxygen 16O, which cannot be 

observed via NMR. The typical 𝐼 and other NMR properties for some common nuclei are 

given in Table 4.1. The most common nuclei used in NMR are hydrogen 1H and 13C, 

which can be found generally in organic molecules. They have a spin of ½ (i.e. 𝐼 = ½). 

If 𝐼 of a respective nucleus is not ½, the possible different alignments in the presence of 

the �⃗� 0 is 2𝐼 + 1 nuclear spin energy levels e.g., 2H have a spin of 1. In case a nucleus has 

a 𝐼 >  ½, it is called a quadrupolar nucleus. The different energy levels are given by the 

magnetic nuclear spin quantum number 𝐼𝑧=m=- 𝐼, - 𝐼 +1, …+ 𝐼.  

The charged nucleus rotates about its axis, which generates a magnetic field. Thus, there 

is a magnetic moment µ associated with this angular momentum. The magnetic moment 

is a vector with both magnitude and direction. The magnitude of the nuclear magnetic 

moment 𝜇 is defined by the magnetogyric ratio 𝛾 (gyromagnetic ratio) or the ratio of 

magnetic moment and angular momentum as following: 

 𝜇 = 𝛾ħ𝐼     (4.34) 

where ħ is reduced Planck constant in which ħ equals to Planck constant h divided by 2𝜋, 

and the gyromagnetic ratio 𝛾 is characteristic of the nucleus. In absence of an external 

magnetic field, the distribution of the magnetic moments of all nuclei has an isotropic 

orientation, and hence, no magnetization.  
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Table 4.1: The NMR properties of some nuclei (Bovey and Mirau 1996). 

Nucleus Abundance 

(%) 

Spin Relative 

sensitivity 

Gyromagnetic 

ratio (107 rad/Ts) 

1H 99.98 1/2 1.0 26.752 

19F 100 1/2 0.83 25.167 

29Si 4.7 1/2 0.078 -5.316 

13C 1.1 1/2 0.0159 6.726 

2H 0.015 1 0.00964 4.107 

15N 0.365 1/2 0.0010 -2.711 

H: Hydrogen, F: Fluorine, Si: Silicon, C: Carbon, N: Nitrogen 

When an external magnetic field �⃗� 0 is applied, the energies of the nuclei are altered which 

causes the magnetic moment to move in a circular fashion. This motion is called 

precession and is depicted in Figure 4.8a on an example of a nucleus with a spin of ½.  

The combination of the magnetic field �⃗� 0 and the magnetic moment 𝜇  generate a force 𝐹  

orthogonal to �⃗� 0 (y-direction in Figure 4.7). The force 𝐹  is defined as; 

𝐹 = 𝜇 �⃗� 0     (4.35) 

The force is related to the spin via the time derivative, which causes the spin vector to 

turn in the direction of 𝐹  as defined by the following equation: 

 𝐹 =
𝑑

𝑑𝑡
𝐼      (4.36) 

Thus, resulting in precession with magnetization is around �⃗� 0 direction. This precession 

occurs with an angular frequency called Larmor frequency 𝜔L (rad/s) which is given by,  

𝜔L = 𝛾�⃗� 0     (4.37) 

Two spin states are designated for a spin ½ nucleus as seen in Figure 4.7a-b. The magnetic 

moment of the element depends on 𝐼z as here: 

𝜇𝑧 = 𝛾ħ𝐼z     (4.38) 

Thus, resulting in individual energies E can be calculated by: 
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𝐸m = −𝐼z𝛾ħ�⃗� 0    (4.39) 

For nuclei with I = ½, the energy difference ΔE between the spin states (see Figure 4.7b) 

is a function of the �⃗� 0 field, called Zeeman interaction, as follows: 

∆𝐸 = 𝛾ħ𝐵0     (4.40) 

 

Figure 4.7: (a) Interaction between a spinning nucleus and an external magnetic field �⃗� 0 and 

precession of nuclear magnetic moments 𝜇. The axis set shows xyz-planes (Keeler 2010). (b) The 

energy splitting as a function an external magnetic field  �⃗� 0 for nucleus with the magnetic nuclear 

spin quantum number 𝐼𝑧 =½ (Keeler 2010). This interaction is called Zeeman interaction. 

The population of spin states with nuclei 𝑛 in +z direction in the applied magnetic field 

B0 is given by Boltzmann`s law: 

𝑛(+
1

2
)

𝑛(−
1

2
)
= exp (

−∆𝐸

𝑘𝑇
)     (4.41) 

in which k represent Boltzmann`s constant, T is the absolute temperature in Kelvin (K).  

The transition between energy levels is related to the Larmor frequency (𝜔L = 2𝜋𝜈L) by 

the formula: 

∆𝐸 = ħ𝜔L = 𝛾ħ𝐵0 = ħ𝜈L    (4.42) 
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where 𝜈L represents the Larmor frequency that is in the megahertz (MHz) range. For 

instance, a proton in a magnetic field 𝐵0 of 7.05 tesla (T) has a Larmor frequency of 

𝜈L ≈300 MHz and the energy difference ΔE between the spin states is 0.120 J/mol. 

4.2.2 NMR interactions 

In this section, the important interactions between the NMR frequencies and molecular 

parameters with the evolution of the system in time are introduced by the spin 

Hamiltonians Ĥ. The quantum state of a nucleus is characterized by a wave function Ψ, 

that contains information about the position, velocity, and spin of a nucleus. The time t 

dependence of the wave function is described by the Schrödinger equation: 

𝑖ħ
𝑑𝛹(𝑡)

𝑑𝑡
= Ĥ𝛹(𝑡)     (4.43) 

where Ĥ describes all interactions during the time evolution. The Hamiltonians Ĥr of a 

nuclear spin system in a given environment r can be written: 

Ĥr = Ĥr
Z + Ĥr

CS + Ĥr
D + Ĥr

RF + Ĥr
J
   (4.44) 

The direct magnetic interaction of a static external magnetic field and nuclear spins is 

represented as Ĥ𝑟
𝑍. It is known as Zeeman interaction as in Figure 4.7 schematically 

demonstrated in for nucleus with a spin of ½ and resulting from the nucleus resonance at 

Larmor frequency 𝜔L. 

Ĥr
Z = −𝜇z𝐵0 = −𝐼z𝛾ħ𝐵0    (4.45) 

The Hamiltonian Ĥ𝑟
𝐶𝑆 describes the chemical shift (CS) interaction. The electrons 

surrounding the nucleus are creating a counter field and it is shielding the nucleus from 

the static external magnetic field. Thus, the effect of the external magnetic field on the 

nucleus is changed and a shift relative to the resonance Larmor frequency 𝜔L The 

chemical shielding is generally anisotropic due to the sensitivity towards type and 

geometry of chemical bonds, and hence it is described by the chemical shielding tensor 𝜎 

such that: 

Ĥr
CS = 𝛾𝐼 ̂𝜎�⃗� 0     (4.46) 
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The dipole-dipole interaction or more concisely the dipolar coupling is described by the 

term Ĥr
D. Each nucleus can be considered as a dipole. Therefore, when more than one 

nucleus is presented in the system, dipole-dipole interactions can be observed. In the 

NMR signal, this interaction causes two spectral lines and/or line broadening.  

 Ĥr
D = −

𝜇0ħ𝛾1𝛾2
4𝜋𝑟3

1

2
(3𝑐𝑜𝑠2𝜃 − 1) {3𝐼1z𝐼2z − 𝐼 ̂1𝐼 ̂2}  (4.47) 

 

The gyromagnetic ratios of the two spins are 𝛾1and 𝛾2 , r is the distance between spins, 

the orientation angle between the spin pair vector is 𝜃 and the vacuum permeability is 

represented as 𝜇0. 

The direct magnetic interaction of the applied transverse oscillating magnetic field 𝐵1 and 

nuclear spins is represented in Equation 4.48 as Ĥr
RF. This is also known as radio 

frequency (RF). Applied RF effects the Larmor precession of nuclei into different angles 

depending on the strength of the 𝐵1. 

Ĥr
RF = 𝜔1𝐼x/y = −𝛾𝐵1𝐼x/y    (4.48) 

The indirect magnetic interaction between two nuclear spins, through the involvement of 

electrons, is known as Ĥr
J
, which is called 𝐽-coupling.  

Ĥr
J
= −2𝜋𝐽𝐼 ̂1𝐼 ̂2    (4.49) 

The coupling constant 𝐽 is a measure of the interaction between a pair of nuclei.  

4.2.3 Nuclear relaxation 

The application of the radio frequency (RF) pulse flips the nuclei between their energy 

states via absorption and stimulated emission. This process is called resonance. The 

application of a static magnetic field �⃗� 0 changes the magnetic moment. The individual 

magnetic moments are not able to align with the direction of the applied magnetic field 

due to the random thermal motion of the molecules. The average alignment of all of the 

individual magnetic moments is called bulk magnetization. The vector of the bulk 

magnetization at the thermal equilibrium is of size �⃗⃗� 0. This vector precesses about the z-
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axis at an angular frequency 𝜔𝐿 and at time 𝑡. The rotation of the vector has an angle as 

𝜔L𝑡. The bulk magnetization returns to its thermal equilibrium position with time via a 

process called relaxation. The bulk magnetization vector along z-axis and xy-plane is 

described by the Bloch equation (Bloch 1946) at 𝜔L: 

𝑀x(𝑡) = 𝑀0cos (𝜔L𝑡)exp (−
𝑡

𝑇2
)   (4.50) 

𝑀y(𝑡) = 𝑀0sin(𝜔L𝑡)exp (−
𝑡

𝑇2
)   (4.51) 

𝑀z(𝑡) = 𝑀0[1 − exp (−
𝑡

𝑇1
)]    (4.52) 

where the relaxation along the z-axis at a rate constant 1/𝑇1. In the xy-plane, the relaxation 

rate constant is 1/𝑇2. This means that in the xy-plane decays by spin-spin relaxation (𝑇2), 

while the z-axis magnetization reappears by spin-lattice relaxation (𝑇1). Magnetization in 

both directions, the z-axis and xy-plane, decay exponentially in time.  

The term lattice describes the atoms in the environment of an ensemble of a nucleus, e.g., 

solution, which acts as a reservoir of energy in the form of molecular motion. In the spin-

lattice also called longitudinal relaxation the excited proton (spin nuclei) transfer the 

energy to the surrounding lattice by the time constant 𝑇1. The magnitude of 𝑇1 varies from 

10-2-102 seconds (s) for liquids, much larger values can be observed in solids depending 

on the nucleus and its environment. The magnetization to return to the equilibrium takes 

almost 5  𝑥 𝑇1, which can be calculated from Equation 4.52 e.g., 
𝑀z

𝑀0
=100[1-exp(-5)] =

 99.3%. 

Spin-spin also called transverse relaxation (𝑇2) occurs by exchange of magnetization 

between the nuclei when the nuclei are preccesing at Larmor frequency. If external 

magnetic field inhomogeneity exists, the relaxation depends on the location of the 

molecule in the magnet. The corresponding apparent transverse relaxation 𝑇2
∗ is consist 

of contributions of external influences 𝑇2
∆, and of the internal energy transfers (intrinsic 

transverse relaxation time) 𝑇2 as following; 

1

𝑇2
∗ =

1

𝑇2
∆ +

1

𝑇2
                                                    (4.53) 
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Figure 4.8: Illustration of (a) a rapidly dephasing signal as a result of short 𝑇2

∗ . Fourier 

transform (FT) of this spectrum gives a broad frequency-domain signal. (b) The dephasing speed 

is slower than the example in Figure 4.8a due to longer 𝑇2
∗ and hence, result in a narrower 

frequency-domain peak. (c) The slowly dephasing signal with long 𝑇2
∗ and sharp frequency-

domain signal. 

The transverse relaxation determines the width of the lines in spectra (see Figure 4.8). 

The field inhomogeneity contribution is dominant for the 𝑇2
∗ relaxation of highly mobile 

samples. The magnetization rapidly dephasing due to the short 𝑇2
∗ causes a broadening of 

the frequency domain peak shape signal. However, the slowly dephasing magnetization 

because of longer 𝑇2
∗ results in a narrower frequency-domain signal. Therefore, observed 

frequency domain signal  has a full-width at half-maximum (FWHM) with inversely 

proportional to the 𝑇2
∗,i.e. FWHM=1 / (π𝑇2

∗).  

Each spin has its magnetic moment and a spin interacts with the applied magnetic field 

and also with magnetic fields of nearby spins, called the local field Bloc. The local field 

changes in magnitude and orientation due to the thermal motion of the molecules, which 

acts also as a reservoir of the energy. The local fluctuation in the magnetic field due to 

molecular motion is a source of both relaxations. Thus, 𝑇1 can be identical with 𝑇2 only 

for rapidly tumbling molecules but other than this 𝑇1 is always longer than 𝑇2. This 

molecular motion can be quantified by a rotational correlation time 𝜏c which is the 

average time for a molecule needed to achieve an orientation one radian away from its 
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starting point. The time dependence of the random molecular motion can be characterized 

by the correlation function F(𝜏).  

𝐹(𝜏) = exp (−
𝜏

𝜏c
)                                              (4.54) 

The Fourier transform of the correlation function gives the spectral density 𝐽(𝜔). 

𝐹(𝜏)
𝐹𝑇
→  𝐽(𝜔)                                                  (4.55) 

𝐽(𝜔, 𝜏c) =
2𝜏𝑐

1+𝜔2𝜏c
2                                               (4.56) 

The theory of Bloembergen-Purcel-Pound (BPP) shows the proportional relation between 

the spectral density 𝐽(𝜔) and the relaxation rate at Larmor frequency as following 

(Bloembergen et al. 1948): 

1

𝑇1
≅ (𝛾𝐵loc)

2𝐽(ωL)                                               (4.57) 

The temperature dependence of the correlation time 𝜏c can be obtained through the 

Arrhenius` theory with the assumption of no phase transition: 

𝜏c = 𝜏0𝑒𝑥𝑝(−𝐸a/𝑘𝑇)                                               (4.58) 

where 𝜏0 represents the frequency factor. 

The dependence of 𝑇1 and 𝑇2 on 𝜏c is expressed by the BPP model as following: 

1

𝑇1
= (

𝜇0ħ

4𝜋
)
2 𝛾4

5𝑟6
𝐼(𝐼 + 1)[𝐽(𝜔L, 𝜏c) + 4𝐽(2𝜔L, 𝜏c)]                  (4.59) 

1

𝑇2
= (

𝜇0ħ

4𝜋
)
2 𝛾4

10𝑟6
𝐼(𝐼 + 1)[3𝐽(∆𝜔, 𝜏c) + 5𝐽(𝜔L, 𝜏c) + 2𝐽(2𝜔L, 𝜏c)]          (4.60) 

where ∆𝜔 represents the interaction angular frequencies and 𝑟 is the internuclear distance. 

Based on this theory, 𝑇1 relaxation is dominant compare to 𝑇2 for magnetic dipolar 

relaxation. 
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4.2.4 NMR applications 

The pulse sequences in NMR have central importance for the characterization of 

molecular dynamics and structures of materials. Proton NMR is a commonly used 

effective technique for the investigation of phase composition in semi-crystalline 

polymers because the proton spectral information is directly linked to the molecular 

mobility.  Densely packed polymer chains in the crystalline or glassy domain of polymers 

have limited orientation changes of the proton spin interconnection on the NMR time 

scale, which causes a strong dipole-dipole interaction. When the semicrystalline polymer 

has an isotropic structure above the melting temperature, the proton NMR signal is narrow 

due to slower relaxation times. In contrast, a reduction of the mobile fraction during 

crystallization leads to shorter relaxation time, and hence broadens the peaks in the NMR 

the spectrum. Since the late 1950s, the crystalline fraction could be estimated by the line 

shapes of NMR spectral (Fuschillo et al. 1957; Slichter and McCall 1957; Wilson and 

Pake 1953). Later development on pulse sequences such as the free induction decay (FID) 

(Bridges et al. 1979; Kristiansen et al. 1999; Kristiansen et al. 2001), the magic sandwich 

echo (MSE) (Rhim et al. 1971; Pines et al. 1972; Takegoshi and McDowell 1985; Hafner 

et al. 1996) and the Carr-Purcell-Meiboom-Gill pulse sequence (CPMG) (Carr and 

Purcell 1954; Meiboom and Gill 1958) for obtaining relaxation times, provide 

information about the degree of crystallinity and enable the analyses of crystallization 

kinetics. Commonly used pulse excitation experiments to determine 𝑇1 and 𝑇2 relaxations 

and thus investigate the mobility fractions of semi-crystalline polymers are presented in 

this section.   

Transverse relaxation 𝑻𝟐 experiments 

The free induction decay (FID) (see Figure 4.9a) is a simple and direct way to monitor 

the 𝑇2
∗ relaxation decay following a single 90° or 

𝜋

2
 pulse. The bulk magnetization �⃗⃗� 0 

turns from the z-axis into the xy-plane with a 90° pulse. The spins begin to relax at unequal 

rates in the xy-plane and the signal decays with a time constant 𝑇2
∗. Hahn (1950) proposed 

a spin-echo method, known also as Hahn echo (see Figure 4.9b), for measuring the 𝑇2
∗ 

relaxation. In this method, an applied 90° pulse is followed by a 180° pulse after a time 

τ, and hence the magnetization flips into the y`-direction. This 90x
° - 𝜏-180x

°  sequence is 
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repeated several times with altering 𝜏 and 𝑇2
∗ is acquired from the observed decay of the 

intensity of echo. In this method for decaying echo is not only a result of the 𝑇2
∗ relaxation 

but also from a slightly different diffusive flow of magnetization. Therefore, the main 

disadvantage of this method becomes that a large number of scan is required due to the 

low sensitivity to obtain good signal-to-noise ratios in the NMR spectra. 

 
Figure 4.9: (a) Representation of a 90° pulse and the resulting free induction decay (FID). (b) 

The Hahn echo is depicted for measuring the 𝑇2
∗ relaxation via variation of τ. 

 
Figure 4.10: (a) Illustration of Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence that is used 

to derive the full 𝑇2
∗ relaxation in shorter experimental time compare to Hahn echo. (b) The 

magic-sandwich echo (MSE) pulse sequence is represented. That provides fast refocusing on 

decaying signals for solid materials. 

Later, the CPMG experiment was developed by Carr and Purcell (1954); Meiboom and 

Gill (1958) to reduce the effect of diffusion and derived the full 𝑇2
∗ relaxation in a shorter 

experimental time.  The CPMG pulse sequence is shown in Figure 4.10a in which a series 

of 180° pulse is applied with varying τ spacing following the 90° pulse. The amplitudes 

of the CPMG spin-echo train decay exponentially which corresponds to the full 𝑇2
∗ 

relaxation. The full 𝑇2
∗ relaxation is analyzed by the height of the each echo signal. 
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Gullion et al. (1990) propounded the idea of removing the chemical shift effect with phase 

cycles such as MLEV-4, XY-16.  

A variety of different techniques tackled the refocused coherences and chemical shift 

anisotropy problems in the multi-spin system. The magic-sandwich echo (MSE) pulse 

sequence (Rhim et al. 1971) provides fast refocusing on decaying signals for solid 

materials via strong multiple dipolar coupling, which is done by reversing the dipolar 

dephasing (Hafner et al. 1996). An illustration of the MSE pulse sequence is shown in 

Figure 4.10b. A main advantage of the MSE over the FID is the overcoming of the signal 

loss problem at the receiver dead time (Maus et al. 2006; Schäler et al. 2015). This 

modified pulse is called mixed MSE which is a combination of the MSE and Hahn echo 

to refocus the dephasing of the 𝑇2
∗ relaxation (Matsui 1991; Fechete et al. 2003; Sturniolo 

and Saalwächter 2011). In this mixed MSE combination sequence, the Hahn echo can be 

replaced by the CPMG sequence (Ratzsch et al. 2017). In this case, while the MSE is 

used to refocus of the initial transverse magnetization, the purpose of the CPMG 

sequences is to refocus only the magnetization of the more mobile phase of the sample. 

Longitudinal relaxation 𝑻𝟏 experiments 

The longitudinal relaxation is commonly measured by the inversion recovery or the 

saturation recovery. The pulse sequences are depicted in Figure 4.11 and resulting signal 

intensity as a function of delay time τ shown in Figure 4.12. In the inverse recovery 

method, the magnetization is inverted with the application of a 180° pulse that flips the 

magnetization to the –z-axis and the magnetization is allowed to return to the +z-axis due 

to the longitudinal relaxation 𝑇1 for a time period 𝜏. Then, after a variable time 𝜏, a 90° 

pulse is applied for the detection of the signal into xy-plane before the magnetization 

reaches the equilibrium. By varying the τ, the magnetization into the xy-plane is changing, 

and it allows the monitoring of the return of the magnetization into the z-axis. Here, long 

recycle delay time 𝜏rd is required, i.e. 𝜏rd  > 5 𝑥 𝑇1, for the spins reaching equilibrium, 

this causes the need for long measurements. Waiting for the spins to recover to 

equilibrium causes the determination of the wrong 𝑇1 times. 
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Figure 4.11: (a) The inverse recovery pulse sequences and (b) the saturation recovery sequence 

for measuring the longitudinal relaxation. 

The saturation recovery sequence consists of a series of 90° pulses that are rapidly 

applied. The result in a disintegrated magnetization and after a variable delay 𝜏 another 

90° pulse is applied (McDonald and Leigh 1973). This method is faster than the inversion 

recovery due to the eliminated length of the long recycle delays. 

 
Figure 4.12: Illustration plots of signal intensity as a function of delay time 𝜏 (a) for the inverse 

recovery pulse sequences and (b) for the saturation recovery sequence for measuring the 

longitudinal relaxation. 

At the end of the inversion recovery experiment, resulting signal intensity is plotted as a 

function of the 𝜏. The resulting curve is fitted to following exponential function to obtain 

𝑇1. 

𝑀z(𝑡) = 𝑀0 − 2𝑀0𝑒
−τ/𝑇1            (4.61) 

For the saturation recovery experiment, the dependence of the obtained signals at 

recovery time τ can be described by: 
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𝑀z(𝑡) = 𝑀0 −𝑀0𝑒
−τ/𝑇1          (4.62) 

Further improvement on the methods has been made by minimizing the experimental 

uncertainties such as the progressive saturation (Freeman and Hill 1971) and the fast 

inversion recovery (Canet et al. 1975). 

4.3 Differential scanning calorimetry (DSC) 

Differential scanning calorimetry (DSC) is an effective thermal analysis technique for the 

characterization of the physical properties of a polymer. This technique enables the 

determination of melting, glass transition, crystallization, and mesomorphic transition 

temperatures and the corresponding enthalpy (Piorkowska and Rutledge 2013; 

Wunderlich 1990). A heat flow rate into the sample is monitored as a function of time or 

temperature with a subtraction of the heat gains and losses of an empty reference pan 

from the data of the sample. The calibration of the instrument is necessary for the 

measurement of the heat flow rate and the temperature. Typical standard used materials 

for calibration are the benzoic acid, indium, anthracene. 

A typical DSC thermogram is represented in Figure 4.13 to determine the 𝑇C and the 𝑇m 

of HDPE and enthalpy of fusion of the heating curve. The sample is heated up to 180 °C 

from 25 °C with a 10 °C/min heating rate. As a result of heating, an endothermic phase 

transition from solid to molten phase (liquid-like) is observed as a peak. The melting peak 

maximum shows the 𝑇m. When the cooling protocol applied to 25 °C with a 10 °C /min 

cooling rate, an exothermic crystallization peak is observed due to crystallization. This 

crystallization peak maximum is used to determine 𝑇C. The measured heat of fusion of 

the PE sample (𝐻f,m) is calculated by the integrated area beneath the melting peak. Then, 

the mass crystallinity (𝑋C) in percent is calculated by dividing the peak area by the 

theoretical the heat of fusion of the 100% perfect crystalline PE as 𝐻f,100 = 293 J/g 

(Wunderlich 1990) as follows: 

𝑋𝐶[ %] = (𝐻f,m/𝐻f,100) ∗ 100                                         (4.63) 
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Figure 4.13: A typical DSC thermogram of an HDPE sample shows the heat flow rate as a 

function of the temperature to determine the 𝑇𝐶, the 𝑇𝑚 of HDPE. The enthalpy of fusion is 

calculated by the integration of the melting peak, and it is used to calculate the crystallinity of the 

HDPE sample. The heat of fusion of the 100% perfect crystalline PE is 𝐻𝑓,100 = 293 J/g 

(Wunderlich 1990). 

 
Figure 4.14: (a) DSC thermogram of an isothermal crystallization experiment of HDPE with 1 

wt% NA content (1.0% NA) at 𝑇𝐶 = 123 °C (circle sign) after cooling from 180 °C with a cooling 

rate of 17 °C/min. The red-colored dotted line is the extrapolated line of the crystallization 

beginning. The solid line is the baseline of the peak. The crossover point of the baseline and red-

colored dotted line indicates the crystallization induction time ti. This approach was used by 

Choupin et al. 2017. (b) The relative mass crystallinity as a function of time at 𝑇𝐶 = 123 °C for 

sample called 1.0% NA. The Avrami model (see Equation 3.47) is fitted up to half of the final 

crystallinity. 

A typical isothermal crystallization thermogram is shown in Figure 4.14a. The thermal 

history of the sample is erased before the crystallization process by keeping sample 

temperature 40 °C above the 𝑇m
0  of the sample (~141.4 °C for PE). Next, the sample is 

cooled down to the 𝑇C with a constant cooling rate (ΔT/Δt =17 °C/min). During 
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crystallization, a measurable amount of heat is evolved and corresponds to an exothermic 

peak in the DSC curve. The time t, temperature T and cooling rate ΔT/Δt dependency of 

the crystallization kinetics are directly related to the shape of this exothermic 

crystallization peak. The relative mass fraction of 
𝑋C

𝑋C
∞ (see Figure 4.14b) is calculated by 

normalization of an integrated of the overall area below the crystallization peak at time t. 

If the polymer starts crystallizing during cooling, the induction time ti, the required time 

for crystallization begins, must be defined by a crossover of the extrapolated line of the 

beginning of the crystallization peak with the baseline as displayed in Figure 4.14a. 

4.4 X-ray diffraction (XRD) 

The phenomena of XRD based on the Bragg equation: 

𝑛λ = 2𝑑hkl sin 𝜃              (4.64) 

where the n: integer determined by the order of diffraction, λ: wavelength of incident x-

ray, the 𝑑hkl: the interplanar distance between (hkl) reflecting planes and θ: angle of the 

incident beam (see Figure 4.15) (Weidenthaler 2011).  

 
Figure 4.15: Schematic representation of the diffraction of incident X-rays by regularly 

spaced atomic planes (Weidenthaler 2011). 

The XRD enables us to examine the degree of crystallinity, unit cell, and crystallite size. 

Semicrystalline polymers are composed of crystals and amorphous. The degree of 

crystallinity (𝑋C) is calculated (see Figure 4.16b) by the proportion of integrated 

amorphous area (IA) with the integrated total area underneath the crystalline peaks (IT) as 

following; 

𝑋C =
𝐼T−𝐼A

𝐼T
∗ 100             (4.65) 
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Figure 4.16: (a) The XRD patterns of the HDPE sample at 25 and 180 °C. The two 

distinct reflection peaks (blue line) indicate (110) and (200) planes related to the 

orthorhombic crystal structure of PE at 25 °C. The board peak (dash black line) shows 

the fully molten structure of PE. (b) The XRD diffractogram of the HDPE sample at 25 

°C and the calculation of the 𝑋𝐶  (%) by the proportion of the integrated total area (IT) 

and the integrated amorphous area (IA), which is the area below (dash black line) broad 

peak. 

The polymer sample is composed of different size and shape crystal domain that affects 

widths and shapes of all diffraction line profile (Scardi et al. 2004). Thus, the calculation 

of the apparent crystallite size is difficult. Integral breadth method can be applied to 

determine crystallite size to avoid other influences such as instrument contribution, 

stress/strain effects (Scardi et al. 2004). Scherrer equation can be used to determine the 

average crystallite size:                                                                                                                                                                        

𝐿hkl =  
𝑘λ

𝛽𝑐𝑜𝑠𝜃
         (4.66) 

with L: volume average of the thickness of the crystallites, k: Scherrer constant, λ: 

wavelength, β: integral breadth, and θ: angle of the incident beam (Weidenthaler 2011). 

The Scherrer constant k depends on the shape of the crystallite, the size distribution, and 

the way of L and β definition. Langford and Wilson (1978) reported a detail discussion 

on k values which varies from 0.62 to 2.08. Resulting peak pattern provides information 

about the type of the crystallite. The XRD patterns of the HDPE sample at 25 and 180 °C 

are shown in Figure 4.16a. Observed two distinct reflection peaks indicate (110) and (200) 

planes related to the orthorhombic crystal structure. The board peak at 180 °C shows the 

fully molten structure of the PE.  
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4.5 Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) is a common technique for investigating the surface 

topology and morphology, crystalline structure and orientation of the crystals. There are 

three major components as the electron beam source, the illumination system and the 

imagining system which constitute electron microscopy. A scanned image of SEM is 

created by produced signals as a result of the interaction of the electrons in the beam with 

the sample at high spatial resolution and in a low acceleration voltage area.  
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5 RheoNMR Setup and Improvements 

RheoNMR is a combination technique of rheology and NMR, and it has been known for 

almost 30 years (Nakatani et al. 1990). There are two approaches on basis of an NMR 

part of this combined technique by using the high-field NMR (Callaghan 2007; Callaghan 

2002; Brox et al. 2016) and the low-field NMR (Hardy et al. 2006; Herold et al. 2013). 

High-field RheoNMR includes a flow cell that is put into the magnet by using a drive 

shaft (Callaghan 2002; Brox et al. 2016). However, this method is mainly used to analyze 

low viscous samples, and it has sensitivity and accuracy problems due to interaction 

between the large magnetic stray fields with motor and transducer. Herold et al. (2013) 

used the capillary rheological apparatus into a low-field permanent magnet and tested 

also bulk sample. Recently, Ratzsch et al. (2017) have introduced low-field RheoNMR 

(see Figure 5.4) that consists of a combination of a Halbach designed low-field permanent 

magnet (see Figure 5.1) (𝜈𝐿= 30 MHz, B0 = 0.7 T) in a commercial strain-controlled TA 

ARES (TA Instruments, New Castle, DE, USA) shear rheometer or in and also with 

stress, -strain-controlled discovery hybrid rheometer-3 (DHR-3). This setup enables a 

simultaneous measurement of the full rheological shear characterization (𝐺′, 𝐺′′ 

(𝜔, 𝛾0, 𝑡), LAOS, I3/1, FT-Rheology) via rheometer and the quantitative molecular 

mobility by 1H NMR. Preliminary results on the setup were reported in following 

publications: Räntzsch et al. 2015; Özen et al. 2015, 2016; Ratzsch et al. 2017; Räntzsch 

et al. 2019.  

