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Abstract 

The relationship between microstructure and mechanical properties of semicrystalline 

polymer materials has been a hot topic since many years in materials science and engineering. 

Isotactic polypropylene (iPP) is frequently used as a model material, due to its good 

mechanical properties and wide applications. In the past few years, numerous studies have 

been performed in the field of structural evolution during deformation. Previous results 

revealed that phase transition from crystal to mesophase happens in the crystal scale, lamellae 

orientation and fragmentation occurs in the lamellae scale, and even cavitation behavior exists 

in the larger scale. Although abundant work has been done, some problems remain under 

debate, for instance the relationship between lamellae deformation and cavitation behavior, 

the role of phase transition on the void formation, et al. In this study, well defined 

microstructure of iPP is obtained by annealing or adding nucleating agent. Afterward, the 

structural evolution under three types of mechanical load modes (including uniaxial stretching, 

creep, and stress relaxation) is in-situ monitored by synchrotron X-ray scattering.  

During uniaxial stretching, we revealed, for the first time, how lamellae deformation occurs in 

the time scales of elastic deformation, intra-lamellar slip, and melting-recrystallization, 

separated by three critical strains which were only rarely found to be influenced by annealing. 

Strain I (a Hencky strain value of 0.1) marks the end of elastic deformation and the onset of 

intra-lamellar slip. Strain II (a Hencky strain value of 0.45) signifies the start of the 

recrystallization process, from where the long period in the stretching direction begins to 

decrease from its maximum and the polymer chains in the crystal start to orient along the 

stretching direction. The energy required by melting arises from the friction between the 

fragmented lamellae. Strain III (a Hencky strain value of 0.95) denotes the end of the 

recrystallization process. Beyond the strain of 0.95, the long period and the crystal size remain 

nearly unchanged. During further stretching, the extension of the polymer chains anchored by 

lamellae triggers the strain hardening behavior. On the other hand, annealing significantly 

decreases the critical strain for voids formation and increases the voids number, but restricts 

the void size. For those samples annealed at a temperature lower than 90 
o
C, voids are formed 

between strain II and strain III. The voids are oriented in the stretching direction once they are 

formed. For those samples annealed at a temperature higher than 105 
o
C, voids are formed 

between strain I and strain II. The voids are initially oriented with their longitudinal axis 

perpendicular to the stretching direction and then transferred along stretching direction via 

voids coalescence. Additionally, the formation of voids influences neither the critical strains 
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for lamellae deformation, nor the final long period, the orientation of polymer chains or the 

crystal size.  

ɓ-iPP is a kind of metastable phase which can be induced only under special condition. By 

adjusting the morphology of N,N'-dicyclohexyl-2,6-naphthalene dicarboxamide (NJS) 

through self-assembly, the relative content of ɓ-iPP (Kɓ) is successfully controlled, under the 

condition that the weight content of NJS in the composite keeps at 0.3 wt. %. The 

microstructural evolution of the iPP/NJS composites with different Kɓ during uniaxial 

stretching is studied. The results show that a higher Kɓ could increase the number of the voids. 

However, the size of the voids is similar regardless of the NJS morphology. The ɓ-Ŭ phase 

transition takes place after voids formation. During intralamellar and inter-lamellar slip, no 

obvious polymer chains orientation can be found for Ŭ-iPP. In the strain range of 0.1~0.6, the 

c-axis of the ɓ-iPP crystal tends to orient perpendicular to the stretching direction due to 

lamellae twisting, which is a unique deformation mode of ɓ-iPP lamellae. And the lamellae 

twisting are proposed to be responsible for the intense voids formation of the composite with 

higher Kɓ.  

During creep, the evolution of the long period can be divided into four stages (primary creep, 

transition stage, secondary creep, and tertiary creep). This fits quite well with the macroscopic 

displacement and strain evolution. In primary creep, the long period along loading direction 

(ὒ᷆) increases with time due to the stretching of amorphous phase, whereas the long period 

perpendicular to loading direction (ὒ) decreases slightly. In secondary creep, strain increases 

linearly with time. Both ὒ᷆ and ὒ exhibit the same tendency with strain. The increase of the 

long period is caused by lamellae thickening, which is a kind of cooperative motion of 

molecular chains with their neighbors onto the lamellae surface. The increasing rate of ὒ᷆ is 

larger than that of ὒ , indicating that the orientation of molecular chains along loading 

direction decreases the energy barrier for the cooperative motion. In tertiary creep, strain 

grows dramatically within a limited time. The lamellae are tilted and rotated, and then 

disaggregated. In addition, fibrillary structure is formed during lamellae breaking. The length 

of the fibrillary structure increases from 364 nm to 497 nm but its width stays at 102 nm as 

creep time increases. 

During stress relaxation, the local deformation behavior of the long period is affine with the 

macroscopic stress relaxation. However, the evolution of the crystal orientation and the void 

size lag behind the macroscopic stress relaxation. The decrease of the long period is mainly 
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caused by the relaxation of the strained polymer chains in the amorphous phase. The 

retardation of the evolution of the crystal orientation is probably caused by the phase 

transition from stable Ŭ-iPP to metastable mesomorphic-iPP. By phase transition, the highly 

oriented Ŭ-iPP is transferred to weakly oriented mesomorphic-iPP. Due to the fact that the 

void is confined by the network of the strained polymer chains where lamellae blocks serve as 

the physical anchoring points, the phase transition contributes greatly to the viscoplastic 

deformation of the network. Consequently, the evolution of the voids size shows a similar 

trend with that of the phase transition. 

With this thesis, we gained a deeper insight into the relationship between structure and 

properties of semicrystalline polymers. The current study will not only benefit the 

understanding of polymer materials science but also serve as guidance for the processing of 

semicrystalline polymers for engineering applications.  
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Abstrakt  

Die Korrelation von Mikrostruktur und mechanischen Eigenschaften teilkristalliner 

Polymermaterialien ist seit vielen Jahren ein wichtiges Thema von Materialforschung und 

Anwendungstechnik. Isotaktisches Polypropylen (iPP) wird wegen seiner guten mechanischen 

Eigenschaften und der breiten Verwendung häufig als Modellmaterial verwendet. In den 

letzten Jahren wurden zahlreiche Studien auf dem Gebiet der Strukturentwicklung während 

der Deformation durchgeführt. Frühere Resultate zeigten, dass der Phasenübergang vom 

Kristall zur Mesophase in der Dimension der Kristallite erfolgt und die Orientierung sowie die 

Fragmentierung der Lamellen in lamellaren Dimensionen auftritt; während Kavitationseffekte 

in größeren Dimensionen stattfinden. Obwohl umfangreiche Arbeiten durchgeführt wurden, 

sind einige Probleme weiterhin in der Diskussion wie zum Beispiel der Zusammenhang von 

Lamellendeformation und Kavitationsverhalten, die Rolle des Phasenüberganges bei der 

Entstehung von Voids und andere Fragestellungen. In dieser Arbeit wurden definierte 

Mikrostrukturen durch Temperung und Verwendung von Nukleierungsmitteln hergestellt. 

Anschließend wurde die Strukturentwicklung bei drei unterschiedlichen mechanischen 

Belastungen (uniaxiale Dehnung, Kriechen, Spannungsrelaxation) mittels in-situ 

Röntgenstreuung am Synchrotron beobachtet.  

Es konnte erstmalig gezeigt werden, wie die Lamellendeformation in der uniaxialen  Dehnung 

in den Zeitskalen des intralamellaren Gleitens und der Rekristallisation stattfindet; 

gekennzeichnet durch drei kritische Deformationen, bei denen nur selten ein Einfluss des 

Temperns beobachtet wurde.  Deformation I (eine Hencky-Deformation von 0,1) 

kennzeichnet das Ende der elastischen Deformation und das Einsetzen des intralamellaren 

Gleitens. Deformation II (eine Hencky-Deformation von 0,45) markiert den Beginn des 

Rekristallisationsprozesses, bei dem die Langperiode in Dehnungsrichtung beginnend vom 

Maximum abnimmt und die Polymerketten in den Kristalliten beginnen sich in 

Dehnungsrichtung zu orientieren. Die zum Schmelzen benötigte Energie resultiert aus der 

Reibung zwischen den Lamellenfragmenten. Deformation III (eine Hencky-Deformation von 

0,95) definiert das Ende des Rekristallisationsprozesses. Bei der Deformation oberhalb von 

0,95 bleiben die Langperiode und die Kristallitgröße nahezu unverändert. Bei weiter 

zunehmender Dehnung bewirken die durch die Lamellen verankerten Ketten die 

Dehnverfestigung. Andererseits senkt das Tempern signifikant die kritische Deformation für 

die Bildung von Voids und erhöht die Anzahl der Voids, wobei aber die Größe der Voids 

begrenzt wird. Bei den Proben die bei Temperaturen unter 90 °C getempert wurden, werden 
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die Voids zwischen kritischer Deformation II und III gebildet. Diese Voids werden während 

ihrer Entstehung in Dehnungsrichtung orientiert. Die Proben, welche bei Temperaturen größer 

als 105 °C getempert wurden, zeigen die Entstehung der Voids zwischen kritischer 

Deformation I und II. Diese Voids sind anfänglich mit ihrer Längsachse senkrecht zur 

Dehnungsrichtung orientiert und werden dann durch Koaleszenz der Voids in 

Dehnungsrichtung orientiert. Außerdem beeinflusst die Bildung der Voids nicht die kritischen 

Deformationen für die Lamellendeformation, die endgültige Langperiode, die Orientierung 

der Polymerketten oder die Kristallitgröße. 