The RheoNMR can find applications in material science and industrial quality control 

experiments. This combined technique overcomes the different thermal history of the 

sample resulting from slightly diverged temperature distribution in the sample room, 

cooling/heating rate and varying sample dimensions for separately used different 

methods. It is difficult to correlate the monitored experimental results from different 

methods especially for temperature-sensitive processes such as polymer crystallization 

(Lamberti et al. 2007). Consequently, simultaneous measurements with an attentive 

mutual instrument calibration (temperature, cooling rate, etc.) provide an investigation of 

sensitively temperature-dependent processes. Thus, the in-situ measured rheological and 

NMR parameters can be correlated precisely for investigation of sample crystallization is 
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under identical conditions (Ratzsch et al. 2017; Räntzsch et al. 2019). The power of low-

field RheoNMR methodology finds a high potential to be used for investigation of 

molecular dynamics under small or large amplitude oscillatory shear.  

The previous study of Räntzsch et al. 2019 on isotactic polypropylene (iPP) 

crystallization showed the applicability of the RheoNMR. High-density polyethylene 

(HDPE) crystallization shows strong temperature dependence, and thus, faster 

crystallization compared to the iPP. The used HDPE sample in this study revealed the 

necessity of the improvements on the RheoNMR method in sensitivity and usability for 

further experimental work in the area. 

The setup described below was originally built and used at the Institute for Chemical 

Technology and Polymer Chemistry (ITCP) / Karlsruhe Institute of Technology (KIT) as 

published in Ratzsch et al. 2017 and also dissertation of Dr. Karl-Friedrich Ratzsch.  

This thesis aimed to provide RheoNMR analysis for the investigation of crystallization 

kinetics of highly temperature-sensitive bulk samples such as HDPE. To this end, the 

improvements on the RheoNMR are presented in Chapter 5.2. Modifications on the 

RheoNMR setup were done by Dr. Karl-Friedrich Ratzsch. 

5.1 Setup details and experimental protocol 

Setup details 

The Halbach design permanent magnet (see Figure 5.1) consists of an array of 92 NdFeB 

(𝜈L= 30 MHz, B0 = 0.7 T), that is placed into a commercial strain-controlled TA ARES 

(TA Instruments, New Castle, DE, USA) shear rheometer. The Halbach design allows the 

building of small magnets with a high field homogeneity (∆B/B0 ≈ 1‰) and a low stray 

field. The Bruker minispec (ND series) is used as the console/amplifier for the NMR 

probe. While the rheometer measures simultaneously the full rheological shear 

characterization (𝐺′, 𝐺′′ (𝜔, 𝛾0, 𝑡), LAOS, I3/1, FT-Rheology (Hyun et al. 2011; Wilhelm 

2002; Dötsch et al.  2003; Cziep et al. 2016) and the quantitative molecular mobility is 

measured by 1H NMR (Räntzsch et al. 2015; Özen et al. 2016; Räntzsch, Haas, et al. 

2018; Ratzsch et al. 2017).  
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Figure 5.1: Schematic overview of used Halbach magnet with the NMR probe of the RheoNMR 

setup and the rheometry counterparts. Adapted from Ratzsch et al. (2017). 

 

Figure 5.2 : (a) Drawing and the photo of the machinable ceramic cone geometry for rheometer 

which has 13 mm diameter and 86.50 mm length. It has holes for fast thermal stabilization. (b) 

Illustration of the probe coil (length 21 mm N = 7 turn) is in a glass tube with an inner diameter 

of 17.2 mm. Adapted from Ratzsch et al. (2017). 

Machinable ceramic (Vitronit of Vitron Spezialwerkstoffe GmbH, Germany) was used to 

make proton-free and non-conducting rheometric tools. Holes were opened on the 

rheological geometries as shown in Figure 5.2 to provide fast thermal stabilization. A 

diamagnetic (aluminum) holder is attached to the bottom of the geometries for fitting 

them to the rheometer. All RheoNMR measurements were performed using a rheological 

tool with a 13 mm diameter and a cone angle of 12° (0.21 rad) cone-plate geometry to 

ensure a homogeneous shear rate in the sample during the experiment. The relatively large 

cone angle is necessary to have enough samples to obtain a sufficient NMR signal. A 
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convective oven is used for heating of the sample chamber. The lower geometry is 

surrounded by a heating coil (see Figure 5.3).  

 
Figure 5.3: (a) Photo of the lower geometry, that is surrounded by a heating coil. Nitrogen gas 

is blown from the bottom holes. The thermocouple measures the temperature of the sample 

chamber. (b) Dewar is used to insulating the magnet to avoid frequency drifts due to changes in 

the temperature of the magnet.  

 

Figure 5.4: (a) Illustration and (b) a photograph of the RheoNMR setup taken from Ratzsch et 

al. 2017. The BVT unit is the temperature controller. 

A Bruker Variable Temperature unit (BVT-300) is used to control the temperature. The 

temperature range for the sample analysis can be controlled between 0 °C and 210 °C by 

using nitrogen (N2) gas flow, which prevents oxidation. The lower part of the bottom 

geometry is sealed by a polytetrafluoroethylene ring for insulating the magnet and loss of 

heated N2 from the bottom of the setup. A silvered dewar tube (see Figure 5.3) with a 

diameter of 29 mm and length 115 mm is used for thermal insulation of the magnet. The 

dewar silvering is paused with a thin stripe of clear glass to avoid interaction with the 

probe coil. The probe coil, that has length 21 mm N = 7 turns, is in a glass tube with an 
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inner diameter of 17.2 mm. The glass tube is held by the probe housing of the setup which 

has tune and match capacitor.  

Experimental protocol 

High-density polyethylene (HDPE) crystallizes fast due to its stereoregular structure. The 

glass transition temperature 𝑇g can be observed in the range of -130° to -100 °C for HDPE 

(Peacock 2000). The reported the 𝑇m
0  of HDPE was in between 141.45° and 144.85 °C 

(Bower 2002; Wunderlich 2003; Patki and Phillips 2008; Androsch et al. 2010). The 

maximum rate of HDPE crystallization can be acquired by 𝑇C,max~[𝑇m
0 + (−𝑇g)]/2 

(Okui 1990). The temperature for HDPE crystallization experiments was chosen around 

𝑇C,max due to limited experiment time. The used commercial HDPE sample in this section 

has the 𝑀w  = 182 kg/mol with Ð = 11.2 values, and it was provided from manufacturer 

LyondellBasell.  

Firstly, the RheoNMR setup was assembled. Secondly, a temperature calibration should 

be done using a digital thermometer (RS Components, Mörfelden-Walldorf, Germany) 

equipped with a type K thermocouple. The thermocouple was placed inside a special 

upper geometry for this purpose. It is not possible to use this special geometry during the 

experiment due to the interaction between the probe circuit and metallic thermocouple. 

After temperature calibration, the cone upper geometry was assembled, and the gap in 

between rheometric tools was set the zero at 𝑇C. The thermal shrinkage is of ceramic 

geometries is ~2.5 µm/ °C, and the nominal cone truncation gap is 200 µm (Ratzsch et 

al. 2017). The gap between geometries, where the sample stands, must be adjusted 

manually continuously during temperature change. Additionally, it is important to have a 

constant pressure and flow of N2 (4 bar, 1470 l/h) to have comparable results i.e. 

reproducible 𝑇C. After the temperature calibration, settled gap and gas parameters, the 

next step was a sample loading. The upper cone geometry was heated, and an HDPE disc 

shape sample was stuck to the hot surface of the upper geometry. The upper geometry 

with the sample was mounted to the rheometer at 𝑇C. Later, the temperature was increased 

to approximately 40 °C above the 𝑇m
0  in order to obtain isotropic melt.  
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The general temperature routine for quiescent crystallization RheoNMR experiments as 

seen in Figure. 5.5 is similar to the routine used by Janeschitz-Kriegl in 1992 (Janeschitz-

Kriegl 1992; Alfonso and Ziabicki 1995; Janeschitz-Kriegl et al. 1999). The samples were 

first heated to at least 40 °C above the 𝑇m
0  and kept at this temperature for 20 min to obtain 

a fully relaxed, isotropic melt. The thermal history was erased before each crystallization 

experiment. When the temperature changed from 𝑇iso−melt = 180 °C to 𝑇C, the oscillatory 

shear experiment was started “𝑡exp = 0” simultaneously with NMR. A storage 𝐺′ and loss 

moduli 𝐺′′ were used to monitor in rheo part of the setup during the experiment. During 

the isothermal quiescent crystallization experiment, an angular frequency (𝜔1) and strain 

amplitude (𝛾0) were kept constant respectively as 0.5 rad/s and 1%.  

 
Figure 5.5: Schematic illustration of the general temperature protocol that is applied for all 

RheoNMR and DSC isothermal crystallization experiments. The melt temperature 𝑇𝑖𝑠𝑜−𝑚𝑒𝑙𝑡 was 

chosen as 180 °C in order to remove the thermal and shear memory. Cooling was divided into 

two regions as cooling and critical cooling. A similar temperature protocol was also used by 

Mursalin et al. (2016) for fat crystallization. 

The combination pulse sequence with MSE and CPMG was used in the NMR method. 

While the MSE is used to refocus of the initial transverse magnetization, the purpose of 

the CPMG sequences is to refocus only the magnetization of the more mobile phase of 

the sample. An apparent mass crystallinity 𝑋C was determined as a function of time 𝑡exp 

via the relative intensity of CPMG echoes (Maus et al. 2006; Räntzsch et al. 2015; 

Räntzsch, Haas, et al. 2018; Ratzsch et al. 2017). The 90° pulse length was 2.4 µs, and 

the 180° pulse length was 4.8 µs.  A recycle delay 𝜏rd of 3.5 s, that was equal to 5 𝑥 𝑇1 
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for the spins reaching equilibrium, was used with 16 scans and 𝜏 = 20 µs (𝜏- waiting 

time) between subsequent 180° pulses for the applied CPMG sequence.  

 
Figure 5.6: (a) The 𝐼𝐶𝑃𝑀𝐺 echoes as a function of tNMR, (b) the back extrapolated intensity 𝐼𝐶𝑃𝑀𝐺 

values at tNMR = 0 ms as a function of texp and (c) the time evolution of 𝑋𝐶 for an isothermal 

crystallization of HDPE at 𝑇𝐶 =124 °C.  

The observed CPMG decay curves (see Figure 5.6a) were fitted using a biexponential 

function as Equation 5.1 with pre-factors 𝐼A and 𝐼B which are referred to 𝐼CPMG = 𝐼A +

𝐼B. Two transverse relaxation times 𝑇2𝐴 and 𝑇2𝐵 were used to back extrapolate the initial 

intensity 𝐼CPMG at tNMR= 0 ms (Ratzsch et al. 2017; Räntzsch et al. 2015; Özen et al. 

2015, 2016). 

𝐼CPMG = 𝐼Aexp(−𝑡 𝑇2A⁄ ) + 𝐼𝐵exp(−𝑡 𝑇2B⁄ )                                 (5.1) 

Then, the back-extrapolated 𝐼CPMG as a function of the experiment time 𝑡exp is shown in 

Figure 5.6b. Calculated 𝐼CPMG(𝑡exp) was compared with the 𝐼CPMG of a supercooled melt 

close to 𝑇C for achieving the mass crystallinity 𝑋C with the following equation;  
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𝑋C(𝑡exp) = (1 − (𝐼CPMG(𝑡exp) 𝐼CPMG,max⁄ ))                             (5.2) 

where 𝑡exp is the experiment time during the crystallization process (Ratzsch et al. 2017; 

Räntzsch, Haas, et al. 2018). Resulting 𝑋𝐶   evolution by time can be seen in Figure 5.6c. 

5.2  Improvements 

The strong temperature dependence of the HDPE crystallization showed the limits of 

RheoNMR and revealed the necessity of improvement in temperature homogeneity in 

sample volume and reproducible 𝑇C.  

Temperature homogeneity across sample volume 

RheoNMR setup consists of portable pieces such as shieldings, probe, dewar as displayed 

in Figure 5.4a and they should be assembled one by another. Each piece has slight 

flexibility to move (± 1 mm), which changes the nitrogen flow into the sample chamber 

result in not repeatable crystallization experiment at chosen 𝑇C. A digital thermometer 

(RS Components, Mörfelden-Walldorf, Germany) equipped with a type K thermocouple 

was used to control temperature homogeneity in the sample chamber after the setup was 

assembled without upper geometry. Upper geometry was not mounted as it prevented the 

thermometer entrance into the sample chamber. The used geometry has 13 mm diameter 

and the inner diameter of the glass tube, which holds the probe coil, is 17 mm. This means 

that there is a 2 mm space in between sample and probe coil. Thus, the positioning of the 

probe coil depended on the user. After positioning of the probe coil, and it was fixed by 

tightening screws. The inside view of the RheoNMR setup from the top is illustrated in 

Figure 5.7a-b. The thermocouple was put into the sample chamber until the position of 

the sample and moved around it. The temperature was set to 126.3 °C. Then, observed 

temperatures in the area were displayed in Figure 5.7b. The read temperature values 

showed ∆𝑇 =126.3-123.9 = 2.4 °C difference in sample chamber which caused the 

temperature inhomogeneity across sample volume.  

To solve emerged temperature inhomogeneity across sample volume, the heating resistor 

coil was equally spaced. Some of the holes at the bottom for blowing heated N2 were 

blocked by dirt. Therefore, they were cleaned via a thin wire. Although this slightly 
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reduced the temperature difference to ~1.8, this was not enough to be able to investigate 

isothermal crystallization of HDPE samples that studies are presented in Chapter 6. 

Another approach to the temperature inhomogeneity problem solving was to design a 

vortex creator for equilibrating the temperature in the sample chamber with attaining a 

turbulent gas flow. The vortex creator was designed by Karl-Friedrich Ratzsch as shown 

in Figure 5.8. The vortex creator was useful to reduce temperature inhomogeneity to 

∆𝑇 = 0.8 °C.  

 
Figure 5.7: Illustrated inside view of RheoNMR setup from the top shows that (a) the pieces with 

inner diameter and distance in between pieces and (b) the measured temperature gradient in the 

sample chamber which causes temperature inhomogeneity across sample volume. 

 

Figure 5.8: The designed and plotted vortex creator by Karl-Friedrich Ratzsch. 
Dimensions are in mm size.  

The reproducibility of cooling rate and 𝑇C was checked using vortex creator by controlling 

gas flow and gas pressure. A special design upper geometry with a thermocouple placed 

in the center of the plate surface (see Figure 5.9) was used to learn the absolute 
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temperature inside of the sample. The special upper geometry with a sample was mounted 

to the rheometer. This upper geometry with the sample was lowered until the sample 

covered the lower geometry surface. The temperature was set at 177 °C on the BVT unit 

which was connected to the thermocouple. This thermocouple was positioned next to the 

bottom geometry and 2.2 cm away from the sample. The temperature was changed and 

again set to 177 °C in the BVT unit to see reproducibility for different gas flow and gas 

pressure conditions. When the temperatures reached the equilibrium in the sample and on 

the BVT unit screen, achieved values were noted as displayed in Table 5.1. The lowered 

gas pressure and increased gas flow caused a lower temperature difference between 

absolute sample temperature and set value on the BVT unit. Better reproducibility for the 

equilibrium sample temperature was achieved within ±0.5 °C when the gas flow and gas 

pressure were set respectively 1470 l/h, 4 bar.  

 
Figure 5.9: Photograph of the special upper geometry with the connected thermocouple. 

Table 5.1: Thermocouple temperatures of the BVT controller of RheoNMR and thermometer in 

the center of upper geometry under constant gas flow and gas pressure. 

BVT 

Thermocouple 

(⁰C) 

Thermometer 

Thermocouple 

(⁰C) 

Gas Flow 

 

(l/h) 

Gas pressure 

 

(bar) 

ΔT 

 

(°C) 

177  175.1 1200  6  1.9 

177 174.6 1200  5  2.4 

177  176 1470  6  1 

177 177 1470  5  0 

177 176 1470  5  1 

177 177.1 1470  4  0.1 

177 177.6 1470 4 0.6 
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A further important parameter for investigating crystallization processes is the 

reproducibility of the cooling trend. Knowing the absolute temperature in the sample and 

cooling rate to chosen 𝑇C in RheoNMR permits to perform the crystallization experiment 

under comparable conditions within other characterization techniques. However, the 

RheoNMR setup was not able to record the temperature change during cooling. 

Therefore, the set temperature on the BVT unit and observed sample temperature on 

thermometer screen were recorded by a camera during cooling to 𝑇C. First, the 

temperature was stabilized at 180 °C. Thereafter, the temperature was decreased to 𝑇C via 

BVT controller with a temperature ramp as 50 °C/min, and later on, repeated protocol 

without temperature ramp. These two different cooling styles was plotted as displayed in 

Figure 5.10a with using the recorded video. When the BVT unit reached to 𝑇C = 127 °C, 

the temperature was still decreasing inside of a sample. The final temperature inside of 

the sample was 2.3 °C higher than the set temperature on the BVT unit under the non-

used temperature ramp. Under 50 °C/min temperature ramp conditions, the final 

temperature was 2.5 °C higher. Additionally, resulting cooling was within ~5 minutes for 

±ΔT = 0.5 °C to the final temperature with the 50 °C/min temperature ramp. When there 

was no temperature ramp, cooling took half a minute shorter. Nevertheless, considering 

the crystallization kinetic of HDPE can be strongly influenced by the cooling rate. The 

controlled cooling rate with the 50 °C/min temperature ramp was chosen for further 

crystallization tests. Later on, the setup was reassembled to check the reproducibility of 

𝑇C and Δ𝑇C. The same cooling protocol with the 50 °C/min temperature ramp was 

repeated for 𝑇C = 124 °, which was shown with the blue circle sign in Figure 5.10b. 

Plotted results from the recorded video showed that there were 0.6 °C undershoot from 

the set 𝑇C at around 3rd minute, and then, the sample temperature stabilized a 0.5 °C higher 

from the set 𝑇C within ~5 minutes. The cooling test was repeated for 𝑇C = 122 with the 

50 °C/min temperature ramp. This result is displayed as a black square sign in Figure 

5.10b. This test showed the cooling time to 𝑇C as ~6 minutes for ΔT = 0.5 °C without any 

undershoot temperature. This reveals that the observed undershoot was not the same for 

each cooling. These results revealed that the chosen varying 𝑇C the difference was not 

constant. For instance, the difference in 𝑇C between 124 and 122 °C is 2 °C. However, 

the repeated cooling trend as depicted in Figure 5.10b showed that this 2 °C difference 
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could be even larger in the case of present undershoot from the set 𝑇C. This could 

drastically affect the crystallization trend of temperature-sensitive samples and leads to 

not reproducible results. The variation in the cooling trend for each reassembling was 

found due to a changed thermocouple position of RheoNMR by reassembling the setup 

with vortex creator as in Figure 5.11. The vortex creator moved the thermocouple slightly 

to a different direction for each assembling. Thus, the changed thermocouple position 

showed a difference in the cooling trend, cooling duration in the sample. This situation 

revealed the requirement of the set place for thermocouple and the necessity of the 

temperature calibration at once right after the setup integration. 

 
Figure 5.10: The recorded temperature change as a function of time during cooling (a) with and 

without temperature ramp (ΔT/Δt) which were set to the BVT unit. (b) The cooling trend for 

reassembled setup to 𝑇𝐶 =124 °C under a 50 °C/min temperature ramp (blue circle sign), and 

compared with further cooling test 𝑇𝐶 =122 °C under a 50 °C/min temperature ramp (dark 

square sign). This difference in the cooling trend was due to the different thermocouple positions 

(see Figure 5.12). 

A further modification was done by fixing the thermocouple to outer to the glass tube 

which holds the probe coil as demonstrated in Figure 5.12. The cooling trend and colling 

duration were checked again with the new thermocouple position with the same protocol 

as above mentioned. The temperature changed from 180 °C to 125 °C with a 50 °C/min 

temperature ramp at 1470 l/h N2 flow at 4 bar. Cooling data was displayed in Figure 5.13. 

The sample temperature stabilized at 126.1 °C within 6 min and 40 s without any 

temperature undershoot. The setup was reassembled, and the same temperature protocol 

with the previous one was repeated to check the repeatability of the cooling trend. The 

resulting cooling trend plotted with a circular blue sign in Figure 5.13. The cooling trend 
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was the same for repeated experiments with using upper thermosensor and the observed 

final 𝑇C in the sample was the least achieved with ± 0.1 °C difference. 

 
Figure 5.11: Photograph of the BVT connected thermocouple which was changed by put vortex 

creator on the heating resistor.   

 
Figure 5.12: The designed fixed thermocouple to outer to the glass tube which holds the 

probe coil. The design and the plot were done by Karl-Friedrich Ratzsch. 

 
Figure 5.13: The temperature change during the time in the BVT unit and the thermometer. The 

BVT thermocouple was positioned at the outer part of the glass tube which holds probe coils (see 

Figure 5.12). The thermocouple of the thermometer was placed inside of the special upper 

geometry as touching the sample from the center. Cooling was divided into two regions with rates 

of cooling = 17 °C/min and critical cooling = ~4 °C/min. 
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In addition to optimized reproducible temperature conditions, the surface of the upper 

geometry was made slightly porous by used sandblaster technique while the bottom 

geometry was smoothened by sandpaper with a number 2000. This helped to remove the 

sample from the top of the RheoNMR instrument setup without reassembling which was 

time-saving and paves the way for more reproducible results. Thus, the morphology 

analyses were possible on the sample to investigate the applied crystallization condition 

impacts in the morphology when the sample was taken right after the crystallization 

experiment from the top of the setup. Furthermore, the probe coil glued to the glass tube 

using liquid glass. This way provided a stable probe coil with a constant and equal ring 

distance. These developments have maximized the accuracy and reproducibility of the 

technique. 

5.3 Reproducibility of the results 

The experimental details like the temperature, cooling trend have been known to play 

crucial roles in achieving reasonable reproducibility in quantitative analyses. After all 

developments on the setup, the reproducibility of the results was tested with the use of 

the same sample under the same experimental conditions with exerted same temperature 

protocols as depicted in Figure 5.13. For this purpose, the HDPE sample with the addition 

of 0.1 wt% NA was used to determine the reproducibility. The addition of a nucleating 

agent in the HDPE sample would be expected to the increase temperature sensitivity of 

the inherently temperature-sensitive neat HDPE crystallization process. The evolution of 

dynamic moduli and crystallinity of 0.1% NA sample was determined by Rheo and NMR 

part of RheoNMR under identical quiescent crystallization conditions. In Figure 5.14a, 

the overlay of the repeated experiment results is demonstrated. The thermal expansion of 

the geometer was neglected by the conducted a zero-gap routine at 𝑇C temperature. 

Observed results with two consecutively repeated and add one more repeated experiment 

with a fresh sample were plotted in an error bar as shown in Figure 5.14. Resulting data 

was achieved within ~90% certainty at the time of gelation 𝑡gel (𝐺
′ = 𝐺′′) for the moduli 

and the 𝑋gel, and also at the final value of the moduli 𝐺∞
′  and the final crystallinity 𝑋C

∞. 

Achieved this result indicates the robustness and reproducibility of the analysis. 
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Figure 5.14: (a) Consecutively repeated two RheoNMR experiments with an HDPE sample which 

contents 0.1 wt% NA (0.1% NA) and then, the setup sample was taken out from the top of the 

setup without disassembling all setup. The experiment was repeated under the same conditions 

such as 𝑇𝐶 = 122 °C, 𝜔1 =1 rad/s, 𝛾0 =1% with loaded fresh sample (0.1% NA). (b) Repeated 

experiment results in Figure 5.14a displayed with an error bar and ultimately certainty was 

calculated as ~90% for the RheoNMR method at the time of gelation 𝑡𝑔𝑒𝑙 (𝐺
′ = 𝐺′′) for moduli 

and 𝑋𝑔𝑒𝑙, and also at the final value of the moduli 𝐺∞
′  and crystallinity 𝑋𝐶

∞ under no disassembled 

setup conditions. 
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6 In situ Correlation of Viscoelastic Behavior and Local 

Mobility of Neat and Nucleated HDPE Crystallization via 

RheoNMR  

In this chapter, crystallization of neat HDPE and addition of varying weight percent 

(wt%) nucleating agent (NA) into commercial HDPE samples under quiescent and 

shear/strain-induced crystallization conditions were investigated by using the RheoNMR 

characterization method. At the end of the quiescent and shear-induced crystallization of 

HDPE/NA blends, samples were taken out from the RheoNMR instrument for 

morphology analysis. The morphology analysis was done by scanning electron 

microscopy (SEM) in collaboration with Volker Zibat from the laboratory for electron 

microscopy in the Karlsruhe Institute of Technology (KIT). The taken samples from 

RheoNMR were also evaluated by x-ray diffraction (XRD) with cooperation Dr. Peter G. 

Weidler from the Institute of Functional Interfaces to see crystallinity and unit cell type. 

Additionally, Dr. Krassimir Garbev from Institute for Technical Chemistry (ITC) 

supported the study with the analyses of HDPE melting behavior under XRD observation. 

Lastly, Dr. Erich Müller from the Laboratory for Electron Microscopy (LEM) introduced 

the ImageJ software that was used for the conversion of the SEM images to FFT images. 

Some of the results with the theoretical background in the presented chapter and its 

subsections were published in the literature Özen et al. (2015, 2016). 

6.1 Introduction 

The nucleation and crystal morphology can be modified by directed processing conditions 

e.g., cooling rate, and by utilizing a nucleating agent (NA) into a polymer. The addition 

of NA promotes heterogeneous nucleation by providing a focal center which presents a 

surface on that the lamellae can grow epitaxially (Binsbergen 1977; Okada et al. 2007; 

Piorkowska and Rutledge 2013; Wittmann and Lotz 1981; Mercier 1990). Hence, the 

nucleation density and the overall crystallization rate are increased by added NA into the 

polymer. Nucleating agents are considered more effective for iPP compared to PE due to 

its inherent slower crystallization. High-density polyethylene crystallizes relatively 
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faster, owing to its linear structure with no or little branching, compare to other semi-

crystalline polymers e.g., iPP. Nevertheless, the nucleation of HDPE has a great interest 

in both the industrial and scientific points of the view to alter the physical properties of 

HDPE. For example, applications have shown that HPN-20E as a commercial NA has 

benefits during processing HDPE products, e.g., improved dimensional stability, cycle 

time reduction (~10%), productivity improvements (Seven et al. 2016; Jiang et al. 2012; 

Dotson 2007). A chemical structure of the calcium salt part of the HPN-20E can be seen 

in Figure 3.14a. The rod-shape of HPN-20E particles (see Figure 3.14b) allows the 

polymer crystals to orientate in the direction of flow during crystallization under shear 

(Seven et al. 2016; Dotson 2007). The detailed analysis of the impact of the NA content 

in HDPE on crystallization kinetics under controlled processing conditions was needed 

to be investigated due to the practical importance of the fundamental questions. 

In light of the requirement of crystallization analysis under controlled processing 

conditions, the unique low-field Rheo-NMR setup is a suitable method to investigate the 

time evolution of crystallization under the selected condition. The details of the low-field 

Rheo-NMR setup was mentioned in Chapter 5. The impact of applied large oscillatory 

shear or steady shear role on the crystallization kinetics and the final crystallinity of 

polymers or any bulk material e.g., fat can be investigated by RheoNMR. Moreover, the 

RheoNMR setup enables the correlation of macroscopic material properties and 

microscopic molecular dynamics under the same thermal and shear history. 

The sensitivity of flow-induced crystallization is increasing for PE samples with large Ð 

and high 𝑀𝑤. Therefore, a commercial HDPE sample with high 𝑀𝑤 and large Ð was used 

in this study (see Chapter 6.2 for sample details) to investigate the flow-induced 

crystallization and applicability of the RheoNMR method for fast crystallized samples. 

This work aims to investigate the effects of the HPN-20E amount in HDPE, on the 

crystallization kinetics of HDPE via RheoNMR. The raised several questions of both 

scientific and technological importance such as how do the crystallization process and the 

crystallization kinetics of the HDPE/NA blend sample affected by varying NA content 

and applied large deformation were discussed in this study. In particular, the effects of 

the critical parameters on the crystallization such as the temperature, steady shear, short 
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and long term applied large strain amplitude were examined for neat HDPE and 

HDPE/NA blends via using our unique combined RheoNMR experimental technique. In 

Chapter 6 all mentioned Rheo data belongs to the Rheo part of the RheoNMR. Similarly, 

all mentioned NMR results were determined by the NMR part of the RheoNMR. An 

Avrami model was used for analyzing the HDPE crystallization kinetics. The monitored 

crystallization data by RheoNMR were used for a potential new direction to correlate the 

gelation point with the degree of crystallinity, and with the half time of the crystallization 

process. Additionally, the DSC method was used as a supporting method of this study to 

investigate the accuracy of this new technique. Moreover, the microstructure analysis of 

the isothermally crystalized HDPE/NA samples was done by using XRD and SEM. 

6.2 Samples and their preparations 

Sample 

A commercial-grade of HDPE was supplied by LyondellBasell Polyolefine GmbH 

(Frankfurt, Germany). This HDPE was used in Chapter 6.3.1, Chapter 6.4.3 and Chapter 

9. This HDPE sample was mixed with NA to create HDPE/NA blends. The neat HDPE 

was called 0% NA in this study. It has a 𝑀w  = 182 kg/mol with Ð = 11.2.  

Another commercial HDPE with 𝑀w  = 189 kg/mol and Ð = 9 was supplied by 

LyondellBasell Polyolefine GmbH (Frankfurt, Germany). To analyze the steady shear 

effect on the isothermal crystallization kinetic experiments this HDPE sample was used 

as a shown study in Chapter 6.4.1. 

Additionally, two HDPE samples were synthesized by using ring-opening metathesis 

polymerization (ROMP). They were named as PE-1 and PE-2. The sample PE-1 has 

𝑀w  = 100.3 kg/mol with Ð = 1.52, and PE-2 has 𝑀w  = 71.6 kg/mol with Ð = 1.57. The 

𝑀w of the PE-1 and PE-2 are above the entanglement molecular weight 𝑀e  = 830 g/mol 

of the HDPE. These samples were used in the studies mentioned in Chapter 6.3.2 and 

Chapter 9. The synthesis of the samples was performed by Patrick-Kurt Dannecker from 

the group of Prof. Dr. Michael A. R. Meier in the Institute of Organic Chemistry, 

Karlsruhe Institute of Technology. 
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A commercial NA, cis-1,2-cyclohexane dicarboxylic acid, calcium salt (trade name: 

Hyperform HPN-20E), was supplied by Milliken Chemical. The chemical structure and 

SEM image of the organic part in HPN-20E are shown in Figure 3.5. This commercial 

NA contains one-third of zinc stearate which melts at 𝑇𝑚 =120 °C. While the zinc stearate 

is fully soluble in HDPE, the calcium salt-based NA remains solid in the molten HDPE. 

The 𝑇m of the used HDPE samples were as 𝑇m,0%NA  = 132 °C, 𝑇m,PE−1 = 127 °C, 

𝑇m,PE−2 = 128 °C via DSC. DSC measurements were done by using a 10 °C/min cooling 

and heating rate. The second heating run of the DSC measurement for each sample was 

used to calculate 𝑇m.  

Sample Preparation 

Extruder: A masterbatch composed of 10 wt% NA and 90 wt% of HDPE was melt-mixed 

in lab-scale co-rotating twin-screw extruder, the Minilab (Thermo Scientific Haake, 

Germany) for uniform dispersion of NA. The compounding temperature was 180 °C at 

60 rpm screw speed for 10 min processing time. A series of HDPE samples within a 

varying concentration of NA (see Table 6.1) were melt compounded in the extruder by 

adding the calculated amounts of HDPE into the prepared masterbatch. The neat HDPE 

was also extruded under the same conditions to have the same thermal and shear history 

as nucleated PEs for a reasonable comparison.  

Table 6.1: Preparation conditions for the HDPE with NA. 

PE samples name Amounts of NA (wt%) 

0% NA 0 

0.1% NA 0.1 

0.3% NA 0.3 

0.5% NA 0.5 

1% NA 1.0 

3% NA 3.0 

Laboratory press: The samples were press-molded under vacuum at 180 °C and ~20 bar 

pressure during 15 min in a Weber laboratory press to make 13 mm in diameter disks 

with ~1 mm thickness. 
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Etching protocol for SEM analysis: The amorphous regions on the surface of PE samples 

were removed by a prepared etchant which is an acidic solvent with permanganate 

(Sawyer, Grubb and Meyers 2008). The etchant required 3 wt% solution of KMnO4 in a 

mixture of 10 volumes H2SO4 (96 wt%), 4 volumes H3PO4 (85 wt%) and 1 volume water 

(H2O). Samples were kept in this acidic solution for 2 h at room temperature. Afterward, 

they were washed with distilled water. Then samples were preserved in acetone and ultra-

sonicated for 30 min to remove etch material. 

6.3 Quiescent crystallization  

6.3.1 Thermal behavior of the commercial HDPE  

Thermal optimization of polymer processing e.g., injection molding or plasticating 

extruder is significantly important for energy and time efficiency, and the final product 

quality (Vera-Sorroche et al. 2013). The RheoNMR was used to understand the 

temperature-dependence of isothermal crystallization of neat commercial HDPE. The 

sample does not contain a nucleating agent (NA), and thus, it is called as neat or 0% NA. 

The temperature and experimental protocol as depicted in Figure 5.5 for quiescent 

crystallization. The maximum 𝑇C was chosen as 124.5 °C due to experimental time 

limitation (see Chapter 5.1). The time off-set starts with the temperature change to the 𝑇C. 

Figure 6.1 displays the time evolution of the dynamic moduli and crystallinity in 

commercial HDPE for different 𝑇C. To avoid flow-induced crystallization with a time-

efficient measurement, suitable low deformation and frequency should be taken for 

quiescent crystallization. All the temperature dependency experiments were carried out 

with a low strain amplitude 𝛾0 = 1% and an angular frequency 𝜔1 = 0.5 rad/s. 

Experimental conditions and the sample name are always mentioned in the graphs. The 

used NMR condition was always constant for each experiment as described in Chapter 5. 

The dynamic moduli showed a stepwise increase during cooling due to the temperature 

dependence of the moduli. Meanwhile, neat HDPE sample started crystallizing which can 

be seen as an increase of 𝑋C in Figure 6.1. Additionally, even a 0.5 °C decrease in 𝑇C 

caused obvious faster crystallization process with an earlier rise in the dynamic moduli 

(determined by Rheometer) and in 𝑋C (determined by NMR). These observations 
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indicated the high sensitivity of neat HDPE crystallization towards temperature in the 

selected temperature range. Moreover, the observed crystallization during cooling as seen 

in Figure 6.1b indicated that the applied maximum available cooling rate for the 

RheoNMR setup was not high enough to stop crystallization during cooling at chosen 𝑇C. 

 
Figure 6.1: Simultaneous measurement of low-field RheoNMR data on the isothermal 

crystallization of 0% NA (neat HDPE) sample. (a) The dynamic moduli (𝐺′ and 𝐺′′), and (b) 

crystallinity (𝑋𝐶) evolution as a function of time at different crystallization temperatures 𝑇𝐶. 

The temperature drop trend in the sample during cooling was displayed in Chapter 5 see 

Figure 5.13. The required time to reach the desired crystallization temperature was 

approximately 6.7 min. Then, a sharp rise observed both in storage modulus 𝐺′ and 𝑋C 

with solidification. When the dynamic moduli reached a maximum stable value 𝐺∞
′ , final 

plateau, there was no change anymore on the macroscopic properties. However, the 

continuous evolution in microstructure was observed by NMR part of RheoNMR with an 

increase of 𝑋C which showed an ongoing secondary crystallization process. The crossover 

point of the dynamic moduli is known as gel point which point depends on the molecular 

composition of the sample, the existence of additives in the sample, as well as the 

crystallization condition e.g., 𝑇C, deformation history (Schwittay et al. 1995; Raghavan 

et al. 1996; Pogodina et al. 1999). This transition from a liquid state to solid-state, 

gelation, is a thermo-reversible process caused by interconnected crystals during 

crystallization (Schwittay et al. 1995; Pogodina et al. 1999; Coppola et al. 2006). At early 

stages of the crystallization, crystallites act as physical cross-links that link together 

several neighboring chains, and thus, causes the physical gelation (Gelfer and Winter 

1999). The required time for gelation is called as a “gel time”, 𝑡gel (Ratzsch et al. 2017; 
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Räntzsch 2018). The time 𝑡gel was used in this study to compare the measurements under 

different crystallization conditions. Another quantity was the required time of 

crystallization to obtain 𝑋C = 0.2 which was called as 𝑡0.2. The time 𝑡0.2 was assumed as 

almost equal to half time of the crystallization since the 𝑋C had approximately achieved 

half of its ultimate value as measured by NMR and DSC. In order to do the kinetic 

analysis, the Avrami model was fitted to the data up to 𝑋C = 0.2. Because of the observed 

crystallization during cooling, the zero time of the crystallization 𝑡0 was used instead of 

induction time 𝑡𝑖 in Avrami model (see Equation 3.47). Crystallization of the neat HDPE 

started during cooling. The 𝑋C = ~0.8% when the temperature reached at 𝑇C in ~400 s. 

Isothermal crystallization started with a lower slope than the slope of the crystallization 

during cooling when the temperature reached the 𝑇C. This stepwise change in the early 

crystallization part led to difficulties for the fitting Avrami model. Therefore, the off-set 

value was used as 0.008. To determine 𝑡0 effect on calculated Avrami parameters, the 𝑡0 

was kept as a free parameter for fitting the model to the NMR data. The 𝑡0 value was 

attained between 400 and 800 s except for 𝑇C = 124.5 °C as displayed in Figure 6.2a. 

However, the resulting 𝑡0 for 𝑇C = 124.5 °C was a negative value that was obviously a 

defect. Therefore, 𝑡0 values was decided to be determined as 400 < 𝑡0 < 800. When the 

𝑡0 value set as 400 s, and later on, 450 s, the resulting Avrami fit parameters was 

equivalent as in Figure 6.2b. However, when the 𝑡0 was chosen larger than 500 s, a 

reduction was observed in fit parameters (see Figure 6.2b) for lower 𝑇C. Resulting rate 

parameter K at 123.5 °C was lower than the calculated rate K parameter at 𝑇C = 124 °C, 

and that was meaningless since we can see the faster crystallization for lower 𝑇C. The 

reason for this was that missed the initial part of the classical S shape of crystallization 

curve by chosen larger 𝑡0 due to faster crystallization at lower 𝑇C. Consequently, the 

Avrami model was fit to all 𝑋C data up to 𝑋C = 0.2 with the set offset value as 0.008 and 

the set the 𝑡0 = 400 s. Each fit to the data was attained with a good value of coefficient 

of determination (CoD) number as CoD≥0.98. The coefficient of determination number 

ranges from 0 to 1, and indicates the better fit with the value close to 1.  

For further analysis, the monitored storage modulus 𝐺′(𝑡) was normalized 𝐺norm
′ . The 

Avrami model was fitted up to half of the 𝐺norm
′  curves as displayed in Figure 6.3. The 

shape of the 𝐺norm
′  evolution is known as a reflection of the overall crystallization in 
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consequence of 𝑇C and deformation 𝛾 (Khanna 1993; Pogodina et al. 1999; Dötsch et al. 

2003; Yu et al. 2009). Normalization of 𝐺′ was done by following equation: 

𝐺norm
′ =

𝐺′(𝑡)−𝐺0
′

𝐺∞
′ −𝐺0

′           (6.1) 

where 𝐺0
′  is the 𝐺′ value just before the sample started crystallizing. 

 

Figure 6.2: (a) The time zero 𝑡0, the time of the beginning of the crystallization, results of in 

Avrami model as a variable parameter. (b) Chosen 𝑡0 effects on calculated Avrami rate parameter 

K and the exponent n. The resulting 𝑡0 for 𝑇𝐶 = 124.5 °C was a negative value that was obviously 

a defect. Equivalent fit parameters were determined for 𝑡0 to 400 and 450 seconds. The needed 

time to reach 𝑇𝐶 was 400 seconds in our study regarding 𝑇𝐶  range. 

 
Figure 6.3: (a) Normalized 𝐺𝑛𝑜𝑟𝑚

′  determined by the Rheo part of the RheoNMR, and (b) relative 

crystallinity (𝑋𝐶 𝑋𝐶
∞⁄  ) evolution as a function of time as monitored by the DSC during isothermal 

crystallization at different crystallization temperatures 𝑇𝐶 for neat HDPE sample called 0% NA. 

The isothermal crystallization experiments were also done at the same 𝑇C via DSC method 

with a cooling rate 17 ° C/min that was the same cooling rate observed in RheoNMR 

measurement as displayed in Chapter 5, Figure 5.13 As mentioned in Chapter 5, the 
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cooling trend is divided into two regions as cooling and critical. This trend can be 

observed in almost all characterization techniques, The critical cooling part prevents to 

undershoot in the temperature from the target 𝑇C. It is difficult to establish the same 

critical cooling rate for different analysis techniques. Therefore, the cooling rate was 

chosen as 17 °C/min for all DSC isothermal crystallization experiments displayed in 

Chapter 6. The relative crystallinity (𝑋C 𝑋C
∞⁄  ) evolution by time depicted in Figure 6.3b. 

Calculated Avrami parameters separately from the Rheo and NMR part data of 

RheoNMR compared with the Avrami fit result of DSC data as seen in Figure 6.4. 

 
Figure 6.4: Comparison of calculated the Avrami rate parameter K and the exponent n depending 

on the 𝑇𝐶 based on the isothermal crystallization data collected by NMR (see Figure 6.1b) and 

Rheo part (see Figure 6.3a) of RheoNMR and DSC (see Figure 6.3b) for 0% NA. 

While Avrami exponent n reflects crystal growth mechanism e.g., heterogeneous and 

dimensionality of the crystals, the rate parameter K related to the nucleation rate, crystal 

growth rate. The K is extremely sensitive to 𝑇C (see Chapter 3.2.3). The extracted K from 

the data determined Rheo and NMR part of the RheoNMR decreased a factor of ~5 by an 

increase of Δ𝑇C = 1.5 °C. These indicate the high sensitivity of the PE crystallization 

sample towards 𝑇C which was presumably as a result of increased nucleation at the early 

stage of crystallization for lower 𝑇C. This trend in the K values determined from DSC data 

was slightly different, and values were ~0.04 min-1 larger compare to the results of the 

RheoNMR. The calculated K value from DSC data decreased to half within an increment 

of Δ𝑇C = 1 °C. In the DSC method sample size was 20 times smaller which eliminates 

the temperature gradients in the sample, and the critical cooling rate was different than 

RheoNMR which would affect crystallization kinetic. Moreover, the Avrami exponent n 
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was found between 2 and 2.5 for NMR and DSC results. The exponent n value indicated 

a mixture of one-dimensional (needle shape) and a-two dimensional (disc shape) crystal 

growth under the assumption of heterogeneous nucleation mechanism (Piorkowska and 

Rutledge 2013; Lorenzo et al. 2007). However, the resulted exponent n value from Rheo 

data was increasing from 3.3 up to 4 within the increase of ΔT = 1.5 °C. This n ≥ 3 values 

from Rheo data reflected a spherical crystal growth in the heterogeneous nucleation 

mechanism. This could be explained by varying the sensitivity scales in a sample for 

different methods. While the sensitivity of NMR relaxation is in local motion (0.2-2 nm) 

scale, this scale is macroscopic (≈1 mm) in rheological measurement. 

In addition to the Avrami model, the Foubert model (see Chapter 7 and Equation 7.5) was 

used to fit the complete crystallization curves. The Foubert model was developed to 

describe the temperature dependence of the crystallization parameter of the fat (Foubert 

et al. 2002; 2003). In this study, this model was used to describe HDPE crystallization 

behavior. Fitted crystallization curves monitored by different characterization techniques 

are presented in Figure 6.5. Better fitting performance (CoD ≥ 0.99) was achieved 

compared to the Avrami model with a quantitative description of complete isothermal 

crystallization behavior. The rate parameter 𝜐 of the Foubert model (see Figure 6.5d) 

showed almost the same values with the rate value K of the Avrami model for data 

attained by NMR and Rheometer. However, the extracted rate parameter 𝜐 from DSC 

data was almost half of the rate value of K. It is still possible to say that the trend of rate 

values achieved quite similar for both models. On the other hand, the exponent m values 

were found larger than 4 as seen in Figure 6.5d. Thus, it was not comparable with the 

exponent n of the Avrami model. The calculated m values from the DSC result was in 

between 28 and 87, which were not shown in Figure 6.5d. The reported m values were in 

the range between 3 and 6 for cocoa and milk butter at 𝑇C = 20 °C (Foubert et al. 2002).  

The m parameter was extracted as ~6 for coconut fat at 𝑇C = 19 °C in Chapter 7. Although 

the missing physical explanation of the parameter of the Foubert model, rate value 𝜐 was 

defined as the temperature dependence of the HDPE crystallization process as good as 

the Avrami rate parameter K. This study revealed that the Foubert model could be used 

to determine the rate of the overall polymer crystallization process. 
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Figure 6.5: The Foubert model (see Chapter 7) applied (red line) to complete crystallization 

curves of 0% NA. (a) The crystallinity 𝑋𝐶 determined by NMR part,and (b) the normalized 𝐺𝑛𝑜𝑟𝑚
′  

monitored via the Rheo part of the RheoNMR. (c) The relative crystallinity 𝑋𝐶 𝑋𝐶
∞⁄  development 

by time were determined via DSC. (d) Quantified kinetic parameters by the Foubert model. 

Parameters- m: exponent and 𝜐: rate constant. 

Further analysis was done by the calculation of the activation energy EC of segmental 

transport across to the crystallization site determined by using the Arrhenius approach 

(Khanna 1993). The activation energy of crystallization EC depends on the degree of 

crystallinity and the 𝑇C (Alvarez and Perez 2013). The slope of the plot of the rate of 

crystallization lnK versus the reciprocal of temperature should give –EC / R (Khanna 

1993; Praveen et al. 2014). This linear regression of the experimental data based on the 

deduced Avrami rate parameter was plotted in Figure 6.6. The calculated EC values were 

negative due to the crystallization process from the molten state of the sample (Khanna 

1993). The extracted EC values from the data of Rheo and NMR part of RheoNMR were 

-1530 kJ/mol and -1446 kJ/mol respectively. However, the calculated EC value using DSC 

data was -974 kJ/mol. Wang and Zhang (2014) reported the EC = -270 kJ/mol for the non-

isothermal crystallization of HDPE at 𝑋C = 10%, and the value increases to -70 kJ/mol at 
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𝑋C = 80%.  Beside the commonly studied non-isothermal conditions, there are some 

studies for isothermal conditions as well. Blaine (2008) reported the EC = -948 kJ/mol 

for isothermal crystallization of PP based on the DSC experiment. On the other hand, the 

EC of iPP was determined as -317 kJ/mol by using the reported NMR data of the 

RheoNMR method in the study of Räntzsch et al. (2019). In that study, the K value of iPP 

decreased factor of 3 within raised Δ𝑇C = 4 °C. On the other hand, the factor of 3 

decreased in the K value of HDPE in this study was observed within increased only of 

Δ𝑇C = 1 °C. In this manner, the difference in EC,HDPE and EC,iPP could be related to the 

high sensitivity of HDPE crystallization toward 𝑇C. 

 
Figure 6.6: Comparison of calculated the activation energy of crystallization EC values from the 

linear regression of the Avrami rate parameter lnK versus inverse 𝑇𝐶 from the obtained 

temperature dependency results of 0% NA via Rheo and NMR part of RheoNMR and DSC 

methods. 

Moreover, the gel time 𝑡gel can be taken as a reference state to see the influences of 

experimental conditions e.g., 𝑇C on materials properties (Schwittay et al. 1995). Figure 

6.7 shows the direct correlation of  both the 𝑡0.2 and the absolute crystallinity value 𝑋C,gel 

at the 𝑡gel with tgel for different 𝑇C in RheoNMR assay. The correlation between 𝑡0.2 and 

𝑡gel was achieved in a linearly related as 𝑡0.2 = 4𝑡gel. Additionally, the absolute 

crystallinity value 𝑋C,gel was below 4% at 𝑡gel. The relative crystallinity at gel point was 

reported for iPP as ~2% (Pogodina et al. 1999). According to a study of Schwittay et al. 

(1995), 𝑋C,gel lies between 6 and 15 % for iPP. A similar range was observed for iPP 

sample in the study of Pogodina and Winter (1998), and the Ph.D. study of Räntzsch 



 

95 

 

(2018). The extracted 𝑋C,gel range for HDPE was found slightly lower compared to 

reported 𝑋C,gel range for the iPP.  

 
Figure 6.7: Direct correlation of the time of crystallization 𝑡0.2 at 𝑋𝐶 = 0.2 and the absolute 

crystallinity value 𝑋𝐶,𝑔𝑒𝑙 at the crossover time 𝑡𝑔𝑒𝑙 with 𝑡𝑔𝑒𝑙 for different 𝑇𝐶 assays of 0% NA by 

RheoNMR. The required time needed to reach 𝑇𝐶 (𝑡0 =  6.7 min) was removed for plotting Figure 

6.6. 

 
Figure 6.8: Loss tangent tan(𝛿) and relative third harmonic (I3/I1), reflects nonlinearity, as a 

function of (a) crystallinity 𝑋𝐶 and (b) time for the different 𝑇𝐶 isothermal crystallization 

RheoNMR assays of 0% NA. The required time for cooling 𝑡0 = 6.7 min was removed for plotting 

Figure 6.8b. 

Another quantity is the relative intensity of the third harmonic 𝐼3/1. It is sensitive to 

physical changes during isothermal crystallization (Dötsch et al. 2003) and reaches a 

maximum around the gel point (𝐺′ = 𝐺′′). Additionally, the maximum of the 𝐼3/1 is also 

relevant with nonlinear rheological behavior. The relationship between nonlinearity and 

gel point could be related to the maximum fluctuation in the density (Pogodina et al. 
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1999). Besides, the maximum of  𝐼3/1  is related to the 𝑡gel that can be extracted by the 

loss tangent tan(𝛿) = 1 (Ratzsch et al. 2017; Räntzsch 2018). The tan(𝛿) and the 

𝐼3/1 development with 𝑋C and time during isothermal crystallization of the neat HDPE 

are visualized in Figure 6.8a-b. The maximum of the 𝐼3/1 was attained right after 𝑡gel 

which can be approximately determined by the tan(𝛿) = 1. 

 
Figure 6.9: (a) Correlation of dynamic moduli (𝐺′, 𝐺′′) and crystallinity 𝑋𝐶 and (b) vice versa. 

Moreover, directly correlated dynamic moduli and crystallinity as a function of time 

under the same thermal and shear history condition were exhibited temperature 

dependence as displayed in Figure 6.9. Besides the shown correlations in Figure 6.9, 

another way of this correlation can be with the relationship between the reduced storage 

modulus  
𝐺′

𝐺0
′  and 𝑋C as depicted in Figure 6.10. Modeling of this directly correlated  

𝐺′

𝐺0
′ 

and 𝑋C can be done by the theories in Table 8.3 (see Chapter 8) based on the similarities 

between suspension and semi-crystal polymeric systems. In addition to these theories, 

another suspension model extended Einstein was reported by Räntzsch et al. 2019. This 

model is created by combining the Einstein model (see Table 8.3) and the power-law 

model (see Equation 7.3). The extended Einstein formula can be expressed as follows: 

𝐺′

𝐺0
′ = 1 + 2.5𝑋C + 𝐷′𝑋C

𝐶′     (6.2) 

where 𝐺0
′  is the 𝐺′ value at the 𝑡0, the 𝐷′ indicates the dynamic range of 𝐺′, 𝐶′ is related 

to the self-organization of growing crystals.  
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Figure 6.10: Correlation among the reduced storage modulus 
𝐺′

𝐺0
′ and crystallinity 𝑋C for different 

𝑇C. Suspension models describe the plot up to 𝑋𝐶 = 20% (a) Einstein, extended Einstein 

(Equation 6.2), power-law, Batchelor-Green (see Table 6.2). (b) Tried other suspension models 

that did not describe the correlated plot: Einstein, Krieger-Dougherty, Quemada, Modified 

Eilers, Money (see Table 8.3). 

Table 6.2: Results of the fitted models in Figure 6.10a. 

         Fitted models 

 

 

Experiment  

Conditions 

Extended 

Einstein 

(Equation 6.2) 

Batchelor-Green 

𝐺′

𝐺0
′ = 1 + 2.5𝑋C + 𝑘H𝜙

2 

Power-law 

𝐺′

𝐺0
′ = 𝜓𝑋C

p 

𝑇𝐶 𝐷′ 𝐶′ 𝑘H  𝑝  𝜓 

123 

123.5 

124 

124.5 

1738 1.4 5086 1.38 1690 

2667 1.68 4660 1.65 2572 

2637 1.71 4425 1.67 2480 

3401 1.92 3907 1.88 3224 

Suspension models were fitted up to 𝑋C = 20% (see Figure 6.10). The Einstein model 

describes the very dilute suspension system (Einstein 1906, 1911). Therefore, Einstein 

model shows a good fit up to 𝑋C = 4.5%. Although the models Mooney, Krieger-

Dougherty, Modified Eilers and Quemada were proposed for concentrated suspensions, 

they did not describe the isothermal crystallization of neat HDPE. Other suspension 

models such as Batchelor-Green, power-law, extended Einstein models provided good 

fits until 𝑋C = 20%. Table 6.3 shows the extracted fit parameters for different 𝑇C. The 

exponents 𝐶′ and 𝑝 were in a similar trend with increasing values by raised 𝑇C. 
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Additionally, the parameter 𝐷′ and 𝜓 also showed similar trends. Values 𝐷′ were 

calculated in the range of 3 to ~5 % larger compared to 𝜓. The Batchelor-Green model`s 

parameter 𝑘H = ~6 was known value for Brownian motion dominated suspension 

systems (Mendoza and Santamaría-Holek 2009). The extracted 𝑘H > 6 values may be 

related to crystal size, the impingement of the crystal particles and high the nucleation 

density in the crystalizing PE. Experimental results showed that increasing 𝑇C decreased 

the 𝑘H value. 

6.3.2 Thermal behavior of the synthesized HDPE 

The used HDPEs in this section were synthesized by Patrick-Kurt Dannecker (Institute 

of Organic Chemistry, KIT) with using the ring-opening metathesis polymerization 

(ROMP) (see Chapter 9), and they are called PE-1 and PE-2. The thermogravimetric 

(TGA) analysis of PE-1 and PE-2, as displayed in Figure 6.11, was done to know the 

amount of the metallic based catalyst residual. Results were compared with the 

commercial neat HDPE (0% NA). All three HDPE samples were found stable up to 400 

°C. The remained masses were less than 3 % for all the PE samples at 780 °C. 

The RheoNMR isothermal quiescent crystallization experiments were exerted at different 

𝑇C to investigate the temperature dependency of crystallization for the PE-1, PE-2 

samples with the same temperature routine as represented in Figure 5.5. The evolution of 

the dynamic moduli and crystallinity as a function of the time were monitored by the 

RheoNMR method. Figure 6.12 depicts an isothermal crystallization behavior of the PE-

1 and PE-2 samples for the varying 𝑇C at 𝛾0 = 1% and 𝜔1 = 1 rad/s. The used 

experimental condition details in the NMR part was noted in Chapter 5. As a point of the 

theory that PE with larger 𝑀w crystallizes slower compare to samples with low 𝑀𝑤 due 

to less chain mobility (Peacock 2000). The 𝑋C level remains constant until 𝑀n ≈ 105, and 

then, it decreases with increasing 𝑀n for the linear PE (Mandelkern 2004b). The results 

support the theory with the low 𝑀w sample PE-2 crystallized faster than higher 𝑀w 

sample PE-1. While the maximum crystallinity 𝑋𝐶
∞ was ~84% for PE-2 at 𝑇C = 124 °C, 

the 𝑋C
∞ was ~80% for PE-1. In the previous section for the same 𝑇C = 124 °C, the 𝑋C

∞ was 

~35% for the commercial HDPE sample (0% NA).  
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Figure 6.11: The results of thermogravimetric analysis (TGA) for commercial HDPE (0% NA), 

PE-1, and PE-2. 

All 𝑋C and 𝐺norm 
′  curves were fitted well with the Avrami model up to 50% of the final 

crystallinity as 𝑋C = 0.4. Although the crystallization observed during cooling, it was not 

a stepwise increase in the 𝑋C until the temperature reached 𝑇C as it was the behavior in 

the previous section. Thus, the set 𝑡0 the parameter was not used when the Avrami model 

was fitted to the data. The Foubert model was also fitted to the same curves for analyzing 

the overall crystallization rate. It is of interest at this point to compare the derived Avrami 

and the Foubert model fit parameters as displayed in Figure 6.13. Regarding the extracted 

K parameter, (see Figure 6.13a), the PE-2 sample crystallized almost two times faster than 

PE-1. Lowering the 𝑇C by 1 °C accelerated the crystallization factor by 2 for PE-1 and by 

1.5 for PE-2. Additionally, extracted Foubert rate parameters 𝜐 (see Figure 6.13b) from 

NMR data showed that PE-1 and PE-2 crystallized two times faster crystallization for a 

1 °C reduction in the Δ𝑇C. Determined 𝜐 parameter from 𝐺norm 
′ curves indicated that when 

the Δ𝑇C  was reduced 1 °C for both samples, overall crystallization accelerated factor by 

1.5. The extracted Avrami index n values from 𝑋C curves are shown in Figure 6.13c, and 

values were remained constant at ~2.4 in the used temperature range. These results 

indicated a disc shape crystal growth under the assumption of a heterogeneous nucleation 

mechanism. However, extracted n values from 𝐺norm 
′  curves increased from 3.5 to 7 for 

PE -1 and from 2.3 to 4 for PE-2 within 1.5 °C increase in Δ𝑇C. The 𝑇C effect on the n 

values is strong for extracted values from 𝐺norm 
′ . Since all the 𝑋C curves reached the final 

plateau 𝑋C
∞, the correlation between the half time 𝑡1/2 as a function of 𝑡gel was possible, 

and this relationship is shown in Figure 6.14. The correlation between 𝑡1/2 and 𝑡gel was 
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achieved in a linearly related as 𝑡0.2 = ~3𝑡gel. Besides, Figure 6.14b shows that the 

absolute crystallinity 𝑋C,gel at 𝑡gel was stable, and the determined 𝑋C,gel < 4% for both 

samples.  

 
Figure 6.12: (a)-(b) The dynamic moduli (𝐺′ and 𝐺′′), and (e)-(f) crystallinity (𝑋𝐶) evolution as 

a function of time for varying 𝑇𝐶 for PE-1, PE-2. (c)-(d) Normalized 𝐺𝑛𝑜𝑟𝑚 
′  (see Equation 6.1) 

during isothermal crystallization of PE-1 and PE-2. Results were monitored by RheoNMR. 
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Figure 6.13: Comparison of extracted (a) Avrami rate parameter K, (b) Foubert rate parameter 
𝜐 and (c) the Avrami exponent n as a function of the 𝑇𝐶 based on the 𝑋𝐶 data determined by the 

NMR and the 𝐺𝑛𝑜𝑟𝑚 
′  monitored by Rheo part of RheoNMR.  

 
Figure 6.14: (a) Direct correlation of half time of crystallization 𝑡1/2 and 𝑡𝑔𝑒𝑙 for varying 𝑇𝐶. (b) 

The crystallinity value 𝑋𝐶,𝑔𝑒𝑙 at the 𝑡𝑔𝑒𝑙 as a function of the 𝑇𝐶  for the RheoNMR isothermal 

crystallization of synthesized PE samples. 
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6.3.3 Thermal behavior of the neat HDPE and HDPE/NA blends 

Nucleating agents (NAs) are commonly used to raise 𝑇𝐶 and reduce the cycle time in the 

injection molding process. As a result of NA addition into the polymer, a higher amount 

of smaller evenly sized crystals occur compare to the neat polymer material. The higher 

amount of the NA increases the nucleation density; however, it is not in a linear 

correlation. Commonly used NA concentration range is 0.5 to 5 wt% (Seven  et al. 2016). 

Additionally, it was reported that the addition of NA into polymer accelerates the primary 

crystallization rate, although the secondary crystallization rate stays constant 

(Mandelkern 2004a).  

The temperature dependence of the isothermal crystallization for varying HDPE/NA 

blends is important to understand the primary crystallization kinetics as a function of the 

added NA content. Therefore, the RheoNMR isothermal crystallization experiments were 

carried out under varying 𝑇𝐶. Thermal and shear history of the sample cleaned every time 

with keeping the sample for 20 min at 180 °C. When the neat HDPE sample loaded, 

temperature-dependent and flow-induced crystallization (see Chapter 6.4.3) experiments 

were all done on the same sample. Then, the sample was taken out from the top of the 

setup and another sample e.g., 0.1% NA was loaded. Thus, the RheoNMR set up was 

never disassembled until the end of all the mentioned experiments in Chapter 6.3.3 and 

Chapter 6.4.3. Therefore, monitored results were comparable with each other. While the 

monitored dynamic moduli development by the time of neat and HDPE/NA blend 

samples are shown in Figure 6.15, the simultaneously measured 𝑋𝐶 evolution during 

crystallization is shown in Figure 6.16. By increasing the NA content to 3wt%, the 

maximum of the 𝐺′modulus (𝐺∞
′ ) decreased from 4 𝑥 106 to almost 2 𝑥 106 Pa. When the 

𝐺′ of 3% NA sample reached maximum 𝐺∞
′ , a sharp decrease was observed in the 𝐺′. 

This is because of the lost contact between the rheometric tool and the sample due to 

shrinkage of the sample. Thus, the slippage was observed and shown with grey color in 

Figure 6.15f. For all the HDPE/NA blends although the dynamic moduli reached a 

maximum stable value 𝐺∞
′ , further rising 𝑋𝐶 curves indicated a progressing secondary 

crystallization. The crystallization of the samples started during cooling in the 𝑋𝐶 results. 

A stepwise like increase was observed in the 𝑋𝐶 results during cooling as observed similar 

behavior in Chapter 6.3.1. This made the Avrami model fitting difficult to the data. Thus, 
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the set value of 𝑡0 = 0.008 parameter was used when the Avrami model was fitted to the 

𝑋𝐶 data (see Figure 6.16) up to 𝑋𝐶 = 0.2.  

 

Figure 6.15: The dynamic moduli (𝐺′ and 𝐺′′) evolution as a function of time at varying 𝑇𝐶 for 

(a) 0% NA (neat HDPE) and HDPE/NA blend samples as (b) 0.1% NA, (c) 0.3% NA, (d) 0.5% 

NA, (e) 1% NA, and (f) 3% NA. 

The Avrami model was also fitted to the 𝐺norm
′  curves up to half of them as shown in 

Figure 6.17. Additional to the RheoNMR experiment, the DSC method was used as a 

supporting characterization technique. The observed cooling rate (17 °C/min) in the 
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sample for the RheoNMR experiment was used in the DSC experiments. The DSC results 

for the neat and HDPE/NA blends are shown in Figure 6.18.  

 
Figure 6.16: The crystallinity (𝑋𝐶) evolution as a function of time at different 𝑇𝐶 for (a) 0% NA 

(neat HDPE) and HDPE/NA blend samples as (b) 0.1% NA, (c) 0.3% NA, (d) 0.5% NA, (e) 1% 

NA, and (f) 3% NA.  

Calculated relative crystallinity 𝑋C 𝑋C
∞⁄  was fitted by Avrami model up to 𝑋C 𝑋C

∞ ⁄ = 0.5. 

Additionally, the Foubert model was fitted to complete crystallization curves shown in 

Figure 6.16, Figure 6.17 and Figure 6.18 for all samples to determine the overall 

crystallization rate. The deduced kinetic parameters from DSC results were compared 
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with the calculated kinetic parameters from 𝑋C and 𝐺norm
′  data. The rate parameters are 

displayed in Figure 6.19. 

 
Figure 6.17: Normalized storage modulus (𝐺𝑛𝑜𝑟𝑚

′ ) evolution as a function of time at varying 𝑇𝐶 

for (a) 0% NA (neat HDPE) and HDPE/NA blend samples as (b) 0.1% NA, (c) 0.3% NA, (d) 0.5% 

NA, (e) 1% NA, and (f) 3% NA. 

In all methods, the rate of crystallization K was accelerated by increasing NA content in 

the HDPE sample. This behavior manifested itself as a decrease in 𝑇C as well. The Avrami 

and Foubert models could not be precisely fitted up to 50% of the final value in 𝑋C and 
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𝐺norm
′  data for the sample 3% NA due to the fast crystallization which caused fewer data 

points. Therefore, the calculated rate parameter was either low or absent (see Figure 

6.19a-b-e-f). The calculated rate parameter 𝜐 by fitting complete curves of Rheo data 

showed the largest value as ~2.3 for 3% NA among the sample set. The Foubert model 

provided a good description of Rheo data with CoD ≥0.99  than NMR and DSC data. The 

results suggested that the addition of NA possibly promoted the number of nucleation. 

 
Figure 6.18: The relative crystallinity (𝑋𝐶 𝑋𝐶

∞⁄ ) development as a function of time determined by 

the DSC measurement at varying 𝑇𝐶 for (a) 0% HDPE (neat HDPE) and HDPE/NA blend samples 

as (b) 0.1% NA, (c) 0.3% NA, (d) 0.5% NA, (e) 1% NA, and (f) 3% NA. 
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Figure 6.19: Rate parameters for neat HDPE and HDPE/NA blends by Avrami model from the 

data of (a) Rheo and (b) NMR part of RheoNMR method and additionally (c) DSC method. 

Calculated the overall crystallization rate parameter via the Foubert model fitting to the data of 

(d) Rheo and (e) NMR part of the RheoNMR and (f) DSC method. The scale of y ax in Figure 

6.19d is different than others. Parameters- K: Avrami rate and 𝜐: Fobert rate constant. 

 
   Figure 6.20: Comparison of the calculated Avrami exponent n based on (a) Rheo and (b) NMR 

part of RheoNMR, and (c) DSC data at varying 𝑇C for 0%NA and HDPE/NA blends. 

It is well known that, when NA is present, the nucleation mechanism becomes 

heterogeneous (Okada et al. 2007; Piorkowska and Rutledge 2013). Depending on its 

content in the polymer, the presence of NA in the polymer may complicate the crystal 

growth because it limits normal crystal growth (Lee et al. 2008). Figure 6.20 shows a 
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comparison of the calculated Avrami exponent n values based on the NMR, Rheo and 

DSC data. Decreasing 𝑇C caused a slight reduction in n values as seen in Figure 6.20a-c. 

The dimensional n tended to a decrease by increasing NA content up to the 0.3 wt% and 

stayed stable for further increased NA content (see Figure 6.20c). While the calculated n 

values from Rheo data were larger than 3 at 124.5 °C, the extracted n values from NMR 

and DSC results were slightly smaller i.e., ~2.  

Another measure is that the activation energy of crystallization (EC) values of the primary 

crystallization of the HDPE/NA blend. Previous studies on EC values have been 

commonly reported on the changes by additive content under the non-isothermal 

crystallization conditions. Wang and Zhang (2014) reported the EC = -250 kJ/mol for neat 

HDPE, and this value decreased up to -420 kJ/mol for HDPE/TiO2 at 𝑋C 𝑋C
∞⁄ = 10% 

under non-isothermal condition. Huang et al. (2008) reported similar behavior as 

observed decreasing EC trend at a given 𝑋C 𝑋C
∞⁄  with comparison of neat HDPE and 

HDPE/CaCO3 blend under again non-isothermal conditions. Beside the non-isothermal 

studies, Lee et al. (2008) reported the EC values under isothermal crystallization of 

polylactic acid (PLA)/clay nanocomposite and PLA/clay/regenerated cellulose fiber 

(RCF) composite as -57.52 and -108.06 kJ/mol, respectively. The results suggested that 

the PLA/clay/RCF hybrid composite was more temperature-dependent, although the 

observed half time 𝑡0.5 of crystallization was shorter at higher 𝑇C for PLA/clay 

nanocomposite.  

The changes in deduced EC values as a function of the NA content are depicted in Figure 

6.21. The extracted EC from DSC data stayed relatively constant at -1000 kJ/mol within 

the relative error ±10%. The calculated EC values from RheoNMR data (Rheo and NMR 

data) increased by rising NA content in the HDPE/NA blend. These results can be 

interpreted that the temperature dependence of the crystallization for samples 0% NA, 

0.1% NA and 0.3% NA was higher than the others. This interpretation can be supported 

with the following correlation between 𝑡0.2 and 𝑡gel for neat HDPE and HDPE/blends as 

seen in Figure 6.22. In this correlation, the distance between the data of neat HDPE for 

varying 𝑇C was the largest. Then, the distance between the data was decreasing by 

increasing NA content in HDPE/NA blends. This difference in the EC for Rheo and the 
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NMR data of the RheoNMR and DSC method is presumably relevant with the 

temperature gradient in the larger RheoNMR sample amount. 

.  

Figure 6.21: Comparison of the deduced the activation energy of crystallization (EC) values for 

the primary crystallization based on the data of Rheo, NMR and DSC method as a function of NA 

content in HDPE/NA blends.  

 
Figure 6.22: Direct correlation of the time of crystallization 𝑡0.2 at 𝑋𝐶 = 0.2 with 𝑡𝑔𝑒𝑙 for varying 

𝑇𝐶 in between 123 and 124.5 °C assays of RheoNMR for 0% NA and HDPE/NA blends. 

Additionally,  a linear relationship was determined between 𝑡0.2 and 𝑡gel for varying 𝑇C 

as displayed in Figure 6.22. The slope of the data for each sample was between 5.4 to 2.6. 

Except for samples 0.1% NA and 0.5% NA, the slope decreased by increasing the NA 

ratio in HDPE. Addition of 3 wt% NA into HDPE sample decreased 𝑡gel to half and 𝑡0.2 

to almost one third at constant 𝑇C. In this correlation, not only a decrease in both 𝑡0.2 and 

𝑡gel was achieved, but also the time values 𝑡0.2 and 𝑡gel became closer to each other for 

varying 𝑇C by increasing the NA amount in the HDPE sample.  
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The analysis was extended to correlate the 𝐼3/1 with 𝑋C as seen in Figure 6.23a. The peak 

maximum was observed in 𝐼3/1 at around the 𝑡gel, which was equivalent with the time at 

the loss tangent tan(𝛿) = 1 (𝑡tan (δ)). Therefore, the peak value of 𝐼3/1 and 𝑡tan (δ) = 𝑡gel 

correlation can be shown in Figure 6.23b. Resulting data showed an exponential decay 

like change that decreasing the peak maximum value of nonlinearity (𝐼3/1) and meanwhile 

increasing the 𝑡tan (δ) = 𝑡gel was observed by lowering the NA amount in HDPE and by 

decreasing 𝑇C. 

 
Figure 6.23: (a) The relative intensity of third harmonic 𝐼3/1 change by 𝑋𝐶 evolution of 0% NA 

and HDPE/NA blends. (b) The peak maximum of the 𝐼3/1 as a function of the 𝑡𝑡𝑎𝑛 (𝛿) = 𝑡𝑔𝑒𝑙 for 

varying 𝑇𝐶 results of 0% NA and HDPE/NA blends. 

Another aspect of crystallization dynamic of HDPE/NA blends was the correlation of the 

reduced storage modulus 
𝐺′

𝐺0
′ with 𝑋C which can be described well by fitting some of the 

suspension models up to 𝑋C = 20% as seen in Figure 6.24. Especially the power-law and 

extended Einstein models showed a better fitting performance to the HDPE/NA blends 

data with CoD ≥ 0.99 compared to the Batchelor-Green model. Table 6.4 shows the 

extracted fit parameter from the data of HDPE/NA blends at 𝑇C = 123 °C shown in Figure 

6.24. As mentioned in the previous section 6.3.1, the exponents 𝐶′ and 𝑝 were the same 

and the extracted value was almost constant as ~2.1 for nucleated HDPE samples. This 

exponent value was 1.4 for the neat HDPE sample. When the parameter 𝐷′ and 𝜓 

compared, they both showed a similar trend with close values. 
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Figure 6.24: Correlation among the reduced storage modulus 
𝐺′

𝐺0
′ and crystallinity 𝑋C at  𝑇C =

 123 °C for neat HDPE and HDPE/NA blends and fitted suspension models up to 𝑋C = 20% as 

follows: Einstein, extended Einstein (Equation 6.2), power-law, Batchelor-Green (see Table 6.2). 

(b) A closer look of Figure 6.23a. 

The Batchelor-Green model described the correlation behavior of 
𝐺′

𝐺0
′ with 𝑋C good for 

HDPE/NA blends sample except for the 5% NA and neat HDPE samples. An increasing 

𝑘H trend was observed within increased NA content in the HDPE/NA blend, except 5% 

NA and neat HDPE samples. Consequently, the transition from the Einstein model was 

observed at around 𝑋C = 4%.  

Table 6.3: Results of the fitted models in Figure 6.24a. 

         Fitted models 

 

Experiment  

Conditions 

Extended 

Einstein 

(Equation 6.2) 

Batchelor-Green 

𝐺′

𝐺0
′ = 1 + 2.5𝑋C + 𝑘H𝜙

2 

Power-law 

𝐺′

𝐺0
′ = 𝜓𝑋C

p 

NA amount (wt%) 𝐷′ 𝐶′ 𝑘H  𝑝  𝜓 

0.0 

0.1 

0.3 

0.5 

1738 1.4 5086 1.4 1690 

5670 2.3 3151 2.3 5194 

5882 2.0 5189 2.0 5621 

5205 2.2 3513 2.2 5283 

1.0 6034 2.2 4408 2.2 5760 

3.0 4236 1.9 4411 1.9 4037 
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6.4 Shear-induced crystallization  

The prediction of the flow effects on crystallization and their relationship is important for 

both industrial and scientific interests. Stress and strain are well accepted as influencer 

parameters on crystallization kinetics and crystallinity (Pogodina and Winter 1998; 

Pogodina et al. 1999; Tanner and Qi 2005). While quiescent crystallization experiments 

typically carried out with low strain 0.01-0.03, the larger strain could induce the 

crystallization process of the polymers (Pogodina and Winter 1998). This chapter, 

shearing flow types and duration effects on the isothermal crystallization describes. 

6.4.1 Steady shear effect on isothermal crystallization of neat HDPE  

The steady shear is the most commonly used flow type in polymer crystallization studies. 

The steady shear is generally applied to the sample after cooling when the temperature 

reaches to the 𝑇C. In this study, the application of steady shear was just at the beginning 

of the experiments when the sample was still molten. Only in one experiment the steady 

shear �̇� = 2 s-1, during a total 11 s was applied 2 min after the experiment started, and this 

experiment was shown with a “*” as a top index. After the �̇� was applied, the experiment 

was continued using the settings of 𝛾0  = 1% and 𝜔1  = 1 rad/s. 

For this study, even the low steady shear was also tried to be applied after cooling. 

However, the rheometer was overloaded, and hence, the experiment was stopped 

automatically. Additionally, the application of �̇� ≥ 16 s-1 at the beginning of the 

experiment was not possible because the sample flowed out from the gap and stacked to 

the NMR coil.  Thus, the experimental limitation was revealed.  

In this chapter, all experiments were done by RheoNMR with the commercial neat HDPE. 

The temperature and the experimental protocol were the same as the previously 

mentioned protocols (see Chapter 5.2 and Chapter 6.3) except for the existence of the 

application of steady shear. The RheoNMR set up was not disassembled until the end of 

all shown experiments in this section. Therefore, the designated results were comparable. 

The temperature-dependent experiments for HDPE sample were done; and 

simultaneously measured dynamic moduli, the 𝐼3/1, and the 𝑋C were represented in Figure 

6.25. Faster crystallization was observed with decreased 𝑇C, and the final crystallinity was 
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higher Δ𝑋C
∞ = 0.5 for each 1 °C decreased in 𝑇C. The Avrami and the Foubert model were 

used to determine kinetic parameters. Nonlinearity was indicated with a peak of 𝐼3/1 at 

closer to the 𝑡gel. The peak value of 𝐼3/1 was higher for lower 𝑇C. Avrami model was 

fitted up to 𝑋C = 0.1 for all 𝑋C curves which were approximately half of the final 

crystallinity for the 𝑇C = 122 °C. 

Previous studies reported that the application of even small shear rates significantly 

accelerates the crystallization (Tanner and Qi 2005). According to Vleeshouwers and 

Meijer (1996), the shorter time shearing with a larger shear rate appeared to be a more 

effective way of acceleration crystallization. The simultaneously acquired 𝐺′, the 𝐼3/1 and 

the 𝑋C are shown for the application of steady shear experiments in Figure 6.26. For these 

experiments, 𝐼3/1 showed a sharp rise at the moment when steady shear applied. 

Application of the steady shear caused faster crystallization and led to reach the 𝐺∞
′  in 

~20 minutes earlier compared to the quiescent crystallization experiment at the same 𝑇C. 

Besides, an increment in Δ𝑋C
∞ = 0.5 was found for application of shear rate �̇� ≥ 2 s-1.  

 
Figure 6.25: Temperature-dependent isothermal crystallization experiments of HDPE. 

Simultaneously monitored (a) dynamic moduli (𝐺′ and 𝐺′′) with the relative intensity of third 

harmonic 𝐼3/1 and (b) the crystallinity 𝑋𝐶 development by time measured by RheoNMR. Kinetic 

analyses were done by using Avrami and Foubert model represented red and black lines, 

respectively.  

The Avrami and Foubert model was used to fit the 𝑋C and the 𝐺𝑛𝑜𝑟𝑚
′  results, which 

displayed in Figure 6.27, of steady shear and temperature-dependent experiments. The 

calculated fitting parameters from 𝐺norm
′  and 𝑋C curves are displayed in Figure 6.28. With 

decreasing 1 °C in 𝑇C led to 3 times faster crystallization which was indicated by an ~3 

times the larger K and 𝜐 values. The varying 𝑇C did not result in a change of the n = ~1.5 
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value. The applied �̇� = 2 s-1 during 11 s accelerated the crystallization and led to an 

increase in K and v factor of ~2.5. The calculated K and v from Rheo data were indicated 

more pronounced acceleration with a factor of ~4 increase by applied �̇� = 16 s-1, 11 s and 

2 s-1, 11 s*. Although the 𝑋C  and the 𝐺norm
′  curves of for the 2 s-1, 11 s* experiment were 

almost overlapping with the �̇� = 16 s-1, 11 s data, the K parameter was calculated almost 

half the value of the �̇� = 16 s-1, 11 s experiment. This could be due to the monitored less 

data point in 𝑋C development because of the fast crystallization. 

 
Figure 6.26: Applied steady shear effects on (a) the storage modulus 𝐺′ with the relative intensity 

of third harmonic 𝐼3/1, and (b) the crystallinity 𝑋𝐶 of HDPE at 𝑇𝐶 = 122 °C. Kinetic analyses 

were done by using Avrami and Foubert model represented red and black lines, respectively. The 

named 2 s-1, 11 s* steady shear experiment was applied during cooling at 2nd min of the 

experiment, while the rest of the steady shear was applied at the beginning of the experiment. 

 
Figure 6.27: (a) Applied steady shear effect on the normalized storage modulus 𝐺𝑛𝑜𝑟𝑚

′  at 122 °C. 

The named 2 s-1, 11 s* steady shear experiment was applied during cooling at 2nd min of the 

experiment, while the rest of the steady shear was applied at the beginning of the experiment. (b) 

The temperature-dependent results of the 𝐺𝑛𝑜𝑟𝑚
′ . 
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The deduced dimensionality n from Rheo data showed an increase from 1.5 to 2.5 with 

the �̇� = 4 s-1, 11 s and then stayed stable at around 2.5 for a �̇� > 4 s-1. The extracted n 

values from NMR data showed a peak for �̇� = 4 s-1, 11 s experiment, and then, decreased 

for a �̇� > 4 s-1. This could be related to decreasing dimensionality of the HDPE crystals 

for applied �̇� =16 s-1, 11 s and the �̇� = 2 s-1, 11 s* experiment. Results indicated that not 

only the increasing shear rate but also application time in the experiment caused an effect 

on the crystallization kinetics and the final crystallinity. The fact that the calculated 

consistent kinetic parameters using the 𝑋C and the 𝐺norm
′  results showed that both 

databases and the Avrami and Foubert models can be used for kinetic analysis of 

isothermal crystallization. Foubert model showed a relatively better fit for the 

crystallization curves determined from Rheo part of the RheoNMR. 

 
Figure 6.28: Fit parameters by using the Avrami and Foubert model to the 𝐺𝑛𝑜𝑟𝑚

′  data 

determined by rheometer (Rheo) and the 𝑋𝐶 data monitored via NMR (a) rate parameters K and 

𝜐, (b) Avrami exponent n for applied steady shear; and (c) rate parameters K and 𝜐, (d) Avrami 

exponent n for varying 𝑇𝐶 measurements. 
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Figure 6.29a shows the correlation between the time of crystallization 𝑡0.1 at 𝑋C = 0.1 

with 𝑡gel for varying 𝑇C and applied steady shear assays of HDPE. Varying temperature 

and the applied steady shear at constant 𝑇C affected the relationship of 𝑡0.1 with 𝑡gel as 

linearly with a slope of ~4.3. This behavior indicated either a 1 °C decrease in 𝑇C or 

applied the �̇� = 2 s-1, 11 s had similar effects on the 𝑡0.1 and 𝑡gel. Besides, a further 

increase in the shear rate and the application time of it possibly induced more the crystal 

nucleation and/or growth mechanism, and led to a much shorter 𝑡0.1 and 𝑡gel.  

 
Figure 6.29: (a) The relationship between the time of crystallization 𝑡0.1 at 𝑋𝐶 = 0.1 and 𝑡𝑔𝑒𝑙 for 

varying 𝑇𝐶 and applied steady shear at the constant 𝑇𝐶 assays. (b) The peak maximum of the 𝐼3/1 

as a function of 𝑡𝑡𝑎𝑛 (𝛿) = 𝑡𝑔𝑒𝑙 for varying 𝑇𝐶 and applied steady shear at the constant 𝑇𝐶 

experiments. 

 

Figure 6.30: Correlation between the 
𝐺′

𝐺0
′ and the 𝑋𝐶 with modelling by using the suspension 

models up to 𝑋C = 10%: extended Einstein (Equation 6.2)and power-law (see Table 6.4) (a) for 

steady shear experiments at  𝑇C = 122 °C, and (b) for temperature-dependent experiments of 

HDPE.  
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To examine the 𝑇C and the steady shear effects on the nonlinearity, the peak maximum 

values of the 𝐼3/1 as a function of the 𝑡gel correlation is displayed in Figure 6.29b. The 

nonlinear response from the sample reflects the sensitivity towards the changes in the 

crystal growth (Dötsch et al. 2003). The results showed a factor of 2 higher peak value of 

the 𝐼3/1 by either the 1 °C drop in 𝑇C or applied steady shear range.  

Figure 6.30 shows the correlation among the reduced storage modulus 
𝐺′

𝐺0
′ and crystallinity 

𝑋C for the steady shear and for varying 𝑇C experiments. The exerted the �̇� = 2 s-1, 11 s* 

reduced the 
𝐺′

𝐺0
′  value 3 times at 𝑋C =20. The extended Einsten and the power-law model 

were fitted well for all curves in Figure 6.30. The exponents 𝐶′ and 𝑝 showed a similar 

trend with increasing values with increasing shear rate and applied the �̇� = 2 s-1, 11 s*. 

The parameter 𝐷′ and 𝜓 were close to each other and in an increasing trend with 

increasing shear rate and applied the �̇� = 2 s-1, 11 s* except the exerted �̇� = 2 s-1, 11 s 

assay. The increasing 𝑇C increased the value of all extracted parameters. 

Table 6.4: Extracted fit results from the fitted models in Figure 6.30. 

         Fitted models 

 

Experiment   

Conditions 

Extended 

Einstein 

(Equation 6.2) 

Power-law 

𝐺′

𝐺0
′ = 𝜓𝑋C

p 

TC (°C) Shear rate, 

duration 

𝐷′ 𝐶′ 𝑝  𝜓 

 

 

122 

0 s-1, 0 s 360 0.97 0.91 329 

1 s-1, 22 s 739 1.24 1.22 700 

2 s-1, 11 s 412 1.22 1.10 321 

4 s-1, 11 s 738 1.29 1.19 608 

16 s-1, 11 s 1505 1.56 1.45 1205 

2 s-1, 11 s* 1679 2.11 1.74 780 

121 0 s-1, 0 s 336 1.09 0.99 277 

123 0 s-1, 0 s 561 1.31 1.20 441 
 

6.4.2 Short-term applied high deformation effect on HDPE/NA blend  

Strain-induced crystallization was studied by an applied large oscillatory strain amplitude 

e.g., 𝛾0 = 100 or 200% for a minute or less at the 5th min of the experiment. The large 
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strain was applied close to the end of cooling which stage can be called the early stage of 

crystallization. After application of short term large strain amplitude, the experiment was 

continued with a constant 𝛾0 = 1% and 𝜔1  = 1 rad/s for do not perturb the internal 

crystallization mechanics during the rest of the crystallization process. Detected 𝐺′ and 

the 𝐼3/1 as a function of time via Rheo part of the RheoNMR are shown in Figure 6.31a 

while simultaneously monitored the 𝑋C evolution as a function of time by the NMR part 

of the RheoNMR is presented in Figure 6.31b.  

 

Figure 6.31: (a) The 𝐺′ with the 𝐼3/1, (b) the 𝑋𝐶 evolution, and also (c) the 𝐺𝑛𝑜𝑟𝑚
′   as a function 

of time for strain-induced crystallization. The Avrami model was fitted to 𝑋𝐶 curves up to 𝑋𝐶 =0.2 

and up to half of the 𝐺𝑛𝑜𝑟𝑚
′  curves. (e) Direct correlation of the time of crystallization 𝑡0.2 at 𝑋𝐶 = 

0.2 and the crystallinity at gel point 𝑋𝐶,𝑔𝑒𝑙 as a function of the 𝑡𝑔𝑒𝑙 for strain induced 

crystallization of 1% NA sample. 

Applied high deformation at 5th minute caused to a peak in 𝐼3/1. Meanwhile, a drop in the 

𝐺′ and in the 𝑋C were observed at the moment of the exerted 𝛾0 = 200% for 60 s. This 

may be an indication of the destroyed crystal growth and/or flowing the sample out from 

the gap between the geometries. The extracted kinetic parameters as a result of fitting the 



 

119 

 

Avrami model to the 𝑋C and the 𝐺norm
′   are presented in Table 6.5. In case of the applied 

𝛾0 = 100% during 60 s while the extracted KNMR value showed a slower crystallization 

factor of ~2.5, the value of KRheo was almost the same value with the quiescent 

crystallization result. However, the extracted KNMR = KRheo values for 𝛾0 = 200% for 60 

s experiment represented an acceleration of crystallization by a factor of ~1.3. While the 

dimensionality nRheo showed a maximum of 3.7 for quiescent condition, the nRheo was 

minimum as 2.6 for 𝛾0 = 100% during 60 s condition. The minimum value for nNMR was 

1.3 for also 𝛾0 = 100% for 60 s condition. Resulting minimum n values indicated the 

decreased dimensionally and rod shape crystal growth under heterogeneous 

crystallization by exerted 𝛾0 =100% during 60 s. The rest of the nNMR values were around 

2 which indicated disc shape crystal growth under heterogeneous crystallization.  

Table 6.5: Kinetic parameters for strain-induced experiments. 

Experiment 

Condition 

KNMR 

(1/min) 

nNMR 

(-) 

KRheo 

(1/min) 

nRheo 

(-) 

𝛾0 = 1% (quiescent) 0.096 1.9 0.078 3.7 

𝛾0 = 100% for 30 s 0.092 2.3 0.082 2.9 

𝛾0 = 100% for 60 s 0.037 1.3 0.076 2.6 

𝛾0 = 200% for 60 s 0.118 1.8 0.112 3.0 

 
Figure 6.32: Correlation between the 

𝐺′

𝐺0
′ and the 𝑋𝐶 of 1% NA sample at  𝑇𝐶 =124 °C for strain-

induced crystallization. The used models for modeling: extended Einstein and power-law models. 

Early-stage of the crystallization under large strain amplitude can be evaluated by the 

correlation of 𝑡0.2 and 𝑋C,gel with 𝑡gel as seen in Figure 6.31d. A drastic decrease in the 
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𝑋C,gel was observed by increased the 𝛾0 and its duration. This could be related to the 

induced crystals by applied large 𝛾0 such as extended crystals or oriented crystals. While 

only the 𝑡gel was decreased by almost 2 min for conducted 𝛾0 = 100% during 30 s or 60 

s experiments, the applied 𝛾0 = 200% for 60 s experiment caused a reduction in both 𝑡gel 

and 𝑡0.2 as ~2 and ~3 min respectively. While faster gelation suggested the enhanced 

nucleation, the accelerated crystal growth was exhibited by reduced 𝑡0.2.  

For further analysis, the correlation between the 
𝐺′

𝐺0
′ and the 𝑋C for the strain-induced 

experiment is shown in Figure 6.32. The extracted fitting parameters from these curves 

are given in Table 6.6. The exponents 𝐶′and 𝑝 values were almost the same, and they 

were in a similar trend with decreasing values for applied larger strain amplitude with 

longer duration. The 𝐷′ and 𝜓 and were also close to each other and the smallest values 

were identified for the applied 𝛾0 = 200% for 60 s.  

Table 6.6: Extracted fit results from the fitted models in Figure 6.33. 

         Fitted models 

 

Experiment   

Conditions 

Extended 

Einstein 

(Equation 6.2) 

Power-law 

𝐺′

𝐺0
′ = 𝜓𝑋C

p 

NA amount (wt%) 𝛾0 (%), duration 𝐷′ 𝐶′ 𝑝  𝜓 

 

 

1 

        1% 7383 2.57 2.52 6873 

    100%,   30 s 2555 1.88 1.86 2501 

100%,  60 s 2747 1.78 1.74 2590 

200%,  60 s 1063 1.33 1.33 1057 

 

6.4.3 Long-term applied high deformation effect on HDPE/NA blends 

This section focuses on the effects of applied large strain amplitudes during isothermal 

crystallization. The strain-induced crystallization of commercial neat HDPE and 

nucleated HDPE samples (HDPE/NA) was investigated by RheoNMR measurements. 

Pogodina et al. (1999) reported that the imposed large strain in the crystal growth stage 

was more quickened the gelation compared to the applied strain in the nucleation stage.  
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The experimental protocol was the same as illustrated in Figure 5.5. Monitored dynamic 

moduli of the samples during isothermal crystallization for varying 𝛾0 are displayed in 

Figure 6.33. Simultaneously monitored the 𝑋C development of the samples as a function 

of time for strain-induced crystallization are depicted in Figure 6.34.  

 

Figure 6.33: The 𝐺′ and 𝐺′′ evolution as a function of time for strain-induced crystallization of 

(a) 0% NA (neat HDPE) and HDPE/NA blend samples as (b) 0.1% NA, (c) 0.3% NA, (d) 0.5% 

NA, (e) 1% NA, and (f) 3% NA. The slippage is indicated with a grey color. 

A sharp decrease in the moduli was observed when the moduli reached its maximum 

value 𝐺∞
′ . This was because of the slippage due to the shrinkage of the crystallized 
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sample. The slippage was indicated with grey color in the Figure 6.33. In the case of the 

crystallized sample could not slip, the rheometer was overloaded. Thus, the experiment 

was stopped automatically. This was the case for sample 0.3% NA. The achieved 

𝐺∞
′  value decreased by increasing 𝛾0 for all samples. Although the moduli reached the 

𝐺∞
′ , the continues rise in the 𝑋C indicated the evolving crystallization.  

 
Figure 6.34: The 𝑋𝐶 development as a function of time for strain-induced crystallization (a) 0% 

NA, (b) 0.1% NA, (c) 0.3% NA, (d) 0.5% NA, (e) 1% NA, and (f) 3% NA. 
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The neat HDPE (0% NA) sample crystallized during cooling for applied 𝛾0  ≤  10%, and 

the 𝑋C = ~0.22  was observed in approximately 50 min. In the case of applied 𝛾0 = 30%, 

crystallization of 0% NA sample started after cooling, but, the 𝑋C = ~0.20 was achieved 

in around 40 min due to accelerated crystallization. Additionally, the 𝑋C data of the 

exerted 𝛾0 = 0.5% experiment of 0% NA sample (see Figure 6.34a) exhibited slower 

crystallization compared to the result of the applied 𝛾0 = 1% experiment.  

 
Figure 6.35: The 𝐺𝑛𝑜𝑟𝑚

′  development as a function of time for strain-induced crystallization (a) 

0% NA and HDPE/NA blend samples as (b) 0.1% NA, (c) 0.3% NA, (d) 0.5% NA, (e) 1% NA, and 

(f) 3% NA. 
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There was no difference in the dynamic moduli curves of 0% NA sample for both 

experimental conditions. Other samples, HDPE/NA blends, started crystallization during 

cooling for all conditions, and the exerted 𝛾0 = 0.5% was not slower the crystallization 

compared to the crystallization of the applied 𝛾0 = 1% condition. 

 

Figure 6.36: Avrami rate (K) parameters for neat HDPE and HDPE/NA blends from the data of 

(a) Rheo (KRheo) and (b) NMR part (KNMR). The deduced Avrami exponent n from the data of (a) 

the Rheo part (nRheo), and (b) NMR part (nNMR), of RheoNMR method. 

The detailed kinetic analysis was done by Avrami and Foubert fit to the 𝑋C and the 𝐺norm
′  

curves. The 𝐺norm
′  curves are displayed in Figure 6.35. The deduced fit parameters are 

shown in Figure 6.36. If the parameter was extracted from NMR, it is called “NMR” as a 

subindex for simplification. The exponent nNMR and nRheo values were between 3 and 4 as 

seen in Figure 6.36c-d. This reflected the heterogeneous nucleation mechanism with 

possible spherical crystal growth. The extracted KRheo value increased by 30% by 

applying 𝛾0 = 10% for nucleated samples with wt% of NA ≥ 0.3. Except for this, the 

calculated KRheo and KNMR values indicated almost no change in the rate of crystallization 
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by applied larger strain amplitude. An approximately ±10% error for extracted parameters 

were taken into account depending on the number of data points, the induction time and 

the overall noise level. The rate KRheo and the nRheo values for applied 𝛾0 = 30% 

experiment was not calculated due to the less data point for fast crystallized samples.  

 
Figure 6.37: Foubert model rate (𝜐) parameter by fitting complete crystallization curves of neat 

HDPE and HDPE/NA blends from the data of (a) Rheo part (𝜐Rheo) and (b)NMR part (𝜐NMR) of 

the RheoNMR. 

 
Figure 6.38: Foubert exponent (mNMR) for neat HDPE and HDPE/NA blends from the data of the 

NMR part of the RheoNMR. 

Besides, the Foubert model was used to determine the complete crystallization rate 𝜐 by 

fitted complete crystallization curve. The extracted 𝜐NMR values as depicted in Figure 

6.37b were in a similar range and trend with the KNMR parameter (see Figure 6.36b). The 

Foubert model could not describe well the crystallization process in the 𝐺norm
′  curves. 

Thus, the difference between the deduced 𝜐Rheo the 𝜐NMR values were high. The Foubert 
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exponent value m showed a decreasing tendency for nucleated samples by applied larger 

strain amplitude.  

 

Figure 6.39: The 𝐼3/1 change as a function of the 𝑋𝐶 for strain-induced crystallization (a) 0% 

NA, (b) 0.1% NA, (c) 0.3% NA, (d) 0.5% NA, (e) 1% NA, and (f) 3% NA. 

The 𝐼3/1 as a function of the 𝑋𝐶 under applied varying 𝛾0 are illustrated in Figure 6.39. In 

section 6.3.3, the 𝐼3/1 showed a sensitivity for the NA content and temperature. The 𝐼3/1 

was also responsive towards to the applied varying 𝛾0. The slippage for applied 𝛾0 ≥ 5% 
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experiments led to a further rise in the 𝐼3/1. The sensitivity of 𝐼3/1 for the failure in the 

experiment at applied high strain amplitudes were also observed by Dötsch et al. (2003). 

Moreover, directly correlated 𝑡0.2 and 𝑡gel values showed a clear picture of the influence 

of applied strain amplitude on 𝑡0.2 and 𝑡gel values for the samples as seen in Figure 6.40a. 

In Section 6.3.3, a linear correlation between the 𝑡0.2 and 𝑡gel was observed towards to 

varying 𝑇C within a slope range of ~5.5 to ~2.5, which was dependent on the NA content 

in the sample. In the strain-induced crystallization experiments, while 𝑡gel delayed, the 

𝑡0.2 was found shorter by exerted larger 𝛾0. When the 𝑡gel was 20% longer, the 𝑡0.2 was 

43% shorter as a result of the applied 𝛾0 = 30% for the 0% NA sample. Increasing NA 

content to 1 wt% and more decreased the effect of the applied strain, and thus, the 𝑡0.2 

and 𝑡gel were almost stable by used 𝛾0 range. Additionally, the impact of applied varying 

𝛾0 on the 𝑋C,gel and the 𝑡gel correlation can be seen in Figure 6.40b. While the 𝑡gel delayed 

~4 minutes, the 𝑋C,gel showed a 20% decrease for the 0% NA sample with applied 

maximum deformation compared to the quiescent condition. The observed delay in the 

𝑡gel was 10 min for the 0.1% NA sample, and the 𝑋C,gel increased 2% with increment 

𝛥𝛾0 = 30%. Furthermore, increasing in NA content in HDPE to 3 wt% decreased the 

delay in 𝑡gel to less than a minute and caused almost  no change in the 𝑋C,gel.  

 
Figure 6.40: Direct correlation of (a) the time of crystallization 𝑡0.2 at 𝑋𝐶 = 0.2 with 𝑡𝑔𝑒𝑙 and (b) 

the relationship between the 𝑋𝐶,𝑔𝑒𝑙 and 𝑡𝑔𝑒𝑙 for strain-induced crystallization of HDPE/NA blend 

samples. 
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Figure 6.41 shows the different perspective of crystallization dynamic with a relationship 

between the 
G′

G0
′  and the 𝑋C at 𝑇C = 124.5 °C for 0% NA and 3% NA samples. Modeling 

of the correlation was done by using Einstein, extended Einstein, power-law, Batchelor-

Green models up to 𝑋C =20%. Extracted fit parameters can be seen in Table 6.7. 

Resulting 𝐶′ and 𝑝 values were close to each other within a decreasing trend by operated 

𝛾0 > 1% conditions for both samples. Additionally, both 𝐷′ and 𝜓 parameters increased 

a factor of ~1.7 with the increased 𝛾0 to 1%. Then, these values decreased to less than 

half of their quiescent condition value within an increment 𝛾0 =30% for both parameters. 

 
Figure 6.41: Correlation between the 

𝐺′

𝐺0
′ and the 𝑋𝐶 at  𝑇𝐶 =124.5 °C with modeling by using 

Einstein, extended Einstein, power-law, Batchelor-Green models up to 𝑋𝐶 = 20% (a) for 0% NA 

sample and (b) a closer look to Figure 6.40a (c) for 3% NA, (d) a closer look to Figure 6.40c. 

The Batchelor-Green model was also fitted up to 𝑋C = 20%. This fit was not as good as 

with extended Einstein and power-law models. The deduced 𝑘H parameter decreasing 

with increasing deformation for both samples. Moreover, the transition from the Einstein 

model was delayed from 𝑋C = 2.5% to 𝑋C = 8% with applied 𝛾0 = 30% for the sample 



 

129 

 

0% NA. This delay was from 𝑋C = 3% to 𝑋C = 6% for the sample 3% NA under the 

exerted largest deformation.  

Table 6.7: Results of the fitted models in Figure 6.41. 

         Fitted models 

 

Experiment  

Conditions 

Extended 

Einstein 

(Equation 6.2) 

Batchelor-Green 

𝐺′

𝐺0
′ = 1 + 2.5𝑋C + 𝑘H𝜙

2 

Power-law 

𝐺′

𝐺0
′ = 𝜓𝑋C

p 

NA amount 

(wt%) 

γ0 

(%) 

𝐷′ 𝐶′ 𝑘𝐻  𝑝  𝜓 

 

 

3 

0.5 9240 2.65 2952 2.59 8473 

1 16435 3.07 2495 2.97 13994 

5 5387 2.46 2374 2.39 4833 

10 6066 2.72 1550 2.53 4396 

30 595 1.75 1016 1.45 339 

 

 

0 

0.5 3311 1.57 7063 1.55 3252 

1 3344 1.91 3907 1.88 3224 

5 964 1.46 2605 1.42 913 

10 689 1.50 1904 1.42 597 

30 261 1.20 845 1.15 127 

 

6.5 Microstructure, crystallinity and morphology analyses 

Microstructure analyses 

The microstructure is studied by XRD analysis. The XRD examines the degree of 

crystallinity, unit cell, and crystallite (domain) size. The XRD patterns of neat HDPE and 

HDPE/NA samples were recorded using a solid sample, which had the same thermal and 

shear history via the RheoNMR crystallization experiment. A Bruker AXS D8-Advance 

diffractometer in θ-θ geometry equipped with a PSD Lynxeye® and Cu Kα1,2-radiation 

with λ = 0.15418 nm at 40 kV and 40 mA were used in the XRD measurements. The 

diffractograms were recorded over an angular range of 10 - 50° 2θ with a step of 0.02° 2θ 

and a total counting time of 1056 seconds per step owing to the position sensitive detector 
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(PSD) which consists of 192 single detectors, thus, per step takes 5.5 s. The disk shape 

samples were partially wrapped with an aluminum (Al)-foil and the Al (111) and (200) 

peaks were used a correction standard (PDF file (catalog number) 04-0787) to account 

for the shift in ° 2θ to avoid any errors due to the slightly curved shape of samples. The 

resulting XRD patterns are displayed in Figure 6.42. The Scherer equation with the 

integral breadth was used for the calculation of the domain size as a function of the NA 

content and crystallization conditions. The integral-breadth Scherrer constant (k) was 

taken as 0.89 for cubic crystallites (Langford and Wilson 1978). The domain size values 

were also identified by the data evaluation program DIFFRAC-EVA 4.2 with Bruker 

AXS. Subsequently, these values were corrected for the instrumental contribution of the 

line width as the linewidth = 0.009° at 21° 2θ. The correction-function was established 

earlier with the help of LaB6 a line width standard provided by NIST (NIST SRM 660c).  

 
Figure 6.42: The XRD patterns of neat HDPE (0% NA) and HDPE/NA samples. Samples were 

crystallized isothermally at constant 𝜔1 = 0.5 rad/s, 𝑇𝐶 = 124.5 °C under applied 𝛾0 = 1% and 

𝛾0 = 30% condition via RheoNMR. The peaks indicated an orthorhombic crystal structure (see 

Figure 3.2) for all samples. 

The XRD profiles of samples started with the amorphous halo, and then, the peaks 

gradually intensified, which was indicative of crystal structures and the unit cell type. The 

observed strongest visible two distinct reflection peaks for all samples in Figure 6.42 

indicated (110) and (200) planes related with orthorhombic unit cell crystal structure 

known as the most stable structure for PE (Piorkowska and Rutledge 2013; Schmacke 

2010; Gedde and Mattozzi 2004; Wunderlich 2003). The two distinct reflection peaks of 

(110) and (200) planes were used to calculate the domain size as displayed in Figure 6.43 
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for the samples as a function of NA content and applied varying 𝛾0 during crystallization. 

Increasing NA content in the HDPE sample up to 1 wt% led to smaller domain sizes for 

both planes compared to the neat HDPE for both crystallization conditions. It has been 

known that nanoscale NA particles provide high surface area, increase in nucleation, and 

the smaller domain size (Seven et al. 2016). This enhancement in crystallization depends 

on the NA content in the sample because an increase in NA amount above a threshold 

value could cause agglomeration of NA due to poor dispersion in polymer melt (Seven et 

al. 2016). Briefly, the domain size decreases with increasing NA content, however, 

further increased NA amount, which could be above the threshold value, in the polymer 

sample could cause agglomeration.  

 
Figure 6.43: The calculated domain size from seen two peaks in Figure 6.42a for (a) (110), and 

(b) (200) planes as a function of NA content (wt%) from the reflection peaks of HDPE/NA 

samples. Samples were crystallized isothermally at constant 𝜔1 =0.5 rad/s, 𝑇𝐶 =124.5 °C under 

applied 𝛾0 = 1% and 𝛾0 = 30% conditions via RheoNMR.  

Additionally, it has been reported by Weidenthaler (2011) that a decreased crystallite size 

could also cause agglomeration of small crystals. These agglomerated smaller crystallites 

can be determined as domain size from XRD reflections (Weidenthaler 2011). This 

information may explain the reason for the observed decrease in the domain size with 

increasing NA content up to 1 wt%. Furthermore, an increase in NA content to 3 wt% 

showed an increase in domain size which could be either related to the agglomeration of 

smaller crystals or agglomerated NA which did not effectively decrease in the crystallite 

size. However, this increase in domain size was not significant under considered ±10% 

error. Scardi et al. (2004) reported that the polycrystalline materials show polydisperse 
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systems constituting of variable size and shape in crystals. Therefore, the precise 

calculation and evaluation of domain size are difficult. 

Crystallinity analyses by XRD, DSC and NMR methods 

 
Figure 6.44: (a) The XRD pattern of neat HDPE sample at increasing temperature, and (b) the 

calculated crystallinity 𝑋𝐶,𝑋𝑅𝐷 (%) from the XRD pattern in Figure 6.44a.  

High-temperature XRD measurement of neat HDPE was conducted by using an 

HTK1200N high-temperature oven chamber from Anton-Paar (Anton-Paar GmbH, Graz, 

Austria). The sample was placed in a ceramic holder (-Al2O3) at ambient temperature 

(25 °C), and heated up to 180 °C with a heating rate of 10 °C/min. The XRD pattern was 

taken at every 10 °C in the temperature range 80-180 °C. The temperature calibration was 

done by using the thermal expansion of BN (boron nitride) after the method of Pease 

(1952). The diffraction peak position was recorded as the detector angle within a range 

of 15-65° 2θ by the step size of 0.0130° 2θ, and the measurement time was 50 seconds 

per step. The recorded XRD patterns by varying temperatures are displayed in Figure 

6.44a. Changes in intensity of (110) peak from 21.9° to 22.5° with an increased 

temperature from 25 to 120 °C indicated the loosening of PE chains due to the temperature 

of pre-melting (Ancharova et al. 2016). With the continuous increase in temperature, the 

diffraction peaks turned to the amorphous halo. Calculation of the crystallinity was 

described in Chapter 4.4 (see Figure 4.16). A decreasing crystallinity trend was deduced 

as displayed in Figure 6.44b from the X-ray diffractograms in Figure 6.44. The decrease 

in 𝑋C was rather slow until the softening of the material in the temperature range between 

room temperature up to 100 °C. The reduction in 𝑋C accelerated in the temperature range 
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100 °C and 140 °C, and then, the 𝑋C showed a decaying trend to zero with resulting in a 

fully amorphous molten sample.  

 
Figure 6.45: (a) The calculated crystallinity (𝑋𝐶) from XRD patterns of nucleated and neat HDPE 

samples as a function of NA content. All samples had a history of RheoNMR experiment at 𝜔1 =

 0.5 rad/s, 𝑇𝐶 = 124.5 °C with applied 𝛾0 = 1% and 𝛾0 = 30%. Corresponding 𝑋𝐶 results from 

XRD were compared with DSC analyses on the same samples. (b) The 𝑋𝐶 of HDPE/NA samples 

under quiescent crystallization as a function of NA content at 𝑇𝐶 = 124.5 °C determined by the 

NMR part of the RheoNMR and the DSC method.  

Additionally, the degree of crystallinity values depending on NA content and 

crystallization condition were obtained by the X-ray diffractograms (see Figure 6.42), and 

results were compared with the 𝑋C values determined by DSC. The corresponding 𝑋C 

values as a function of NA content are demonstrated in Figure 6.45a. Within ±10% error 

for the calculated 𝑋C values from the XRD curves may result from the estimated non-

symmetric Gaussian shape amorphous halo fit with a selected baseline and integrated area 

range. The crystallinity 𝑋C showed a ~15% decrease within 1 wt% increment in the NA 

content in the HDPE sample under quiescent crystallization. The increment in NA content 

under strain-induced crystallization did not show a significant change in the 𝑋C of 

HDPE/NA samples. Comparision of the the 𝑋C results via DSC method showed a close 

estimation with the 𝑋C values determined by the XRD method. Additionally, determined 

𝑋C values from DSC and NMR part of the RheoNMR are displayed in Figure 6.45b for 

neat HDPE and HDPE/NA samples at 124.5 °C under isothermal quiescent crystallization 

within a good agreement for both methods with estimated ±10% error. The difference 

between the designated 𝑋C values via DSC method at 124.5 °C and ~25 °C after quiescent 



 

134 

 

isothermal crystallization showed a continued secondary crystallization by a temperature 

drop. 

Morphology analyses 

The visual representation of the neat HDPE and nucleated HDPE can be seen through 

polarized optical microscopy (POM) images in Figure 6.46 and Figure 6.47 respectively. 

Both samples were placed in between thin two glass slides on the heated stage and the 

temperature changed from 180 °C to ambient temperature. Then, the POM images were 

taken with an optical polarizer at the ambient temperature.  

 

Figure 6.46: Polarized optical microscopy (POM) micrograph of banded spherulites of 0% NA 

(neat HDPE) sample. 

Radially symmetric polymer spherulites are composed of lamellae, and they are known 

as birefringent entities (Auriemma et al. 2017). A characteristic extinction pattern with a 

four‐fold symmetry (Maltese cross) can be seen in the POM images of neat and nucleated 

HDPE samples in Figure 6.46 and 6.47. Without NA content for sample 0% NA, the 

impinging spherulites with a size smaller than ~150 µm were seen. Additionally, a 

particular type of spherulite known as banded or ringed spherulite was observed in Figure 

6.46. These ringed spherulites composed of the twisting lamella which occurred during 

crystal growth in bulk crystallization of HDPE. Moreover, in Figure 6.47 the observed 

size and number of spherulites showed a clear impact of the 1wt% NA content in HDPE 

with significantly smaller average spherulite size and a remarkably enhanced nucleation 

density. A more detailed understanding of the influenced morphology by applied large 

oscillatory shear under isothermal crystallization condition was investigated using 

scanning electron microscopy (SEM). Crystallized neat HDPE and HDPE/NA blends 
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were taken after RheoNMR experiments, and then, etching procedure was applied on the 

samples for preparation to SEM analysis as described in Chapter 6.2. The morphologies 

after etching were revealed the microstructure of neat HDPE (0% NA), crystallized at 

124.5 °C under the quiescent condition, as seen in Figure 6.48. Randomly distributed 

loose lamellae were observed for 0% NA in Figure 6.48. Additionally, some flat-lying 

lamellae, and also the elastically bent C-shaped lamellae structures were found for 0% 

NA. The thicknesses of the lamellae were approximately 25 nm with almost ~1 µm 

length.  

 
Figure 6.47: Polarized optical microscopy (POM) images of 0% NA (neat HDPE) and 1% NA 

crystallized simultaneously under the same thermal condition by using hot stage which was 

cooled down from 180 °C to room temperature. 

 

Figure 6.48: SEM micrograph of neat HDPE (0% NA) crystallized under the quiescent condition 

at 124.5 °C via RheoNMR. Blue square shows the flat-lying lamellae, and the yellow circle 

indicates the elastically bent C-shaped lamella. 

Additionally, SEM micrographs of HDPE/NA samples, which were taken after 

RheoNMR experiment at constant 𝜔1  = 0.5 rad/s, 𝑇C = 124.5 °C for applied 𝛾0  = 1%, 

and 𝛾0  = 30% conditions, are displayed in Figure 6.49. 
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Figure 6.49: SEM images of etched neat HDPE and HDPE/NA samples were taken after 

RheoNMR isothermal crystallization experiment at 𝛾0 = 1% and separately 𝛾0 = 30% with 

constant 𝜔1 = 0.5 rad/s, 𝑇𝐶 = 124.5 °C. 
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A randomly oriented lamellae structure was achieved for all samples under the quiescent 

crystallization condition. However, partially oriented lamellae were observed for neat 

HDPE and HDPE/NA samples for exerted 𝛾0  = 30%. The lamellae width decreased to 

almost half in HDPE/NA samples for strain-induced crystallization. It is known that 

increasing orientation leads to a decrease in the separation between lamellae (Peacock 

2000). The observed closely packed partially oriented thinner lamellar structure for 

applied 𝛾0  = 30% condition may be the reason for the slightly higher 𝑋C values 

determined via XRD for HDPE/NA blends compared to the observed 𝑋C value of 

quiescently crystallized samples (see in Figure 6.45). Additionally, the observed oriented 

lamellar structures under applied 𝛾0  = 30% in SEM images indicated the enhanced 

crystallization which was agreed with information displayed in Figure 6.40 as the 

observed shorter time in 𝑡0.2 under strain-induced crystallization for all samples. The 

enhancement was not suggested in the nucleation stage, because the delay was observed 

in 𝑡gel. In the SEM images, all samples showed lamellar stacks with some flat-lying 

lamellae. The presence of some round holes was observed for especially for 1% NA. 

These holes could be the etch pits of a more susceptible part of thin lamellae. 

 
Figure 6.50: Corresponding fast Fourier transforms (FFTs) of the SEM images shown in Figure 

6.49.  

Further analysis of lamellae orientation was investigated by using fast Fourier transforms 

(FFT) based on the conversion of the SEM image into frequency spacing, using ImageJ 

software. The resulting FFT images are demonstrated in Figure 6.50. Corresponding FFTs 

consisted of distribution of grayscale pixels in a pattern that reflects the presence of 

lamellar alignment in SEM micrographs. The FFT of 0% NA sample could be 

representative of a randomly aligned lamellar structure. Except for the 0.1% NA sample, 



 

138 

 

all samples for quiescent crystallization condition (𝛾0  = 1%) showed a symmetrical 

circular shape FFT image which indicated that randomly aligned lamellar structure. In 

contrast to all quiescently crystallized samples, the FFT image of quiescently crystallized 

0.1% NA sample containing elliptical distribution demonstrated an orientation of lamellar 

structures. All samples crystallized under strain-induced crystallization represented 

elliptical distribution and this indicated an orientation of lamellar in a different direction. 

FFT images reflected the existing orientation of lamellar much clearly. However, the 

numerical designation was needed to investigate the direction of the orientation. An 

assignation of the numerical value for lamella alignment can be generated by placing a 

circular projection on the FFT image with processed oval profile plug-in (authored by 

William O’Connnell) of ImageJ software (NIH, http://rsb.info.nih.gov/ij). A radial 

summation of the pixel intensities from 0° to 360° with 1° increment was conducted, and 

then corresponding data was plotted as a function of the degree. This protocol is described 

in Figure 6.51.  

 
Figure 6.51: Schematic description of the structure alignment analysis on the FFT image by using 

ImageJ software (NIH, http://rsb.info.nih.gov/ij) oval profile plug-in, authored by William 

O’Connnell. (a) Fast Fourier transform of the SEM images of HDPE sample, (b) chosen oval 

profile for analysis, (c) circular projection on the FFT output image, (d) conducting a radial 

summation of the pixel intensities (I) for each degree between 0° and 180°, and (e) Normalized 

intensity as a function of the degree. 

The intensity (𝐼) value was divided by the minimum value (𝐼minimum), and resulted in 

reduced-intensity with arbitrary units was plotted in a degree between 1° and 180° due to 

the symmetric horizontal axis of the FFT (see Figure 6.50). A graphical depiction in 

Figure 6.52 shows the comparison of the amount of lamellar alignment for all samples 

under quiescent and strain-induced crystallization, generated by using FFT images in 

Figure 6.50. The lamellar alignment is reflected by the height and the overall shape of the 

peak in Figure 6.52. The quiescently crystallized sample 0.1% NA showed a lamellar 

orientation dominantly around 100° determined directly from the peak position. 

http://rsb.info.nih.gov/ij
http://rsb.info.nih.gov/ij
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However, no certain direction was observed for other quiescently crystallized samples. In 

the strain-induced crystallization case, peaks of the sample were higher compared to the 

observed peaks in Figure 6.52a. While the 0% NA and 0.5% NA oriented dominantly at 

120°, maximum of the peak was found for 0.3% NA, 0.1% NA, 1% NA and 3% NA 

mainly around 80°, 70°, 25° and 170° respectively. Regarding the peak maximum value 

of each sample in between two crystallization conditions, the maximum difference was 

observed for sample 0.3% NA and 1% NA. The lowest difference in the peak maximum 

was achieved for sample 0.1% NA. 

 
Figure 6.52: Analysis of structure alignment using ImageJ software oval profile plug-in 

(authored by William O’Connnell) on FFT images for a graphical depiction of Figure 6.49 

samples which were taken after RheoNMR experiment at constant 𝜔1 = 0.5 rad/s, 𝑇𝐶 = 124.5 °C 

for (a) quiescent (𝛾0 = 1%) and (b) strain-induced (𝛾0 = 30%) crystallization conditions. 

Figure 6.53: SEM micrographs of the etched 1% NA sample which crystallized under constant 

𝜔1 = 0.5 rad/s, 𝑇C = 124 °C (a) for applied short term large strain amplitude as 𝛾0 = 100% 

during 60 s, and (b) for applied steady shear with a shear rate �̇� = 4 s-1 during 22 s. The steady 

shear was applied at the beginning of the experiment. The short term large strain amplitude was 

applied at the 5th min of the experiment (see Chapter 6.4.2) Corresponding FFTs are displayed 

at the down left corner on the SEM images. 
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Morphological evolution is displayed as SEM images in Figure 6.53 for the 1% NA 

sample crystallized at 𝜔1 = 0.5 rad/s, 𝑇C = 124.5 °C for applied short term large strain 

amplitude as 𝛾0 = 100% during 60 s at the 5th min of the experiment. This micrograph 

can be compared with the SEM image of the same sample (see Figure 6.53) crystallized 

at 𝜔1 = 0.5 rad/s, 𝑇C = 124.5 °C with applied shear rate �̇� = 4 s-1 during 22 s at the 

beginning of the cooling. It was observed that crystal morphology mainly consisted of 

oriented parallel lamellar stacks for both crystallization conditions due to the applied large 

deformation or steady shear. The lamellar alignment was reflected also in FFT images 

with elliptical distribution in grayscale pixels. These oriented parallel lamellar stacks are 

known as the kebab part of the shish-kebab crystal structure (Wang et al. 2013). The 

application of weak shear was responsible for the non-existence of shish structures. The 

lamellae thickness was similar for both samples (25 nm or less). The length of the 

lamellae was ~1 µm for applied steady shear samples, and it was about 2 µm for applied 

𝛾0 = 100%, 60 s sample. Tilted structures were seen for both samples as a small number 

compared to the density of oriented lamellar. The bending degree angle was about 90° for 

conducted large strain amplitude 𝛾0 = 100%, 60 s sample, but this tilted to a degree of 

angle around 40° for conducted steady shear with a shear rate �̇� = 4 s-1, 22 s sample. A 

major difference between the melt orientation and the orientation during crystallization is 

that the motion of polymer chains is limited due to the increasing viscosity by a 

temperature drop during crystallization. Polymer chains are oriented in the non-

crystalline region and remained like that when the large oscillatory shear is applied during 

crystallization. However, orientation is much easier in the melt under applied flow, and 

thus, lamellae are well aligned. 

Figure 6.54 shows the SEM image of the quiescently crystallized PE-1 sample at 125 °C. 

Bundles of lamellae (sheaves) were observed for sample PE-1. The generation of a 

multitude of lamellar bundles is known as because of the high nucleation density that 

causes insufficient place for the spherulites to mature (Peacock 2000). 
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Figure 6.54: The SEM image of the PE-1 (see Chapter 6.3.2) quiescently crystallized.  

6.6 Concluding remarks 

In this chapter, isothermal crystallization of neat and nucleated HDPE samples was 

investigated by using the RheoNMR technique under quiescent and applied flow 

conditions such as varying shear rate (�̇�) or strain amplitudes (𝛾0) with their changing 

duration. The rheological quantities dynamic moduli (𝐺′ and 𝐺′′) and the relative third 

harmonic (𝐼3/1) were determined by a rheometer during crystallization. Meanwhile 

developing crystallinity (𝑋C) was examined by using the molecular mobility of protons 

monitored via low-field NMR using the CPMG pulse sequence (see Chapter 5). This 

simultaneous measurement by RheoNMR enables the direct correlation between dynamic 

moduli and crystallinity development of samples even for Δ𝑇C = 0.5 °C under the same 

thermal and shear history conditions. Directly correlated the 
𝐺′

𝐺0
′ and  the 𝑋C were well 

explained by the power-law and the extended Einstein models up to 𝑋C = ~20%. The 

calculated parameters of the models were observed for the exponents 𝐶′ and 𝑝 in the range 

1 to 3, and for 𝐷′ and 𝜓 in between ~130 and ~16500 depending on NA content in the 

sample, 𝑇C and applied deformation.  

A more important correlation was the quantities 𝑡0.2 and 𝑡𝑔𝑒𝑙 which clarified the influence 

of NA content, 𝑇C and applied strain amplitude on the crystallization of HDPE/NA blends. 

Under quiescent isothermal crystallization condition, a linear relationship was observed 

in this time correlation towards 𝑇C with a decreasing tendency in slope by increased NA 

content. A decreased in Δ𝑇C =0.5 °C led to almost half of 𝑡0.2 and 𝑡gel, and added 3 wt% 
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NA in HDPE was decreased the 𝑡𝑔𝑒𝑙 to half and the 𝑡0.2 to almost one third at constant 

𝑇C. For the strain-induced crystallization condition, the increasing strain amplitude (𝛾0) 

up to 30% application during crystallization delayed the 𝑡gel, but it shortened the 𝑡0.2. 

This suggested a dominantly induced the crystal growth stage, and thus, enhanced the 

crystallization. Increased NA content above 0.1 wt% in the HDPE sample reduced the 

effects of strain-induced crystallization, and thus, the reduction in 𝑡0.2 and the delay in 

𝑡gel was rather small compared to the observed values for sample 0.1% NA and 0% NA. 

Besides, applied short term 𝛾0 =200%, 60 s at the 5th min of the experiment accelerated 

crystallization. The achieved shorter 𝑡gel and 𝑡0.2 as ~2 and ~3 min respectively indicated 

an enhanced nucleation and crystal growth stage. Furthermore, the conducted steady 

shear e.g. �̇� =2 s-1, 11 s at the beginning of the experiment promoted the nucleation stage 

and showed similar effect with a 1 °C drop in 𝑇C. Additionally, an imposed shear rate 

�̇� =2 s-1, 11 s at 2 min of the experiment possibly induced not only nucleation but also 

crystal growth, thereby caused slightly lower 𝑡gel and 𝑡0.1 than the achieved values for 

applied �̇� =16 s-1, 11 s experiment. The 𝑋C,gel was always below 8%. 

Moreover, the nonlinearity was determined with the observed peak maximum of 𝐼3/1 at 

around the 𝑡gel. The observed peak maximum of 𝐼3/1 as a function of 𝑡gel correlation 

showed an exponential decay like change by decreasing NA content in HDPE and/or the 

𝑇C. Conversely, the applied  large oscillatory shear e.g., 𝛾0 = 30% led to an increase of 

the peak maximum of 𝐼3/1 compared to the applied small oscillatory shear i.e., 𝛾0 =1% 

condition. 

In this chapter, low-field NMR part of the RheoNMR, XRD, DSC methods were used to 

investigate the 𝑋C by measuring molecular dynamics, unit cell order, enthalpy changes 

respectively. An orthorhombic unit cell structure was determined by XRD analyses for 

neat HDPE and HDPE/NA blends. The determined 𝑋C values from XRD, DSC techniques 

as a function of NA content were close to each other within ±10% errors as 𝑋C =~62% 

measured at 25 °C. Compared DSC and NMR 𝑋C results at 124 °C were found ~37% and 

equivalent. This difference in 𝑋C depending on measurement temperature revealed the 

ongoing secondary crystallization by decreased temperature. Equivalent results from the 
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different methods have verified the accuracy of this newly developed RheoNMR 

technique. 

The POM image provided visual representation. A banded or ringed type spherulite was 

observed for neat HDPE. The addition of NA (1 wt%) led to a significantly smaller 

average spherulite size and a remarkably increased number of nucleation. Additionally, 

the morphology of samples was investigated by using SEM. The neat HDPE showed 

randomly distributed loose lamellae with some flat-lying lamellae, and also the elastically 

bent C-shaped lamellae structures. On the one hand, the closely packed slightly oriented 

thinner lamellar structure was revealed for HDPE/NA blend samples under strain-induced 

crystallization conditions. On the other hand, the oriented parallel lamellar stacks were 

observed for a 1% NA sample under the applied large deformation or steady shear 

conditions. Then, the SEM images converted to FFT images to investigate lamellar 

alignment. Lamellae orientation were observed with elliptical distribution in grayscale 

pixels for the samples crystallized under strain-induced and applied steady shear 

crystallization conditions. The oval profile plug-in of ImageJ software was provided the 

numerical value for lamella alignment. While the lamellar of 0% NA and 0.5% NA 

aligned mainly around 120 °, the maximum of the intensity peak was achieved for 0.3% 

NA, 0.1% NA, 1% NA and 3% NA around 80°, 70°, 25° and 170° respectively for strain-

induced crystallization condition. 
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7 Fat Crystallization Kinetics-Coconut Oil 

Popularities of crop oil is increasing to improve the efficiency of the recycling process 

and to reduce the amount of waste. The high costs of petroleum-based products are also 

a reason to recycle waste. Coconut oil is one of the most used commercially available 

crop oil. Coconut oil has a wide range use as raw material for the production of soaps, 

detergents, a body oil, as hard butter, vegetable fat ice-cream, coffee whiteners (Young 

1983). It is also used as a food product, cosmetics, pharmaceutical preparation 

characteristics (Chaleepa, et al. 2010). Philippines, Malaysia, and Indonesia are the 

world`s largest coconut oil producers The unrefined coconut oil contains 90% of several 

types of saturated fatty acids and triglycerides (Chaleepa et al .2010). Coconut oil is solid 

at ambient temperature. Therefore, it can be called fat. It has a scarp melting curve 

because of its triglycerides content (Young 1983). The melting point (𝑇m) of the coconut 

oil can be influenced by hydrogenation itself and the contamination during the 

hydrogenation process (Young 1983). Additional to the hydrogenation process the fat 

properties such as the firmness, texture, and stability at certain temperatures are 

particularly related to the melting characteristics, the crystal habit of the fat and their 

polymorphism. These properties can be modified by interesterification and fractionation 

processes (Moran and Rajan 1994). For instance, the dry fractionation process is one of 

the three well-established fractionation processes. This environmentally friendly and 

cost-effective physical fractionation process consists of a partial, or fractional, melt 

crystallization of the oil without using chemical additives (Ulrich 2004). The success of 

this process lies in a controlled crystallization condition to preserve the selectivity of 

crystallization to produce fat with specific characteristics. The crystallization behavior of 

fat is strongly influenced by the crystallization conditions such as the temperature and the 

deformation during industrial operation (Kellens et al. 1990). Thus, the comprehensive 

knowledge of crystallization characteristics under-identified crystallization condition is 

required to achieve specific physical fat properties. This knowledge must be combined 

with the understanding of the flow properties of the oil such as viscosity during industrial 

processes. The flow properties of the oil are not only related to the solid fat concentration 

but also are strongly affected by the interactions between the crystal entities such as 
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network or gelled phases (Moran and Rajan 1994). The type of microstructures, relation 

in between them and processing conditions effects resulting in macroscopic properties. 

Structurer hierarchy within a fat network and their effects on macroscopic properties are 

described as in Figure 7.1. The essential effects of microstructures on macroscopic 

properties were introduced by DeMan and Beers even in 1987. A prediction of the 

macroscopic properties is possible by rheological quantities that has immense importance 

to optimize processing conditions and maintain the quality of the fat. The macroscopic 

rheological properties such as spreadability and texture depend on mechanical strength of 

the fat crystal network which can be determined by the sensory attributes such as 

mouthfeel (De Graef et al. 2008).  

 

Figure 7.1: Schematic representation of structural levels in fat crystal network and their influence 

on macroscopic properties. The schema was developed by Marangoni and Narine (1999, 2002; 

Marangoni 2005). Polymorphism: the existence of more than one crystalline form or structural 

arrangement. Polytypism: a special kind of polymorphism occurs in the number and the manner 

of stacking layers in the crystal unit cell.  

Therefore, a deeper understanding of thermal profiles and crystallization behaviors of fat 

systems is essential to control processing conditions to reach desired product 

characteristics (Chaleepa et al. 2010). Crystallization kinetic experiments must be 

conducted by sufficiently sensitive experimental techniques to be able to detect 

nucleation and crystal growth during crystallization. The well-known commonly 

practiced crystallization kinetics methods for fat are NMR, DSC, rheology and light-

scattering techniques (Cerdeira et al. 2004). The newly developed unique low-field 

RheoNMR setup simultaneously monitors the full rheological shear behavior and 



 

146 

 

crystallinity. Additionally, this technique allows for correlating macroscopic material 

properties and microscopic molecular dynamics.  

To demonstrate the capabilities of this new low-field RheoNMR technique, coconut oil 

was chosen as a model substance for a fat crystallization kinetic study. Although coconut 

oil is extensively used in several applications from food to industrial purposes, the kinetic 

study of coconut oil crystallization has rarely been published. As well as less publication 

about the crystallization kinetic on coconut oil, it's low cost and easy accessibility makes 

it favorable for this study. The commercially available brand called Palmin as a coconut 

fat margarine was used in this study The thermal profile analysis of the coconut oil 

product was studied by DSC (TA Q200, TA Instruments, New Castle, DE, USA) under 

the N2 atmosphere with a heating and cool rate of 10 °C/min. First, the heating run was 

carried out from ambient temperature to 50 °C, and the sample was kept 2 min at 50 °C 

to clean the thermal history. Then, the sample was cooled down to -50 and immediately 

after the temperature was raised to 50 °C. The resulting peak from the melting curve from 

the second heating run was used to calculate the 𝑇m as ~ 25 °C within ± 0.2 °C error. 

Chaleepa et al. (2010) observed the same 𝑇m value for coconut oil and they extrapolated 

the 𝑇m
0  as ~ 27 °C.  

The primary fat crystals aggregate via van der Waals interactions (De Graef et al. 2008; 

DeMan and Beers 1987). Aggregation of fat crystals starts at a low degree of volume 

crystallinity and forms voluminous aggregates (De Graef et al. 2008). The voluminous 

aggregates cause solid bridges between aggregated crystals, known as sintering (De Graef 

et al. 2008). Continuous fat crystal agglomeration forms a three-dimensional network (De 

Graef et al. 2008). A lot of factors affect the fat crystal growth rate such as viscosity, the 

conformation of the molecules, surface defects, existence impurities, shear rates, etc. 

(Kloed 1998). 

7.1 Isothermal crystallization of coconut fat via RheoNMR 

The isothermal crystallization experiments of coconut fat samples were conducted via 

RheoNMR with using ceramic 13 mm cone-plate geometry (see Figure 5.3). The solid 

coconut fat was molten at 50 °C in a glass beaker, which was on the temperature 
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adjustable heater plate. Then, approximately a 15 ml liquid sample was loaded with the 

help of a syringe on the bottom plate geometry. Next, the NMR part of the technique was 

assembled. The temperature of the sample was heated up to 50 °C and waited until it was 

liquid again. The upper plate geometry was then lowered slowly until the sample filled 

the gap between the upper and the bottom geometries. The temperature of the sample was 

kept at 50 °C for 15 min to obtain an isotropic melt sample. Then, the sample was cooled 

to the crystallization temperature 𝑇C as fast as possible. Cooling took approximately 200 

seconds. The oil sample was kept at 𝑇C until its fully crystalline. The temperature-

dependent experiments of coconut fat are shown in Figure 7.2.  

 
Figure 7.2: Isothermal crystallization profiles of coconut fat at 𝜔1 = 10 rad/s for varying 𝑇𝐶 

with applied 𝛾0 = 0.005%. (a) The time evolution of 𝐺′(𝜔1) and 𝐺′′(𝜔1) from the Rheo part and 

(b) 𝐺′(𝜔1) and simultaneously monitored the XC via the NMR part of the RheoNMR as a function 

of time. 

The low deformation amplitude was applied to make sure that the applied deformation 

amplitude does not disturb the crystal network. Figure 7.2a shows the occurred the 

gelation (𝐺′ = 𝐺′′) at a solid fat fraction of less than 0.01. The storage moduli (𝐺′) became 

greater in the value than loss modulus (𝐺′′) with increasing crystallinity (𝑋C) as following 

the crystallization principle. Although the moduli reached the final maximum stable value 

(𝐺∞
′ ), the crystallization continued for another 100 s to achieve the final solid fat fraction 

(SFC) (𝑋C
∞) due to comprised of developing secondary crystallization (see Figure 7.2b). 

The 𝑋C
∞ was observed as 80% at 𝑇C  = 9 °C. The increased 𝑇C from 9 to 19 °C reduced 

the 𝑋C
∞ to almost its half. Presumably, the increasing 𝑇C led to bigger spherulites in which 

had a more amorphous phase.  
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The various deformation amplitude was imposed during the solidification of the coconut 

fat as depicted in Figure 7.3 for investigation of strain-induced crystallization.  

 

Figure 7.3: Simultaneously monitored the 𝐺′ and the 𝑋C from isothermal crystallization of 

coconut fat under imposed various 𝛾0 with the 𝜔1 = 10 rad/s (a) at the 𝑇C  =  9 °C, and (b) at 

the 𝑇C  = 14 °C.  

No significant effect was found on the macroscopic material properties (𝐺′) with 

subjected strain amplitude 𝛾0 ≤ 0.5% at 𝑇C  = 9 °C. While the imposed various 

deformation caused almost no difference in the 𝑋C development at 𝑇C  = 9 °C, delaying 

crystallization was observed with increased deformation at 𝑇C  = 14 °C. The increased 𝛾0 

from 0.005% to  5% at 𝑇C  = 14 °C caused a significant decrease in 𝐺′ by a factor of 100 

and led to slippage or fracture when the sample was fully crystalline. The slippage or 

fracture occurred also under the applied 𝛾0 = 5% at 𝑇C  = 9 °C when the sample was fully 

crystalline. Although the 𝑋C
∞ was not influenced by applied varied 𝛾0 for both 𝑇C, the 

observed delay in the 𝑋C development at 14 °C and reduced moduli by increased 𝛾0 

indicated a possible change in the microstructure. This may be in a good agreement with 

the study of Marangoni and Narine (2002) that the macroscopic mechanical properties of 

oils are directly linked with the microstructure of the crystal network rather than the final 

crystallinity. Additionally, Shi et al. (2005) reported that the differences in size, shape, 

and polymorphs of crystal structures could cause different textural properties for oil 

products. 

7.1.1 Kinetic analysis of isothermal coconut fat crystallization  

The coconut fat crystallization kinetic was analyzed by using Avrami, modified Gompertz 

and Foubert models to extract important parameters regarding the crystallization rate and 
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crystallization mechanism. The commonly used Avrami model was explained in Chapter 

3.2.3. The modified Gompertz model has been also used to describe the crystallization 

kinetics of fats (Kloek et al. 2000; Foubert et al. 2003). The modified Gompertz model is 

often used to represent bacteria growth in biology (Zwietering et al. 1990; Foubert et al. 

2003; Tjørve and Tjørve 2017). The modified Gompertz equation is described as: 

XC(t)

XC
∞ = 𝑒𝑥𝑝 {−𝑒𝑥𝑝 [

𝜇∗𝑒

XC
∞ ∗ (𝜆 − 𝑡) + 1]}   (7.1) 

where 𝜇 (1/s) is the maximum increase rate in the crystallization given by the slope of the 

exponential increase in the crystallization curve, and 𝜆 (s) is a measure for the induction 

time with the time 𝑡 and 𝑒 equals exp(1).  

A relatively newly developed Foubert model has been used to characterize isothermal fat 

crystallization kinetics (Foubert et al. 2002; Foubert et al. 2003; Rigolle et al. 2015). This 

model expresses the crystallization process with a combination of a first-order forward 

reaction and a reverse reaction of order 𝑚 (-) under the isothermal condition as following, 

𝑋C(t)

𝑋C
∞ = [1 − [1 + ((1 − 𝑥)1−𝑚 − 1) × 𝑒−(1−𝑚)×𝜐×(𝑡−𝑡indx)]

1

1−𝑚]    (7.2) 

In Equation 7.2, the 𝑡indx (s) is an induction time, needed to obtain 𝑥 (%) amount of the 

crystallinity, and the 𝜐 (1/s) is the rate constant. The parameter 𝑥 was fixed to 0.01 

(Rigolle et al. 2015) for all experiments to reduce the variable parameters from four to 

three to get more precise fit results. In Foubert model, parameter m is linked with the 

induction time 𝑡indx, 𝜐 and the degree of curve asymmetry. For instance, the m value of a 

perfectly symmetric crystallization curve is equal to 2. In the case of m > 2 the 

crystallization is faster at the beginning and relatively slower at the end stage of the 

crystallization process, and the difference between the beginning and the end-stage of the 

crystallization is larger for larger m values.  

The relative crystallinities (𝑋C  𝑋C
∞⁄ ) were plotted as a function of time for varying 𝑇C, 

and all models were fitted to the crystallization curves as depicted in Figure 7.4a-c. The 

quality of fit of all models is similarly good based on the coefficient of determination 

(CoD) or R2 value. The CoD has a higher value up to 1 as an indicator of a better fit. All 

models fit the results with CoD > 0.995. While the Avrami model describes dominantly 
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primary crystallization part, the modified Gompertz and Foubert model fits the complete 

crystallization process well. The deduced kinetic parameters of the Avrami, modified 

Gompertz and Foubert models are displayed in Figure 7.5a-f.  

 

Figure 7.4: Visual comparison of fitted models the Avrami, modified Gompertz and Foubert to 

the relative crystallinity 𝑋C  𝑋C
∞⁄  curves as a function of time during isothermal crystallization 

of coconut fat at 𝜔1 = 10 rad/s. (a) Temperature dependent experiments at a constant 𝛾0 =

 0.005%. Strain-induced crystallization (b) at the 𝑇C  = 9 °C and (c) at the 𝑇C  = 14 °C. Avrami 

model (see Equation 3.47) was fitted up to 𝑋C  𝑋C
∞⁄ =  0.50 and shown as red line. The modified 

Gompertz and Foubert models can be seen as purple dot lines and black dash lines respectively. 

The extracted induction time parameters 𝜆 and 𝑡indx were close. While the calculated 𝜆 

increased 110 s, the 𝑡indx raised 118 s with a 10 °C increment in 𝑇C. Meanwhile, the rate 

values K, 𝜇, and 𝜐 decreased by approximately 50% due to the slower crystallization at 

higher 𝑇C. Additionally, the 𝜆 and 𝑡indx values increased by imposed largest 𝛾0 as 10 s at 

𝑇C = 9 °C and 35 s at 𝑇C = 14 °C compared the values for the applied smallest 𝛾0 

experiment. The K value showed a 10% decrease at 𝑇C = 14 °C for applied largest 𝛾0. 

This result was consistent with the observed delaying curves for the increased 
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deformation in Figure 7.4c. The change in the overall crystallization rate was designated 

with υ and µ values, and they were not significant, less than 5%, by varying range of 𝛾0. 

 

Figure 7.5: Kinetic parameters (a), (c) and (e) for the temperature-dependent experiments; and 

(b), (d) and (f) for the strain-induced crystallization experiment with varying 𝛾0. Parameters- n: 

Avrami exponent, K: Avrami rate constant, µ: modified Gompertz the maximum increase rate 

parameter, 𝜐: Foubert rate constant, 𝜆: modified Gompertz induction time, 𝑡𝑖𝑛𝑑𝑥: Foubert model 

induction time. 

Bulk fat nucleation is known as predominantly heterogeneous and the most practical 

situations due to the low degree of cooling rate and the dispersion of impurities (Campbell 
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et al. 2004). The heterogeneous nucleation results in a noninteger value of n (Marangoni 

2005). Within this framework, the coconut fat system in this study was crystallized under 

heterogeneous nucleation, and the dimensionality n value increased by a 1 within Δ𝑇C =

 10 °C increment. Besides, the calculated m was increased by 1.5 and reached 6 with 

increased 10 °C. According to the study of Foubert et al. (2002), the typical parameter 

range for the m of cocoa butter at 20 °C is in between 3 and 6. Furthermore, Rigolle et al. 

(2015) fixed the m to 6.5 for crystallized cocoa butter and 5.5 for the crystallized milk fat 

for chocolate at 20 °C. In case of strain-induced crystallization, it is known as the contact 

surface of the crystals increases by applied deformation (Bremer 1992). The increased 

contact surface could cause a crystal impingement, and increase n values. This may be 

the reason for the increased n value with the applied 𝛾0 = 5% from 3.4 to 4.4 at the 𝑇C =

 9 °C and from 3.6 to 6.2 for 𝑇C = 14 °C (see Figure 7.5b). This n > 4 values indicated 

the complexity of crystallization mechanism with multi-dimensional growth and different 

morphology of coconut fat. The interaction of fat crystals with each other in the network 

has been already known as having a very complex nature (DeMan and Beers 1987). 

Presumably, the fat crystal particles become more stretched and bent at higher 𝑇C under 

conducted larger deformation (Kloed 1998). While the destruction of the small crystals 

at the early stage of crystallization decelerates the crystallization, later on the stretched 

fat crystal network could increase the contact surface by applied large deformation. Thus, 

a slight reduction in K value with the larger n > 4 values was observed due to the more 

complicated growing geometries or rearrangement of the fat crystals under applied large 

deformation. The conducted largest 𝛾0  = 5%  increased the m value factor of ~1.2 

compared to the calculated value for 𝛾0  = 0.005% for both 𝑇C. This could support the 

idea of more complex crystal growth mechanism. 

As a result, although the Avrami model is far the most used model for kinetic analyses of 

the crystallization process, the modified Gompertz and Foubert model fitted to data as 

good as Avrami fit. A benefit of the modified Gompert and Foubert models is that its 

induction time parameters are calculated straightforwardly. However, the theoretical 

basis for the modified Gompert and Foubert models is rather weak for a description of 

the crystallization process. While the Avrami model could far better find application for 

describing the first half the crystallization process (dominantly primary crystallization), 
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the modified Gompert and Foubert models would be useful for evaluation of the overall 

crystallization rate and the induction time. 

7.1.2 Analyses of the fractal dimension 

The fat crystal network is composed of packed fractal flocs throughout the sample. The 

analysis of fractal geometry is important for understanding the link between the 

microstructure of fat crystal network and macroscopic rheological properties of the 

network. The fractal dimension is a measure of the relationship between the mass of a 

cluster and its size (Shi et al. 2005). It also quantifies the order of packing clusters in the 

fat crystal network (Narine and Marangoni 1999). According to Narine and Marangoni 

(1999), the fractal dimension is strongly influenced by mass and heat transfer which are 

governed by processing conditions, i. e., temperature history. With RheoNMR method 

crystallization processing conditions are identical for simultaneous measurement by 

NMR and rheometer. Thus, the direct correlation of 𝐺′ as a function of the XC evaluated 

based on the weak-link regime for colloidal dispersion. Above the gelation threshold, the 

gel network consists of closely packed fractal flocs (Shih et al. 1990). The links regimes 

between flocs are divided into two as a strong and weak-link (Shih et al. 1990; Narine 

and Marangoni 1999). In the strong-link regime, the particle concentration is low, and 

individual floc is large. Each floc behaves as a weak spring (Shih et al. 1990). However, 

in the weak–link regime, particle concentration is high with very small and stiff fractal 

flocs (Shih et al. 1990; Bremer 1992). Thus, the 𝐺′ exhibit a power-law increasing 

behavior with increasing SFC (Bremer et al. 1989; Bremer et al.1992; Shih et al. 1990, 

Marangoni and Narine 2002) by, 

𝐺′ = 𝜓𝑋C(𝑡)
p     (7.3) 

ln(𝐺′) = ln(𝜓) + 𝑝ln(𝑋C(t))       (7.4) 

where 𝜓 is a constant independent of 𝑋C, but it depends on the polymorphic nature such 

as particular lipid or triglyceride composition of the fat crystal network, and 𝑝 is a 

chemical length exponent depends on the fractal dimension 𝐷 of the network in the 

following manner 𝑝 = 1/(3 − 𝐷) in the weak-link regime for a three-dimensional 
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system. The linear slope (𝑝) of ln(𝐺′) and ln (
𝑋C(𝑡)

𝑋C
∞  ) correlation can be used to calculate 

the 𝐷. The plots of ln(𝐺′) and ln (
𝑋C(𝑡)

𝑋C
∞  ) can be seen in Figure 7.6.  

 

Figure 7.6: Correlation between 𝑙𝑛(𝐺′) and 𝑙𝑛 (
𝑋𝐶(𝑡)

𝑋𝐶
∞  ) (a) for varying the 𝑇𝐶 at constant 𝜔 = 10 

rad/s and 𝛾0 = 0.005%, and strain induced crystallization with varying 𝛾0 at (b) 𝑇𝐶 = 9 °C and 

(c) 𝑇𝐶 = 14 °C. Linear fit with a dashed line represented to describe the change in slope in the 

initial and growth stage of crystallization. 

Different slopes from different stages of crystallization experiments were observed. The 

first stage of the plots showed 𝑝 values lower than 1.5 at 𝑇C = 14 °C for rising 𝛾0. A low 

fraction of fat solid was presented at this stage and thus called as an initial stage. However, 

the 𝑝 values were found larger than 1.5 at 𝑇C = 14 °C for the second stage. At this stage, 

the fractal network was developed. Therefore, this stage was called a growth stage. After 

this stage, a plateau was observed and indicated no further change in the fractal 

dimension. Determined D values from the plots in Figure 7.6 are displayed in Figure 7.7. 

The resulting D value was stable at the growth stage by changing 𝑇C. However, it was a 
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factor of 1.2 higher with a decrease in Δ𝑇C = 10 °C. According to Narine and Marangoni 

(1999) sample has instantaneous nucleation at a lower temperature, and thus, nucleation 

sites dissipate the heat effectively throughout the network. Therefore, these systems with 

a rapid nucleation stage have a higher fractal dimension.  

 

Figure 7.7: Fractal dimension (D) of the crystallization of coconut fat (a) for varying 𝑇𝐶 

experiments, and (b) for conducted varying 𝛾0 at 𝑇𝐶 = 9 °C and 𝑇𝐶 = 14 °C.  

The D value gradually decreased up to a factor of 1.1.at the initial stage with the presence 

of the larger 𝛾0 under both 𝑇C conditions. The thermal and shear histories did not change 

for conducted coconut fat crystallization experiments, and thus, results indicated that the 

applied deformation affected the nucleation process and caused a decrease in the D value. 

This may be because of the constrained the heat and mass transfer due to the deformed 

nuclei in the sample by applying higher 𝛾0. Lower D values were also indicators a 

measure of disordered packing of the microstructural elements within the network 

(Narine and Marangoni 1999) compared to higher D valued experiments. Nevertheless, 

the D value did not alter by increasing 𝛾0 at the growth stage in the crystallization process. 

But, even so, the application of the largest 𝛾0 also caused a lower 𝐺′ modulus during the 

crystallization process independent to chosen 𝑇C as demonstrated by Figure 7.6b-c.  

The correlation between the 𝐺′ and 𝑋C can be analyzed by using the suspension theories 

due to the similarities between suspension and fat crystal networks. The mass fraction of 

solid 𝑋C was found equivalent to the volume fraction of solid 𝜑c determined by Equation 

3.48 with the used crystalline density of coconut oil 𝜌c,coconut oil = 0.925 g/cm3 at 15 °C, 

and the amorphous density of it at 40 °C as 𝜌a,oconut oil = 0.907 g/cm3 (Sulaiman et al. 
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2013; Charrondiere et al. 2012). The Einstein equation (see Table 8.3) describes very 

dilute suspension systems for non-deformable rigid particles with a coefficient of 2.5 as 

hard-spheres in the 𝑋C < 10%. Another model for dilute suspensions known as Batchelor-

Green (see Table 8.3) was developed for rigid particles with a similar first coefficient 

with Einstein equation as 2.5 and second coefficient 𝑘H. Furthermore,Räntzsch et al. 2019 

developed the extended Einstein with a combination of the Einstein model and the power-

law model. The formulation extended Einstein model for this study is: 

𝐺′ = 1 + 2.5𝑋C + 𝐷′𝑋C
C′     (7.5) 

where 𝐷′ is the dynamic range of 𝐺′, 𝐶′ is related to the coordination of growing crystals. 

Figure 7.8 shows the modeling of a correlation of the 𝐺′ and the  
𝑋C(𝑡)

𝑋C
∞  for temperature 

series of coconut fat by isothermal crystallization. The used models did not describe the 

complete crystallization curves. However, the model fits up to 50% of the 
𝑋C(𝑡)

𝑋C
∞  was 

achieved with CoD ≥ 0.90 as displayed in Figure 7.8b. The applied 𝛾0 dependence series 

with fitted models up to 50% of the  
𝑋C(𝑡)

𝑋C
∞  is shown in Figure 7.9. The Einstein model 

described the crystallization system of coconut fat up to 6% of relative crystallinity.  

 

Figure 7.8: Correlation of the 𝐺′and the 
𝑋𝐶(𝑡)

𝑋𝐶
∞  for temperature dependent experiments with fitted 

suspension models up to 50% of the 
𝑋𝐶(𝑡)

𝑋𝐶
∞  as represented lines: black dot line for Einstein model, 

black line for extended Einstein, red dash line for Batchelor-Green, green short dot line for 

power-law models. 
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Figure 7.9: Correlation of the 𝐺′ with the 
𝑋𝐶(𝑡)

𝑋𝐶
∞  for varying 𝛾0 at (a) 𝑇𝐶  = 9 °C,and (b) 𝑇𝐶  = 14 

°C.with fitted suspension models up to 50% of the 
𝑋𝐶(𝑡)

𝑋𝐶
∞  as represented lines: black dot line for 

Einstein model, black line for extended Einstein, red dash line for Batchelor-Green, green short 

dot line for power-law models. 

Table 7.1: Calculated model parameters by fitting data up to 50% of the  
𝑋𝐶(𝑡)

𝑋𝐶
∞  . 

         Fitted models 

 

Experiment  

Conditions 

Extended Einstein 

 

Batchelor-Green Power law 

 

TC 𝛾0 𝐷′[𝑥10−6] 𝐶′ 𝑘H [𝑥10−6] 𝑝 𝜓 [𝑥10−6] 

9 0.005 41 2.06 39 2.06 41 

9 0.05 46 2.11 42 2.11 46 

9 0.5 64 1.76 78 1.76 64 

9 5 2.1 1.33 3.5 1.33 2.1 

14 0.005 29 1.92 31 1.92 29 

14 0.05 30 1.47 50 1.48 30 

14 0.5 56 1.66 78 1.66 56 

14 5 0.9 0.75 2.4 0.75 0.9 

9 0.005 41 2.06 39 2.06 41 

14 0.005 29 1.92 31 1.92 29 

19 0.005 17 1.82 20 1.82 17 
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The deduced parameters for the fitted models are given in Table 7.1. The trend of the 𝑘H 

was identical with the trend of 𝐷′ = 𝜓 values. A decreasing trend was observed for all 

parameter by increasing 𝑇C. The maximum of the 𝐷′ = 𝜓 = 64 and the 𝑘H = 78 values 

were observed with the application of 𝛾0 = 0.5% at 9 °C. The maximum in the exponents 

was seen as 2.11 for applied 𝛾0 = 0.05% at 9 °C experiment. Additionally, the minimum 

of the values was found as 𝐷′ = 𝜓 = 0.9, the 𝑘H = 2.4 and 𝐶′ = 𝑝 =0.75 for applied 

maximum deformation at 14 °C. The use of the simple power-law model was found 

effective compare to the other slightly complex models. 

7.2 Concluding remarks 

The Rheo-NMR was found useful for characterizing the crystallization kinetics of the 

coconut fat. Accelerated crystallization observed with a reduction in 𝑇C. Applied largest 

deformation 𝛾0 = 5% did not significantly affect the overall crystallization rate, but the 

slight deceleration was observed by the K parameter and also in the NMR result. The 

calculated m = 6 value at 19 °C was found as a typical value for the fat under the quiescent 

crystallization. The application of larger 𝛾0 caused distinct effects on the exponents n and 

m which designated possibly more stretched and bent fat crystal structure. A delay was 

observed with increasing 𝑇C and 𝛾0 with extracted induction time parameters. While the 

D was 2.5 and stable at the growth stage independent from varying 𝑇C and 𝛾0. A 

decreasing trend was observed in the D for increasing 𝑇C and 𝛾0 at the initial stage of 

crystallization. This indicated a possible increase in the disordered packing of the 

microstructural elements within the network. Lastly, the power-law model was found 

effective for modeling of a correlation of the 𝐺′ and the  
𝑋C(𝑡)

𝑋C
∞  up to 50% of the  

𝑋C(𝑡)

𝑋C
∞ . 

The RheoNMR method can now benefit from a new perspective by a simultaneous 

measurement under identical thermal and shear conditions. This method opens up the 

possibility to learn required deformation or shear to apply intentionally in commercial 

processing for preparing the fat product with targeted physical properties. The resulting 

rheological properties such as viscosity under flow-crystallization conditions could be 

used for a possible interpretation of the sensorial properties.  
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8 Rheological Properties of Cellulose/LDPE Composites 

Combined with Sustainable Plant-Based Compatibiliser 

The following chapter describes the sample preparation and rheological results on 

Cellulose/LDPE composites reinforced with sustainable plant-based compatibilizer. Most 

of the sample preparations and DSC analyses were done by Philip B. V. Scholten (Center 

for Education and Research on Macromolecules (CERM), CESAM Research Unit, 

University of Liege, Department of Chemistry, Liege, Belgium). On the other hand, the 

investigation of the rheological properties of PE composites by adopting classical models 

on the relative absolute complex viscosity |𝜂∗(𝜔)| as a function of mass filler fraction 

data were the scope of this Ph.D. study to predict further rheological properties of the 

aforementioned composite materials. The theoretical background for the presented 

chapter and its subsections is based on published literature: Scholten, Özen et al. (2020). 

8.1 Introduction 

One of the most attractive reinforcing fillers is cellulose particularly for polyolefins e.g. 

PE to increase the material strength. Indeed, the main advantage of the cellulose material 

is its remarkable nature by the virtue of its biodegradability, non-toxicity, extremely high 

strength, low cost and lightweight (Miao and Hamad 2013; Abdul Khalil et al. 2012; 

Dufresne 2017; Kontturi et al. 2018). The acylation of cellulose with fatty acids (Freire 

et al. 2008) and the epoxidized plant oils as compatibilizers (Oliveira De Castro et al. 

2015) has been used effectively to improve the material properties of PE. However, one 

of the major problems encountered in the cellulose PE composite material is the 

hydrophilic structure of cellulose which makes it difficult to disperse in hydrophobic PE. 

The latter occurs mainly due to low interfacial compatibility, moisture intake and inter-

fiber aggregation. Several different ways have been proposed to overcome these problems 

such as the use of grafting agents (Yano et al. 2018; Sakakibara et al. 2017; Kaynak et 

al. 2018; Wohlhauser et al. 2018), and reactive extrusion (Oliveira De Castro et al. 2015; 

Pracella et al. 2010) to the functionalization of one or both components (Abdul Khalil et 

al. 2012; Faruk et al. 2012; Singh and Palsule 2014; Prasad et al. 2016; Alidadi-

Shamsabadi et al. 2015; Li et al. 2007).  
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Nevertheless, within this study, starch and amylose based renewable compatibilizer (see 

Figure 8.1) were employed for the formulation of cellulose-reinforced LDPE composites.  

 

Figure 8.1: Structures of cellulose and starch. 

 
Figure 8.2: The synthesis of starch and amylose based compatibilizer with using sunflower oil 

(Söyler and Meier 2016). The synthesis was done by Philip Scholten. 

These compatibilizers were synthesized using sunflower oil as depicted in Figure 8.2 by 

adopting the procedure reported by Söyler et al. 2016. The synthesized compatibilizers 

fuse both the hydrophilicity of a glucose repeat unit and the hydrophobicity of a fatty acid 

chain in their structure, which makes them suitable material to interact not only with both 

cellulose both also with LDPE. Subsequently, the compatibilizers and cellulose were 
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mixed by twin-screw extrusion, and ensuing extruded composites were analyzed by 

oscillatory rheometer for investigating the material flow properties. 

8.2 Samples and their preparation 

Samples 

A commercial-grade of the LDPE was used as a pure polymer matrix which was supplied 

by INEOS Polymers & Olefins Europe. The characteristics of LDPE as following: 

density: 920 kg.m-3; melt index MI2.16: 8.5 g / 10 min; number and weight average 

molecular weight respectively as 𝑀n  = 17.3 kg.mol-1, 𝑀w  = 126 kg.mol-1. The melting 

temperature (𝑇m): 107 °C; mass crystallinity: 44% was found by DSC analysis. The 

cellulose pulp was extracted from European beechwood (Fagus sylvatica L.) with using 

acetic acid followed by hydrogen peroxide (30 %w/w in H2O, Aldrich) bleaching. 

Cellulose characterization is provided in the appendix as Figure A.1. The transesterified 

amylose derivative or starch was prepared accordingly to the procedure by Söyler et al. 

(2016) using high oleic sunflower oil (provided by Cargill) and starch purchased in a local 

supermarket. Cellulose, starch, and amylose (Aldrich) were dried at 100 °C in a vacuum 

oven overnight before use. 1,5,7-Triazabicyclo[4.4.0]dec-5-ene (TBD; 98%, Aldrich) and 

dimethyl sulfoxide (DMSO; anhydrous, >99.9 %, Aldrich) were used as received. 

Sample Preparation 

A series of wt% LDPE composites (see Table 7.1) were prepared by melt-mixed in lab-

scale co-rotating twin-screw extruder, the Minilab (Thermo Scientific Haake, Germany) 

to ensure uniform dispersion. The cellulose, modified amylose, and modified starch were 

cut into small pieces, premixed with LDPE. Then, the mentioned mixture was inserted 

into 5 g twin-screw extruder at 180 °C and 30 rpm. The rpm was increased to 80 after the 

sample insertion. The pure LDPE was also extruded under the same conditions to obtain 

identical thermal and shear history with composites samples. Subsequently, the samples 

were press-molded under vacuum at 120 °C and 20 bar for 10 min in a Weber laboratory 

press to make 1 mm thick disks with a diameter of 25 mm in diameter. The cooled disk 

shape samples were analyzed by rheology. Before the rheological analysis the 𝑇m values 

of the samples were determined by using the DSC Q100 instrument from TA with using 
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an aluminum pan. The 5 mg of sample was analyzed in the following temperature 

procedure as cooling to 0 °C, heating to 140 °C, cooling to -90 °C and heating to 200 °C 

with a heating/cooling rate of 10 °C/min, respectively. The last heating cycle was used 

for the determination of the 𝑇m and results are provided in the appendix as Figure A2.  

Table 8.1: Composition of the composites in wt % of a total of 5 g of sample. 

Sample code LDPE 

(wt%) 

Cellulose 

(wt%) 

Compatibiliser 

(mA, A, mS or S) 

L100 C0mA/mS0 100 0 0 

L85 C10mA/mS5 85 10 5 

L80 C10mA/mS10 80 10 10 

L75 C1mA/mS15 75 10 15 

L90 C0mA/mS10 90 0 10 

L90 C10mA/mS0 90 10 0 

L80 C10A/S10 80 10 10 

L90 C0A/S10 90 0 10 

L45 C45mA/mS10 45 45 10 

L55 C45mA/mS0 55 45 0 

L: low-density poly(ethylene); C: cellulose mA: modified amylose; mS: modified starch; 

A: amylose; S: starch. 

8.3 Melt shear rheology analysis of composites 

The melt rheological properties of composites were investigated to understand materials 

suitability for processing, thermal stability, and critically the state of filler dispersion in 

the matrix. An ARES G2 strain-controlled rotational rheometer from TA Instruments was 

used for the analysis. All measurements were done with 25mm diameter parallel plate 

geometries under an N2 atmosphere. Oscillatory shear measurements were conducted to 

monitor the 𝐺′(𝜔1, 𝛾0, 𝑇, 𝑡) (elastic contribution), and during measurements, the 𝜔1, 𝛾0, 

T, and t were varied independently. The strain-dependent behavior was tested by dynamic 

strain sweep measurement of all samples at 150 °C to characterize the linear and nonlinear 

viscoelastic regions as seen in Figure 8.3. The linear viscoelastic region was observed up 

to 𝛾0 = 10% for samples, except for the highest content of cellulose (C45mA/mS10) for 
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which it was attained until 𝛾0 = 4%. The decrease in the linear viscoelastic region with 

increasing total filler fraction in the polymer matrix indicated a formation of a network-

like structure above the percolation threshold concentration (Ahirwal et al. 2014). Sample 

with maximum filler quantity (C45mA/mS10) showed the highest 𝐺′ and shortest linear 

viscoelastic region compare to the all other samples. 

 

Figure 8.3: The 𝐺′ as a function of the 𝛾0 at 150 °C and 𝜔1 = 1 rad/s for the neat LDPE and the 

composite materials with cellulose (C), (a) modified and non-modified amylose (A) compatibilizer 

and (b) modified and non-modified starch (S) compatibilizer.  

 

Figure 8.4: Time dependency of the 𝐺′ at 150 °C with 𝜔1 = 1 rad/s in the linear viscoelastic 

regime for the neat LDPE and the composite samples. 

Subsequently, the thermal stability of samples was analyzed at 150 and 170 °C with the  

𝜔1 = 1 rad/s in the linear viscoelastic regime during one hour as demonstrated in Figure 

8.4 and Figure 8.5. A stable 𝐺′ was observed for samples in both temperatures, apart from 

samples with 45 wt% cellulose (C45mA10/S10 and C45mA0/S0). The stability of 
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modulus indicated the absence of degradation. The observed decrease in 𝐺′ was ~10% 

for C45mA10 and C45mS10 respectively, and above 15% for C45mA0/S0 at both 

temperature ranges. A possible reason for the modulus drop could be the loss of residual 

water in the cellulose fibers at that temperatures during the time.  

 

 

Figure 8.5: Time dependency of the 𝐺′ at 170 °C with 𝜔1 = 1 rad/s in the linear viscoelastic 

regime for the neat LDPE and the composite samples. 

Next, frequency-dependent tests were conducted in the linear viscoelastic regime between 

120 and 160 °C. The 𝐺′ was monitored as a function of the 𝜔1 at reference temperature 

(𝑇𝑟𝑒𝑓  = 150 °C) via the TTS principle. The appearance of a plateau of the 𝐺′(𝜔1) is an 

indication of exceeding the percolation threshold. Cellulose fibers form an interconnected 

network through a space-filling dispersion of the fibers within the matrix at above the 

percolation threshold, and hence the material properties are improved to higher strength 

with stress transfer from the matrix to the filler. In Figure 8.6 the frequency-dependent 

measurements show no difference between 10 wt% cellulose added LDPE sample 

(C10mA0, C10mA mS0) and neat LDPE, the latter called C0mA0 or C0mS0, which 

could be due to agglomeration of the cellulose. Therefore, the addition of compatibilizer 

was found necessary to disrupt these cellulose clusters and result in better dispersion. 

Modified starch (10 wt%) included a sample (C0mS10) changed the 𝐺′ slightly, as a 25% 

increase at high ( 𝜔1 ≥ 10 rad/s) and 90% increase at low frequencies ( 𝜔1 ≤ 1 rad/s) (see 

Figure 8.6). However, sample (C0S10) with 10 wt% non-modified starch content showed 

a 10% decrease at high frequencies and a 60% increase at low frequencies. These 

differences in 𝐺′ are very minor when they are compared with the neat LDPE sample.  
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Figure 8.6: The 𝐺′ as a function of the 𝜔1 at  𝑇𝑟𝑒𝑓  = 150 °C was plotted via TTS for neat LDPE 

and LDPE composites containing 10 wt% cellulose (C10mA/S0) or composites with 10 wt% of 

(a) modified amylose (mA) or non-modified amylose (A), and (b) modified starch (mS) or non-

modified starch (S). 

 

Figure 8.7: The 𝐺′ as a function of the 𝜔1 at 𝑇𝑟𝑒𝑓  = 150 °C was plotted via TTS for neat LDPE 

and LDPE composites containing 10 wt% cellulose (C) with 5-15 wt% of (a) modified amylose 

(mA), and (b) modified starch (mS). 

Thus, the filler amount was increased as 5, 10 and 15 wt% compatibilizer and added into 

the sample which contains 10 wt% cellulose and LDPE to facilitate the investigation of 

feasible improvement in the 𝐺′. The increment in 𝐺′ was observed for higher 

compatibilizer content (brown 5 wt%, blue 10 wt%, and green 15 wt%) as shown in 

Figure 8.7. This increase in 𝐺′ was roughly 200% higher for C10mA15 and 30% higher 

for C10mS15 compared to the neat LDPE (C0mA0 or C0mS0) at high frequencies ( 𝜔1 ≥

  10 rad/s). The higher the filler content raised the volume fraction of the dispersed phase 

due to the intrinsic rigidity of fillers, and hence caused an increment in the 𝐺′. The plateau 
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appeared at the 𝜔1 ≤ 1 rad/s for C10mA10, C10mA15 and C10mS15 (blue and green 

symbols in Figure 8.7). The observed plateau indicated the formation of a “network like” 

structure (Kontopoulou 2012) with an improved interfacial adhesion with the 

hydrophobic matrix. This was a direct reflection of the addition of the amphiphilic 

compatibilizers, which can provide interfacial interactions between the two materials. The 

observed increment in the 𝐺′ at  𝜔1 = 0.05 rad/s of samples C10mA15 was two times 

higher than the increment in the 𝐺′ of the sample C10mS15 and constituted an 18-fold 

increase compared to the neat LDPE.  

 

Figure 8.8: The 𝐺′(𝜔1) as a function of the 𝜔1 at 𝑇𝑟𝑒𝑓  = 150 °C via TTS for neat LDPE and 

LDPE composites containing 45 wt% cellulose (C) and 10 wt% of (a) modified amylose (mA), 

and (b) modified starch (mS). 

Furthermore, the cellulose content was increased to 45 wt% and monitored the 𝐺′(𝜔1) 

results are shown in Figure 8.8. Although a 2-fold increase in 𝐺′(𝜔1) was observed for 

the C45mA0/mS0 sample, no plateau was observed (red symbols in Figure 8.8). The 

addition of 10 wt% compatibilizer into cellulose (45 wt%)-LDPE composites raised the 

𝐺′ 49 times and 38 times respectively for C45mA10 and C45mS10 at 𝜔1 = 0.04 rad/s, 

and a pronounced plateau at the  𝜔1 ≤ 1 was observed The latter indicated that the 

addition of compatibilizer to the composite (C45mA/mS10) effectively improved the 

dispersion of the cellulose compared to a simple mixture of cellulose and LDPE 

(C45mA/mS10), which caused an increase in 𝐺′ of the samples.  

Moreover, the flow activation energies 𝐸a of the samples were calculated by using the 

obtained master curves via TTS at 𝑇ref = 150 °C with the shift factor (𝑎T) as 𝑎T =
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𝑒𝑥𝑝 [
𝐸a

𝑅
(
1

𝑇
−

1

𝑇ref
)]. The Arrhenius equation was fit to the 𝑎T as a function of 𝑇 plots of 

samples to calculate the 𝐸a in the range of between 120 °C to 160 °C. A chain segment 

needs energy for self-diffusion in the bulk which is called as a flow activation energy 𝐸𝑎 

(Hassanabadi et al. 2014; Feng et al. 2011). The 𝐸a = 49.8 kJ/mol was calculated for the 

neat LDPE. While the lower 𝐸a signifies the temperature dependence of the change of 

rheological parameter (e.g. melt viscosity) is low, the temperature sensitivity is higher for 

the samples with the higher 𝐸a (Mohanty and Nayak 2007; Kalaprasad et al. 2003). The 

composites named as C10mA15, C45mA10 and C45mS10 showed the highest 𝐸a as 80, 

103.7, and 97.5 kJ/mol respectively. That was expected since the fibers restrain the 

molecular mobility due to network-like structure, and hence the alignment of fibers 

became harder in the flow direction especially for lower temperatures. However, some 

samples showed a decrease in the 𝐸𝑎 values with increasing filler fraction. This could be 

related to the reduced interfacial tension between hydrophilic fiber and hydrophobic 

LDPE (Mohanty and Nayak 2007). For instance, sample C45 mA/mS0 with 𝐸a = 50.7 

kJ/mol showed lower value than the 𝐸a = 69 kJ/mol of C10 mA/mS0. Materials with low 

𝐸a are stable in the temperature change. 

The broad range of models has been developed and used for estimating the dependence 

of polymer composite viscosity on the particle concentration in the polymer matrix. 

(Willett 1994; Willenbacher and Georgieva 2013; Zhou et al. 2001; Cwalina et al. 2016) 

The details of these models are listed in Table 8.2. These models have been generally 

used for spherical particles. However, many industrial suspension samples include non-

spherical particles such as fibers, disks, etc. The addition of more than one type filler into 

polymer results in practically insuperable problem with measuring the aspect ratios of 

micrometer size particles, hence taking into account in the model systems (DeArmitt and 

Hancock 2003). Furthermore, the soft repulsive and attractive interactions between the 

fillers and with also the polymer have also influenced the rheological properties of the 

material (Bergenholtz et al. 2002). In this study, cellulose and compatibilizers were 

fulfilling the function of the fibers. The suspension models were fitted to the relative 

absolute complex viscosity 
|𝜂∗|

|𝜂∗|0
 data with increasing mass concentration on cellulose 

and/or compatibilizer as displayed in Figure 8.9  
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Table 8.2: Suspension models for absolute viscosity as a function of filler concentration. 

Model Equation Description 

Einstein  

(1906, 1911) 

|𝜂∗|

|𝜂∗|0
= 1 + 𝑘E𝜙 

Very dilute suspension 

model for the non-

deformable rigid particles, 

coefficient 𝑘E = 2.5 for 

hard-spheres for  𝜙 < 0.10 

Batchelor-

Green (1972)  

|𝜂∗|

|𝜂∗|0
= 1 + 𝑘E𝜙 + 𝑘H𝜙

2 
Dilute suspension model for 

rigid particles, coefficient 

𝑘H = 5.2 for hard-spheres 

and increases the value to 

6.0 for Brownian motion 

between particles 

Mooney 

(1951)  

|𝜂∗|

|𝜂∗|0
= 𝑒𝑥𝑝[2.5𝜙(1 − 𝑘M𝜙)

−1] 
Concentrated suspension 

model of rigid interacting 

spheres, 1.35 < 𝑘M < 1.91 

for monodisperse suspension 

dense packing and 

polydisperse suspensions 

 𝑘M < 0.75. (Zhou et al. 

2001) 

Krieger-

Dougherty 

(1959)  

|𝜂∗|

|𝜂∗|0
= [1 −

𝜙

𝜙max
]
−2.5𝜙max

 
Concentrated suspension 

model, 𝜙max = 0.64 for 

hard-spheres 

Modified 

Eilers 

(Cwalina et al. 

2016) 

|𝜂∗|

|𝜂∗|0
= [1 + 1.5𝜙(1 −

𝜙

𝜙max
)−1]

𝑛

 
Concentrated suspension 

model, 𝜙max and n is the 

adjustable fitting parameters 

Quemada 

(1977) 

|𝜂∗|

|𝜂∗|0
= [1 −

𝜙

𝜙max
]
−2

 
Concentrated suspension 

model for rigid particles 

|𝜂∗|: absolute complex viscosity of the suspension, |𝜂∗|0: absolute complex viscosity of the 

suspending fluid, 𝜙max: maximum packing fraction which depends on the particle shape and 

particle size distribution, 𝑘: coefficient.  

The absolute complex viscosity (|𝜂∗|) was calculated by using the 𝐺′(𝜔) and 𝐺′′(𝜔) with 

relation as |𝜂∗| = [(𝐺′(𝜔)/𝜔)2 + (𝐺′′(𝜔)/𝜔)2]1/2. Determined |𝜂∗| divided by the 

absolute complex viscosity value of neat LDPE |𝜂∗|0. The suspension models were fitted 

to the correlation between the 
|𝜂∗|

|𝜂∗|0
and the total filler weight fraction (𝜙) as displayed in 
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Figure 8.9. Then, the resulting fitting parameters were compared with previously reported 

values.  
  

 

Figure 8.9: The 
|𝜂∗|

|𝜂∗|0
  at  𝜔1 = 0.05 rad/s as a function of the 𝜙 correlated to see the impact of 

(a) containing 10 wt% cellulose with addition of varying modified amylose (mA) (blue close 

circle) or modified starch (mS) (blue open circle); (b) added varying cellulose (C) concentration 

to containing 10 wt% mA (red close triangle) or 10 wt% mS (red open triangle) samples. While 

scatters represent the data, lines indicate the suspension models: Einstein, Batchelor-Green, 

Mooney, Krieger-Dougherty, Modified Eilers, Quemada models. 

While the sample C10mA15 showed 5 times larger value in the 
|𝜂∗|

|𝜂∗|0
 value and the sample 

C10mS15 showed an increase only 2 times in the 
|𝜂∗|

|𝜂∗|0
 value compare to the 

|𝜂∗|

|𝜂∗|0
 value of 

neat sample C0mS0. The Einstein and Batchelor-Green models were proposed for very 

diluted suspensions. The addition of modified amylose created a more complex 

suspension system. Therefore, the correlation of the 
|𝜂∗|

|𝜂∗|0
 with increasing modified 

amylose amount behavior could be described by the Mooney, Krieger-Dougherty, 

Modified Eilers models (see Figure 8.9a). Resulting in maximum packing fraction was 

𝜙max = ~0.30 ±0.03. It was quite low compared to the reported 𝜙max values for different 

filler shape e.g., 𝜙max,cylinder = 0.74,  𝜙max,cubes = 0.78, and  𝜙max,sphere = 0.64 (Li et 

al. 2010; Cwalina et al. 2016). The calculated modified Eilers's exponent values were 

𝑛 = 1.44 ±0.36 for amylose samples and 𝑛 = 0.8 ±0.20 for starch. This 𝑛 values were 

also below the suggested 𝑛 = 2 ±0.02 value for cubic dense packing objects by Cwalina 

et al. (2016). The derived 𝑘M = 2.4 ±0.5. was lower than the reported value as 𝑘M = 1.33 

and the 𝜙max = 0.61 for starch-poly(hydroxyl ester ether) composite by Zhou et al. 
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(2001). Besides, the 
|𝜂∗|

|𝜂∗|0
 changes for the more concentrated cellulose composites with set 

modified starch/amylose content (10 wt%) are displayed in Figure 8.9b. The 𝑘H was 

calculated as 26.8 ±0.7 which was close to the reported 𝑘H = 23.7 ± 3 for cubic particle 

suspensions as 𝜙cubes = 0.15 by Cwalina et al. in (2016). The fiber shape of the fillers 

with higher concentration could cause an increase of the 𝑘H value, which may be 

anticipated due to highly attractive distribution forces. The calculated  𝜙max was in a 

range as 0.80 ≤ 𝜙max ≤ 0.95 ±0.4, and the exponent was 𝑛 = 2.2 ±0.2.  

8.4 Concluding remarks 

The preparation of LDPE composites using bulk cellulose fibers was shown to be possible 

using plant-oil and starch-based compatibilizers synthesized sustainably. A clear 

improvement in the cellulose dispersion within the polymer matrix was observed by using 

the shear rheology method. Modified amylose showed a higher capacity to compatibilize 

cellulose compare to modified starch within the LDPE matrix. A plateau in the 𝐺′ at low 

frequencies ( 𝜔1 ≤ 1 rad/s) was observed at both 10 and 15 wt% compatibilizer loading 

with 10 wt% cellulose (C10mA10-15). Additionally, the classical suspension models 

were used to evaluate the filler mass fraction effects on relative absolute complex 

viscosity (
|𝜂∗|

|𝜂∗|0
). Results of the samples including a higher concentration of modified 

amylose i.e., C10mA10 and C10mA15 can be described by Mooney, Batchelor-Green, 

modified Eilers models. This study highlights the promise of the renewable 

compatibilizers for the preparation of reinforced poly(olefin) matrices using bulk 

cellulose fillers.  
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9 Rheological Behavior of Renewable Based Long Chain 

Spaced Polyether Derivatives  

The following chapter describes the sample preparation and rheological results on 

renewable-based polyethers derivatives. The synthesis of the samples and the analytical 

characterization, except the rheology tests, were performed by Dr. Patrick-Kurt 

Dannecker with the partial assistance of Nehir Kavak from the group of Prof. Dr. Michael 

A. R. Meier (Institute of Organic Chemistry (IOC), Materialwissenschaftliches Zentrum 

(MZE), Karlsruhe Institute of Technology (KIT), Karlsruhe, Germany). I would like to 

thank Dr. Hatice Mutlu (Institute of Biological Interfaces (IBG), KIT, Karlsruhe, 

Germany) for scientific discussions. 

9.1 Introduction 

Polyethers, either aliphatic or aromatic, are used in various important applications due to 

their alterable material properties. Polyethers find application in many areas such as 

automotive, construction, furniture, cosmetic industries, and more importantly in 

biomedical applications.  Moreover, renewable-based polyethers, particularly the long-

chain aliphatic ones, are of great interest, not only in science but also in the industry 

because of depleting fossil resources and the relevant environmental problems. 

Nowadays, it is feasible to synthesize polyethers in various ways from renewable sources. 

For instance, the synthesis of polyether polyols, derived from vegetable oils, is possible 

with the combination of cationic polymerization of epoxidized methyl oleate (EMO) and 

the reduction of carboxylate groups to hydroxyl moieties (Lligadas et al. 2007). Besides, 

understanding the rheological properties of the renewable-based polyethers is important, 

because it allows defining the best material for a specified application and processing 

technique. Therefore, in this study, the melt properties of the synthesized renewable-

based long-chain spaced aliphatic polyether derivatives were analyzed via shear rheology, 

explicitly to investigate the material properties, along with the processability of the 

material. Furthermore, a defined HDPE model system with a low molecular weight was 

synthesized by ring-opening metathesis polymerization (ROMP) of cyclooctene. The 

results of the long-chain spaced aliphatic polyether derivatives were compared with the 
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synthesized PE samples, a commercial HDPE, and previously reported polyether 

derivatives to facilitate the prediction of possible industrial application areas. 

9.2  Sample synthesis 

To obtain long-chain spaced aliphatic polyether derivatives from ω-unsaturated fatty acid 

methyl esters, first, a two-step procedure was applied involving a transesterification and 

catalytic reduction obtaining α,ω-diene monomers. The following polymerizations were 

carried out using acyclic diene metathesis (ADMET) or Thiol-ene polymerizations. It is 

relevant to note that the thiol-ene polymerization can be employed with total atom 

economy and rapid kinetics, and without expensive toxic metal-based catalysts. Indeed, 

in the literature, two ways of initiation for thiol-ene polymerizations are differentiated: 

thermal and UV-initiation (Türünç and Meier 2011). Due to the long aliphatic chain, the 

solubility of the formed polymers is very low in common organic solvents at ambient 

temperature, and thus the reaction has to be performed at elevated temperatures in high-

boiling organic solvents to provide a homogeneous reaction mixture. Consequently, the 

thermal initiation method was used to synthesize the respective polymer. The detail of the 

synthesis was reported by Dannecker et al. 2018 as follows: the respective α,ω-diene 

diether (1.00 mmol, 1.00 eq.), α,ω-dithiol (1.00 mmol, 1.00 equivalent (eq.)) and 

azobisisobutyronitrile (AIBN) (0.025 mmol, 0.025 eq.), which was used as the thermal 

initiator, were dissolved in methyl-tetrahydrofuran (methyl-THF) (1 mL). The mixture 

was heated to 80 °C for 5 hours in a microwave reactor under continuous and severe 

stirring. The polymer was attained after precipitation of the hot reaction mixture in 

methanol. The schematic representation of the thiol-ene polymer (P1) is depicted in Figure 

9.1. For the oxidation of the P1, sample P1 (1.00 mmol, 1.00 eq.) was dispersed in THF. In 

to this dispersion, an aqueous hydrogen peroxide solution (30% H2O2 in H2O, 10.0 mmol, 5 

eq. /sulfur atom) was added. The resulting heterogeneous mixture was heated up to 90 °C, 

and refluxed around 12 hours. Finally, the mixture was precipitated in a mixture of methanol: 

water (7:3) at room temperature. The oxidization of the thiol-ene polymer and the resulting 

oxidized thiol-ene sample (P1-O) is demonstrated in Figure 9.2. The 𝑀𝑤 of both samples P1 

and P1-O, which were analyzed via gel permeation chromatography (GPC) in THF, have 

both 𝑀w = 24.5 kg/mol (𝑀w / 𝑀n = Ð = 2.58).  
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The thermal properties of the prepared polymers were studied by a Mettler Toledo DSC 

stare system, operating under an N2 atmosphere using about 5 mg of the respective 

polymer for the analysis. The 𝑇m were recorded on the second heating scan by using the 

following method: cooling to -50 °C, heating from -50 °C to 200 °C at 10 °C/min, cooling 

from 200 °C to -50 °C at 10 °C/min and heating from -50 °C to 200 °C at 10 °C/min. 

DSC experiments were done by Patrick Dannecker. While the 𝑇m of sample P1 was found 

via DSC measurement at 75 °C. Likewise, the 𝑇m for P1-O was observed at 105 °C. 

 
Figure 9.1: The schematic representation for the synthesis of the thiol-ene polymer (P1). 

 

Figure 9.2: The schematic representation of the thiol-ene polymer (P1) and oxidized thiol-ene 

polymer (P1-O), respectively. To simplify the structure of the respective polymer P1 (see Figure 

9.1), it was shown above as subscript “2n”.  

The complementary, alternative polymer was synthesized by using acyclic diene 

metathesis (ADMET) polymerization (Mutlu et al. 2011). To aid the reader, ADMET has 

been considered to be a unique and efficient polycondensation strategy for the 

construction of polymers with precise control over the primary structure. Particularly, as 

compared to polymers of a similar composition that are synthesized with a lack of precise 

control on the sequence, 𝑀w and Ð via conventional step-growth polymerization. The 

details of the ADMET polymerization conditions were reported by Dannecker et al. 2018, 

as following: p-benzoquinone (3.24 mg, 0.03 mmol, 0.06 eq.) and the α,ω-diene diether 

(0.5 mmol, 1.00 eq.) were dissolved in 0.2 mL dry polarclean (2.5 mol/L). The catalyst 
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Hoveyda-Grubbs (HG-II) (6.28 mg, 0.02 mmol, 0.02 eq.) was added at 85 °C. The 

pressure was reduced from atmospheric pressure to 40 mbar within 10 min. The reaction 

was quenched with ethyl vinyl ether, and the reaction mixture was precipitated in 

methanol, cooled with dry ice after 6 h. Then, the respective ADMET polymer (P2) (1.00 

mmol, 1.00 eq.) was dispersed in toluene (12 mL) in an autoclave. Shvo’s Catalyst (0.01 

mmol, 0.01 eq./double bond) was added, and the mixture was stirred at 100 °C and 40 bar 

H2 pressure overnight (~12 hours). After cooling to 50 °C, the mixture was precipitated 

in methanol (100 mL) cooled with dry ice. The resulting hydrogenated ADMET polymer 

(P2-H) was filtered off. The organic structures of the ADMET polymer (P2) and 

hydrogenated ADMET polymer (P2-H) are shown in Figure 9.3. The 𝑀w of P2 and P2-H 

was found 29.5 kg/mol (Ð = 2.57). The 𝑇m of P2 was analyzed as 50 °C. Additionally, 

the 𝑇m of the hydrogenated sample P2-H was obtained at 80 °C.  

 
Figure 9.3: The schematic representation of the ADMET polymer (P2) and the hydrogenated 

ADMET derivative (P2-H). 

Alternatively, HDPE samples P3 and P4 were synthesized via ring-opening metathesis 

polymerization (ROMP) as seen in Figure 9.4. (cis)-Cyclooctene (11.8 mL, 10.0 g, 

907 mmol, 1.00 eq.) was dissolved in 30 mL CH2Cl2 and depending on the targeted 𝑀𝑤 

different amounts of (trans)-oct-2-ene (P3: 56 μL, 42 mg, 382 mmol, 0.005 eq.; and P4: 

112 μL, 84 mg, 764 mmol, 0.01 eq.) were added to the mixture. After the addition of the 

Grubbs Catalyst 1st Generation (75 mg, 0.091 mmol, 0.001 eq.) the mixture was stirred 

for an additional 1 h under inert gas. The reaction was quenched with 2 mL ethyl vinyl 

ether and precipitated in methanol; thus the polymer was attained as grey powder in 85 – 
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90% yield. Afterward, the ROMP polymer derivatives were hydrogenated to obtain the 

targeted HDPE samples P3 and P4 as displayed in Figure 9.5. Polycyclooctene (7.00 g, 

62.4 mmol, calculated with respect to one repeating unit, 1.00 eq.) and Shvo’s catalyst 

(34.0 mg, 0.031 mmol, 0.0005 eq.) were dissolved in 100 mL toluene in an autoclave, 

and 40 bar of H2 pressure was applied. The mixture was heated to 110 °C and stirred for 

24 h. The grey suspension was precipitated in methanol and a white powder was isolated 

via filtration (> 90% yield). Indeed, the Shvo’s catalyst provides a particularly high 

activity (Conley et al. 2010), hence minimizing the catalyst loading, and facilitating easy 

purification. In general, homogeneous catalysts are superior in this type of transformation, 

as heterogeneous catalysts would be difficult to remove from insoluble HDPE, obtained 

after the hydrogenation process. Typically, the hydrogenation reactions are performed for 

approximately 24 hours to ensure a quantitative conversion. Due to the insolubility of the 

substrate, the conversion of the reaction was determined by infrared spectroscopy (IR 

spectroscopy) (see appendix in Figure A3).  

 
Figure 9.4: General reaction scheme for the ROMP of (cis)-cyclooctene. *CTA: chain transfer 

agent; A.T.: ambient temperature; DCM: dichloromethane. 

 

 
Figure 9.5: Hydrogenation of ROMP polymer, i.e. polycyclooctene, to obtain HDPE samples P3 

and P4. 

The details of the samples are listed in Table 9.1 regarding sample type/mimic, and their 

characteristics. 
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Table 9.1: Sample name, sample type/mimic, sample code and their characteristics as 𝑀𝑤, Ð and 

𝑇𝑚. 

Sample name Polymer type/ 

mimic 

Sample 

code 

𝑴𝐰
a 

[kg/mol] 

Ð 

 

𝑻𝐦
b 

[°C] 

Thiol-ene Polythioether 

derivate 

P1 24.5 2.58 75 

Oxidized-thiol-ene Polysulfone 

derivative 

P1-O 24.5 2.58 105 

ADMET ADMET 

derivative 

P2 29.5 2.57 50 

Hydrogenated-

ADMET 

Polyether 

derivative 

P2-H 29.5 2.57 80 

HDPE HDPE P3 71.6 1.57 128 

HDPE HDPE P4 100.3 1.52 127 

HDPE HDPE P5 182 11 131 

aThe 𝑀𝑤 of samples were analyzed via GPC in THF. bThe 𝑇𝑚 polymers were obtained via DSC 

measurement by using a 10 °C/min cooling and heating rate. The 2nd heating run of DSC 

measurement was used to calculate 𝑇𝑚. The schematic representation of the P1 synthesis can be 

seen in Figure 9.1, and the oxidization protocol of the P1 sample and the resulting P1-O polymer 

is demonstrated in Figure 9.2. The schematic representation of the P2 and P2-H are depicted in 

Figure 9.3. The schematic representation of the P3 and P4 synthesis are displayed in Figure 9.4 

and Figure 9.5, 

9.3 Melt rheology analysis 

The processability of the material was investigated by oscillatory shear measurements 

using an ARES-G2 strain-controlled rotational rheometer from TA The concentric 

cylinder (Couette geometry), which has a 20 mm diameter cup and 18.6 mm Bob, was 

used particularly for low viscous samples 30 °C above their 𝑇m (𝑇m+30 °C). The parallel 

plate geometers with a 25 mm diameter were used for the analyses of HDPE polymers. 

All measurements were conducted under an N2 atmosphere to prevent thermal 

degradation as much as possible. Strain-dependent measurements were performed to 

distinguish the linear and nonlinear viscoelastic regions at 𝑇m+30 °C with 𝜔1 = 30 rad/s. 

The storage modulus 𝐺′(𝛾0) of P2 and P2-H remained constant up to 𝛾0 = 50% as seen 

in Figure 9.6. The linear viscoelastic region broadened for P1 and P1-O, up to 𝛾0 =1000% 
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and 500%, respectively. The overall behavior was dominated on the 𝐺′′(𝛾0) viscous 

modulus. Sample P2 and P2-H showed a factor of ~8 higher 𝐺′′(𝛾0) due to higher 𝑀w 

compared to P1 and P1-O at 𝑇m+30 °C. Subsequently, the time-dependent experiments 

were exerted during an hour for all samples to investigate the thermal stability at 150 °C. 

The results of the time-dependent experiments are displayed in Figure 9.7. Samples were 

found to be thermally stable under the processing applications up to 150 °C, except the 

sample P1-O. Critically, P1-O showed a 10% decrease in the 𝐺′′(𝑡) by the time, which 

could indicate possible degradation due to the chain scission of the polymer. The result 

of sample P2-H showed 400 times lower in 𝐺′′(𝑡) value than the result of the PEO sample 

(𝑀w = 100 kg/mol with Ð = 6.9) in the study of Ferretti et al. (2005) due to low 𝑀w  of 

P2-H (29.5 kg/mol). 

Frequency-dependent measurements were conducted in the linear viscoelastic region. 

Reference temperature (𝑇ref = 𝑇m + 30 °C) was chosen as 30 °C above the 𝑇m to obtain 

isotropic melt polymer. The linear master curves of 𝐺′(𝜔1) and 𝐺′′(𝜔1) at the 𝑇ref were 

constructed via the TTS principle by using the frequency-dependent tests in the 

temperature range between 𝑇m + 10 °C to 𝑇m + 45 °C. The master curves of the samples 

are shown in Figure 9.8. All samples exhibited a dominantly viscous behavior (𝐺′′ > 𝐺′) 

for this frequency range.  

 
Figure 9.6: Strain amplitude (𝛾0) dependency tests for the thiol-ene (P1) polymer, oxidized thiol-

ene polymer (P1-O), the ADMET polymer (P2), and the hydrogenated ADMET polymer (P2-H) 

at 𝑇𝑚 +30 °C, 𝜔1 = 10 rad/s. 
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Figure 9.7: Time-dependent tests for the thiol-ene (P1) polymer, oxidized thiol-ene polymer (P1-

O), the ADMET polymer (P2), and the hydrogenated ADMET polymer (P2-H) at 150 °C with     

𝛾0 = 30%, 𝜔1  = 10 rad/s. 

 
Figure 9.8: Frequency-dependent measurements for the thiol-ene (P1) polymer, oxidized thiol-

ene polymer (P1-O), the ADMET polymer (P2), hydrogenated ADMET polymer (P2-H), HDPE 

samples P3, P4, and P5 at 𝑇𝑚 +30 °C, 𝛾0 = 30% . 
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The transition from liquid-like behavior to solid-like behavior (𝐺′ > 𝐺′′) could not be 

detected due to the low 𝑀w, and insufficient entanglement in the polymer melt of P1, P1-

O, P2, and P2-H, respectively. As it was aforementioned in section 4.1.2, a homopolymer 

with narrow dispersity exhibits characteristic relation 𝐺′𝛼𝜔1
2, 𝐺′′𝛼𝜔1

1 in the flow region. 

In this study, all samples followed the relation in 𝐺′′𝛼𝜔1
1. The 𝐺′′ is a measure of energy 

dissipation, through as a modulus it is either hardness or stiffness of a material. The 𝐺′′ 

values of P2 and P2-H samples were 5 times higher than the value of 𝐺′′ of the samples 

P1 and P1-O. The high 𝐺′′ of samples P2, P2-H indicated longer relaxation times of these 

polymers, and therefore less stiff/hard material properties. Although the 𝐺′′ was 

monitored larger than the 𝐺′ at all frequencies, the interval between them was the most 

reduced for sample P2. The latter indicated that the viscous property was reduced in favor 

of elastic property. A deviation from 𝐺′ at high frequency 𝜔1 > 5 for samples orderly P1, 

P2-H, P1-O, P3, P2 as following 𝐺′𝛼𝜔1,P1
2.5 > 𝜔1,P2−H

2.1 > 𝜔1,P1−O
1.8 > 𝜔1,P3

1.7 > 𝜔1,P2
1.6 >

𝜔1,P4
1.5 > 𝜔1,P5

0.5  respectively. Increasing 𝑀w and Ð caused a decrease in the slope of 𝐺′. It 

can be seen in Figure 9.8 that sample P2 showed higher 𝐺′, and hence, it was found to be 

more elastic than P1, P1-O, and P2-H. Nevertheless, P2 was not as elastic as sample P3, 

P4, P5, which could be a result of low 𝑀w. Here, the study of Sungsanit (2011) can fetch 

an alternative point of view to the current study. Sungsanit reported that the 20 wt% 

addition of low 𝑀w polyethylene glycol (PEG) as 1 kg/mol into linear poly(lactic acid) 

L-PLA (𝑀w  = 155 kg/mol) showed a decrease in 𝐺′ at 1 rad/s from 20 Pa to 0.2 Pa and 

a decrease in 𝐺′′ from 600 Pa to 100 Pa. The latter was explained by the addition of PEG 

into L-PLA, particularly by the decreased energy dissipation. They also observed an 84% 

reduction in zero shear viscosity (𝜂0) as a result of the improved mobility of the polymer 

chains within the blend. This result could support the idea that renewable-based 

synthesized polymers P1, P1-O, P2, P2-H may find possible material application as a 

blend.  

Moreover, the 𝜂0 was measured under the shear rate from 1 to 100 s-1, and a reverse 

experiment from 100 to 1 s-1 was conducted to investigate the reproducibility. The 

average value of the 𝜂0 was calculated. The 𝜂0 results are listed in Table 9.2. The lowest 

𝜂0 was observed for P1-O. The calculated 𝜂0 values were the same for P2 and P2-H. 
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Indeed, the viscosity has a strong relation with 𝑀𝑤 and entanglement. Therefore, sample 

P2, P4 showed higher 𝜂0. The maximum entanglement belongs to P5, and thus it showed 

the highest value in 𝜂0. 

Furthermore, the activation energy of the flow (𝐸a) is of interest for polymers related to 

the temperature sensitivity of the material properties. The 𝐸a of the samples were 

determined via using TTS with the 𝑎T. The calculated 𝐸a values for ether samples and PE 

samples are presented in Table 8.2. The higher 𝐸a indicates the more temperature 

dependency of flow properties, which is not preferred. The 𝐸a was calculated for P2 to 

be 21.1 kJ/mol and for P2-H as 23.2 kJ/mol. For the synthesized linear PE derivatives P3, 

P4 and the commercial P5, the calculated 𝐸a values were 24.3, 26.3, and 33.5 kJ/mol 

respectively. These 𝐸a values represent less temperature sensitivity and similar mobility 

of the samples. However, sample P1 showed the maximum in 𝐸a = 73.2 kJ/mol and the 

𝐸a was achieved as 55.5 kJ/mol for sample P1-O. Thus, sample P1 and P1-O showed 

more temperature sensitivity. 

Table 9.2: Sample code, and their respective 𝜂0 and Ea values. 

Sample code Zero shear viscosity 𝜼𝟎  

at Tm + 30 [Pa.s] 

Activation energy Ea  

[kJ/mol] 

P1 1.4 73.2 

P1-O 0.7 55.5 

P2 5.6 21.7 

P2-H 5.6 23.2 

P3 129 24.3 

P4 466 26.9 

P5 63435 33.5 

 

9.4 Concluding remarks 

This study aimed to investigate the melt properties of the novel and renewable, long-chain 

spaced aliphatic polyether derivative samples. Melt elastic and viscous modulus were in 

discussion of processibility and possibility in the future for the replacement with HDPE, 
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PEO or PEG samples. The rheological characterization showed that oxidation did not 

cause any difference in the melt mechanical properties. The 𝐺′ and the 𝐺′′ modulus 

interval was the narrowest for the sample P2, due to the low viscous properties in favor 

of the elastic properties. Samples P1, P1-O, P2, and P2-H can not compete in elasticity in 

comparison with commercial HDPE (P5). This is because of novel synthesized samples 

P1, P1-O, P2, P2-H have low 𝑀w, and hence low viscosity. Nevertheless, samples P2 and 

P2-H showed similar temperature sensitivity with P5 and also similar mobility indicated 

by the low 𝐸a. Additionally, samples P2 and P2-H with low 𝑀w could be useful material 

as an impact modifier for some polymers, due to their inherent biodegradability, low 𝐸a. 

Sungsanit (2011) reported that the addition of 20 wt% PEG into PLA resulted in 9 °C 

increase in the crystallization temperature 𝑇C, 3 times enhanced crystallinity with a 

significant decrease in the moduli 𝐺′, 𝐺′′ and 𝜂0 as the result of improved mobility of 

polymer chains in the blend. In summary, one can conclude that the melt properties of the 

polymers were largely dependent on each utilized polymerization approach (i.e. thiol-ene 

or ADMET), which as a result delivered unique polymer structures. Critically, these 

structures are not accessible by any other conventional methodologies.  
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10 General Conclusion and Future Work 

The scope of this thesis was to investigate the effects of the HPN-20E nucleating agent 

(NA) amount in HDPE on the crystallization mechanism under controlled processing 

conditions such as the temperature, steady shear, applied large strain amplitude by using 

the RheoNMR method. Additionally, isothermal coconut fat crystallization under 

quiescent and strain-induced conditions was also investigated via RheoNMR. Moreover, 

the processability of the cellulose/LDPE composites reinforced with sustainable plant-

based compatibilizer and the newly synthesized renewable-based polyethers were 

investigated by using the shear rheology method.  

The unique RheoNMR provides valuable information on the effects of processing 

conditions and also the impact of the additive incorporation on the material properties. 

While the rheometer monitors the full rheological shear characterization during the 

crystallization, the evolution of the crystallinity (𝑋C) is determined by detecting the 

molecular mobility of the protons with the low-field NMR via using the CPMG pulse 

sequence. Simultaneous measurements enable a direct correlation between dynamic 

moduli and crystallinity development for high-temperature resolution, i.e., Δ𝑇C = 0.5 °C 

with identical thermal and shear history conditions. The isothermal crystallization of neat 

HDPE and HDPE/NA blends was investigated for different 𝑇C under quiescent 

conditions. Additionally, the effect applied steady shear or large strain amplitudes 

variations were also studied. Determined crystallinity and the normalized storage 

modulus evolution as a function of time was plotted. Then, the Avrami and Foubert 

models were used to a kinetic analysis by fitting them to the data. The Avrami equation 

is a well-known theory and widely used to determine primary crystallization behavior and 

kinetic analysis of crystallization (Piorkowska and Rutledge 2013). The Avrami rate K 

values, which were derived from fitted Rheo and NMR data, were close to each other. 

When the Avrami exponent n derived from Rheo data, and NMR result, it was shown as 

nRheo, nNMR respectively. The calculated nRheo was approximately 1 value larger than the 

nNMR as following: nRheo = nNMR + ~1.This deviation can be attributed to the sensitivity 

scales of the methods. While the sensitivity of NMR relaxation is in local motion as 

microscopic (0.2-2 nm) scale, this scale is much larger (≈1 mm) in rheological 
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measurement. Additionally, the isothermal crystallization experiments on the HDPE/NA 

blends were conducted via the DSC method for the same 𝑇C and a similar cooling rate. 

Resulting relative crystallinity data was fitted by the Avrami model. The calculated rate 

parameters from DSC, NMR, and Rheo data showed that the crystallization was 

accelerated by decreasing 𝑇C and increasing NA content in the HDPE sample. For further 

analysis, the activation energy of crystallization EC values for the primary crystallization 

was calculated by using the Avrami rate K value. While the extracted EC values from DSC 

data stayed relatively constant at -1000 kJ/mol, the extracted EC values from Rheo and 

NMR data increased 2 times and reached to -750 kJ/mol for increased NA content up to 

3 wt%. This may be an indication that crystallization dependency towards the 𝑇C was 

higher for decreasing NA content in the HDPE samples and the neat HDPE sample 

Additionally, the Foubert model was used for the crystallization kinetic analysis of the 

HDPE/NA blend. The Foubert model has been used to describe the fat crystallization 

process (Foubert et al. 2002). To the best of my knowledge, the Foubert model was the 

first time used to characterize the polymer crystallization kinetics. Although the missing 

physical explanation of the Foubert model parameters, rate value 𝜐 was well described 

the complete crystallization curves of HDPE/NA samples especially under the quiescent 

condition in the case of crystallization curves reaches their maximum stable values.  

The direct correlation between the reduced storage modulus  
𝐺′

𝐺0
′ and 𝑋C was described 

well with power-law and extended Einstein model, up to 𝑋C = ~20%. The exponents 𝐶′ =

 𝑝 were in the range of 1-3, and the 𝐷′ =  𝜓 values were calculated to be in the range of 

~130-16500 depending on NA content in the sample, 𝑇C, and applied deformation.  

A more clear picture of the crystallization process analysis under the varying condition 

for HDPE/NA samples was designated by correlations of between quantities 𝑡0.2 and 𝑡gel 

values. A linear relationship between 𝑡0.2 and 𝑡gel was achieved as 𝑡0.2 = 4 𝑡gel for used 

𝑇C range (123-124.5 °C) of neat HDPE under quiescent crystallization. While a 0.5 °C 

decreased in Δ𝑇𝐶 caused an almost 50% decrease in 𝑡0.2 and 𝑡gel, the addition of 3 wt% 

NA in HDPE decreased the 𝑡gel to half and the 𝑡0.2 to almost one-third of the 𝑡0.2 and 𝑡gel 

values of the neat HDPE sample. Besides NA addition, accelerated crystallization for neat 

HDPE sample was achieved with observed shortened 𝑡gel and the 𝑡0.1 under either the 
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exerted low steady shear (�̇� =2 s-1, 11 s) at the beginning of the experiment or a 1 °C 

decrease in the 𝑇C. A similar impact was observed for applied short term large strain 

amplitude (𝛾0 = 200%, 60 s) at the 5th min of the experiment with achieved shorter 𝑡gel 

and 𝑡0.2 as ~2 and ~3 min respectively. This result indicated both enhanced nucleation 

and crystal growth stage. Conversely, a delay in 𝑡gel was observed for imposed large 

strain amplitude (𝛾0 = 30%) during the complete crystallization process. In the 

meantime, this effect shortened the 𝑡0.2. This can be interpreted that, applied 𝛾0 =30% 

influenced the nucleation stage negatively by possibly destroying nuclei via deformation. 

However, it effectively enhanced the growth stage of the crystallization by oriented 

crystal structure on the crystal growth stage. Moreover, when the NA content >0.1 wt% 

in the HDPE sample, the reduction in 𝑡0.2 and the delay in 𝑡gel was rather small compared 

to the observed 𝑡gel and 𝑡0.2 values for the samples 0.1% NA and 0% NA. This behavior 

showed that when the NA content in HDPE is above 0.1 wt%, the impact of strain-induced 

crystallization on the 𝑡gel and 𝑡0.2 values were minimal. 

The further direct correlation between the observed peak maximum of 𝐼3/1 at around the 

gel point and the 𝑡gel was demonstrated a nonlinearity change in the sample response to 

crystallization condition and NA addition. This relationship was revealed that an 

exponential decay like change was achieved with reduced NA content in the HDPE 

sample and with decreased 𝑇C. The 𝐼3/1 was also responsive towards to the applied 

varying 𝛾0 and the failure in the experiment at applied high strain amplitudes. Samples 

were taken from the RheoNMR instrument at the end of quiescent crystallization and 

applied long-term 𝛾0 = 30% crystallization condition for XRD and DSC analyses. 

Detected 𝑋C values at 25 °C via XRD and DSC techniques were acquired equivalent to 

each other as 𝑋C = ~62% underestimated ±10% errors. Monitored 𝑋C values via NMR 

was approximate ~37%, and it was almost equal to the 𝑋C value which was determined 

by the DSC method under quiescent crystallization at 124.5°C. Thus, these equivalent 

results confirmed the accuracy of this newly developed RheoNMR technique. 

Additionally, the difference in 𝛥𝑋C = ~25% determined by DSC at 124.5 °C and later at 

25 °C showed the continuing secondary crystallization effect. The XRD analysis showed 

the orthorhombic unit cell structure for all HDPE/NA samples. Moreover, morphology 



 

185 

 

analysis via SEM images revealed the closely packed slightly oriented thinner lamellar 

structure for all HDPE/NA samples under applied 𝛾0 = 30% during crystallization. 

Besides, the oriented parallel lamellar stacks were observed for the short term applied 

large deformation or steady shear conditions. For an assignation of the numerical value 

for lamella alignment, the oval profile plug-in (authored by William O'Connell) of ImageJ 

software (NIH, http://rsb.info.nih.gov/ij) proceeded on the generated FFT image from 

SEM images.  

Within this Ph.D. work, the isothermal crystallization of coconut fat under applied a range 

of strain amplitude (0.005-5%) was also investigated via RheoNMR. Most published 

articles about the analysis of crystallization kinetics of oils use conventional techniques 

such as DSC, 1H-NMR under quiescent crystallization conditions. The study of the 

deformation effect is interesting since a lot of processing techniques apply shear forces 

in the fat processing industry e.g., the dry fractionation process. The RheoNMR method 

provides a prediction of varying processing condition effects on the mechanical properties 

of fat systems and allows further tailoring to optimize the product for specific 

applications. The temperature-dependent quiescent crystallization and strain-induced 

crystallization kinetics of coconut fat were examined by the Avrami, modified Gompertz 

and Foubert models. The calculated rate parameters indicated slower crystallization with 

increasing 𝑇C. Applied larger strain amplitude did not significantly influence the overall 

crystallization rate parameters, however, the primary crystallization rate (K) showed 10% 

slower crystallization at 𝑇C = 14 °C for applied largest 𝛾0. This finding was further 

supported by the derived induction time values which increased when the largest strain 

amplitude 𝛾0 = 5% was applied. Additionally, the exponents of the models demonstrated 

the possible changes in the dimensionally of fat crystals. The correlation between 𝐺′ and 

𝑋C(𝑡)

𝑋C
∞  was used to determine fractal dimensions D = 2.5 for the used 𝑇C range. A slight 

decrease was achieved for the D at the initial stage of crystallization with increasing 𝑇C 

and 𝛾0, and hence lower D implied the possible disordered packing of the microstructural 

elements within the network Additionally, the extended Einstein, Batchelor-Green, and 

the power-law model was used to describe crystallization behavior by fitting the direct 

correlation of 𝐺′ with 
𝑋C(𝑡)

𝑋C
∞  up to 50% of the relative crystallinity. As a result, the 

http://rsb.info.nih.gov/ij)%20was%20proceeded%20on
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exponents 𝐶′ =  𝑝 were found in the range ~0.8 to ~2.1; and the 𝐷′  =  𝜓 were found in 

between ~9 𝑥 106 and ~64 𝑥 106. 

Melt shear rheology was used to characterize the dispersion of the cellulose and plant-oil 

based compatibilizers within the LDPE matrix. Time-dependent experiment was 

conducted at 150 °C to determine the thermal stability of the 𝐺′(𝑡) modulus of the PE 

composite samples. Only the composites with 45% cellulose content (C45mA10/S10 and 

C45mA0/S0) showed a ~10 to 15 % decrease in the 𝐺′ which was predicted with the loss 

of residual water in the cellulose fibers. The frequency-dependent measurements on the 

all-composite samples revealed the cellulose compatibilized with the modified amylose 

showed a better adhesion of the fibers with the LDPE matrix compared to the modified 

starch within the cellulose-LDPE dispersion. The 
|𝜂∗|

|𝜂∗|0
 at constant frequency was plotted 

as a function of total filler weight fraction 𝜙. This correlation behavior was described 

with the classical suspension models. Samples with a high amount of amylose filler 

content behaviors were followed the Mooney, Batchelor-Green, modified Eilers models 

with a good fit. The renewable compatibilizers for the preparation of reinforced 

poly(olefin) matrices using bulk cellulose fillers were found promising. 

Another focus of the present work was the melt rheological properties of the novel and 

renewable, long-chain spaced aliphatic polyether samples. While the oxidation step for 

the synthesis of P1-O did not lead to any difference in the melt mechanical properties, the 

hydrogenation process showed a significant impact on the melt properties of P2. The 

novel synthesized samples P1, P1-O, P2, P2-H have low 𝑀w, and thus low viscosity. 

Therefore, results showed that P1, P1-O, P2, and P2-H can not replace commercial HDPE 

(P5). However, it can be concluded that the melt properties of the polymers were largely 

dependent on the polymerization approach, i.e., if it is either thiol-ene or ADMET based 

type polymerization. Additionally, the obtained less sensitivity towards to the temperature 

with the low 𝐸a for samples P2 and P2-H could make them possible material as an impact 

modifier for some polymers, mainly due to their inherent biodegradability. 

The development of the RheoNMR setup assisted designing a smaller magnet for the 

RheoNMR method which is also built by Karl-Friedrich Ratzsch. The newly constructed 
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smaller magnet design has better usability own to its lightweight and sensitivity compared 

to the old magnet. The old magnet was the only magnet used in this study, and it was 

introduced in Chapter 5. 

As a final remark, RheoNMR can be an advance experimental technique to gain more 

information on the rheological evolution corresponding to the continuing crystallization 

process. The further investigations could be on cooling rate effects on the time of gelation 

and the half time of the crystallization of semi-crystalline polymer precisely the same 

thermal and shear history. Moreover, analyzing empirical crystallization data by using 

classical suspension models or by developing semi-empirical equations for kinetic 

analysis is important to develop the simulation programs for solidification processes. 

While the kinetic analysis of the crystallization of any semi-crystalline bulk sample can 

be done by using both the Rheo and the NMR data of the RheoNMR, the NMR part 

provides additional information as a final degree of the crystallinity under control 

crystallization conditions. This could make the RheoNMR method useful for valuable 

quality control analysis i.e., in the food industry using different qualities of fat since 

confectionery products contain a significant amount of fat. The RheoNMR could also 

establish consistency in the mechanical properties of fat networks being produced, i.e., 

margarine products. RheoNMR method opens up the possibility to learn required 

deformation or shear for intentional application to the commercial processing which 

allows a better controlling physical property of the fat product. Thus, sensorial properties 

can be better interpreted. For instance, clean-melting sensation during consumption of 

confectionery products is provided by small fat crystals which can be obtained by the 

rapid crystallization process. The provided correlation between 𝑙𝑛(𝐺′) and 𝑙𝑛 (
𝑋𝐶(𝑡)

𝑋𝐶
∞  ) for 

varying flow-induced crystallization conditions by using RheoNMR ensures valuable 

information related to the fractal dimension which could be used for the prediction on the 

sensorial properties by comparison with the values of other products. Therefore, further 

investigation with RheoNMR could be studying a steady shear which is a practical 

procedure in industrial processes, effects on crystallization kinetic, final crystallinity and 

mechanical properties. 
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A Appendix  

 
Figure A1: FT-IR spectrum of cellulose obtained by the acetic acid extraction of wood chips 

clearly showing absorption in the carbonyl region as a result of acetylation during extraction. 

Figure A2: DSC results of samples containing (a) modified amylose and (b) modified starch 

compatibilizer and their respective reference samples. 
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Figure A3: IR-Spectrum of polycyclooctene before and after hydrogenation. 

The displayed Infrared spectra (IR) in Figure A3 were recorded on a Bruker Alpha-p 

instrument in a frequency range from 3998 to 374 cm-1 applying KBr and ATR 

technology. All for double bonds particular vibrations cannot be observed after 

hydrogenation, the trans C-Hoop vibration at 965 cm-1 and ν-CH at 3005 cm-1, suggesting 

full conversion of the double bond.  
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