ɓ-iPP ist eine spezielle metastabile Phase, die unter definierten Bedingungen erzeugt werden 

kann. Bei der Einstellung der Morphologie von N,N'-Dicyclohexyl-2,6-

Naphthalendicarboxamid (NJS) durch Selbstorganisation kann der relative Anteil von ɓ-iPP 

(Kɓ) erfolgreich gesteuert werden, unter der Bedingung dass der Gewichtsanteil von 0,3 % 

NJS eingehalten wird. Die Entwicklung der Mikrostruktur der iPP/NJS Proben mit 

unterschiedlichem Kɓ wurde während der uniaxialen Dehnung untersucht. Die Ergebnisse 

zeigen, dass ein höherer Kɓ ïAnteil die Anzahl der Voids erhöhen kann. Hingegen ist die 

Größe der Voids unabhängig von der Morphologie des NJS. Der ɓ-Ŭ Phasenübergang findet 

nach der Entstehung der Voids statt. Während der intralamellaren und interlamellaren 

Gleitvorgänge kann keine bemerkenswerte Orientierung der Polymerketten beim Ŭ-iPP 

nachgewiesen werden. Im Dehnungsbereich von 0,1 ~ 0,6 tendiert die c-Achse der ɓ-iPP 

Kristallite zu einer Orienterung senkrecht zur Dehnungsrichtung. Dies wird durch eine 

Verdrehung der Lamellen verursacht, welche ein typischer Deformatiosmodus von ɓ-iPP 

Lamellen ist. Es wird angenommen, dass die Verdrehung der Lamellen verantwortlich für die 

intensive Bildung von Voids bei Proben mit höherem Kɓ ist. 

Beim Kriechen kann die Veränderung der Langperiode in vier Stufen unterteilt werden 

(primäres Kriechen, Übergangsstufe, sekundäres Kriechen und tertiäres Kriechen). Diese 

Stufen stimmen sehr gut mit den makroskopischen Verschiebungen und der Veränderung der 

Dehnung überein. Beim primären Kriechen vergrößert sich die Langperiode entlang der 

Belastungsrichtung (ὒ᷆) mit der Zeit infolge der Dehnung der amorphen Phase, wobei die 

Langperiode senkrecht zur Belastungsrichtung (ὒ ) schwach abnimmt. Während des 

sekundären Kriechens steigt die Deformation linear mit der Zeit. ὒ᷆ und ὒ weisen die gleiche 

Tendenz in Abhängigkeit von der Deformation auf. Die Zunahme der Langperiode wird durch 

eine Verdickung der Lamellen hervorgerufen, welches eine Form der kooperativen Bewegung 

der Molekülketten mit ihren Nachbarn auf der Lamellenoberfläche ist. Da die Wachstumsrate 
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von ὒ᷆ ist größer als die von ὒ ist, ist dies ein Hinweis darauf, dass die Orientierung der 

Molekülketten in Beanspruchungsrichtung die Energiebarriere für die kooperative Bewegung 

erniedrigt. Beim tertiären Kriechen steigt die Deformation sehr stark für eine begrenzte Zeit. 

Die Lamellen werden gebogen und gedreht und letztendlich zerbrochen. Zusätzlich entsteht 

eine fibrilläre Struktur während des Zerbrechens der Lamellen. Die Länge der fibrillären 

Struktur erhöht sich von 364 nm auf 497 nm wobei die Dicke von 102 nm während der 

Kriechzeit konstant bleibt. 

Während der Spannungsrelaxation verhält sich die lokale Deformation der Langperiode affin 

zur makroskopischen Spannungsrelaxation. Hingegen bleibt die Veränderung der kristallinen 

Orientierung und der Größe der Voids hinter der makroskopischen Spannungsrelaxation 

zurück. Die Abnahme der Langperiode wird hauptsächlich durch die Relaxation der 

gedehnten Polymerketten in der amorphen Phase verursacht. Die verzögerte Veränderung der 

kristallinen Orientierung  ist wahrscheinlich durch den Phasenübergang vom stabilen Ŭ-iPP 

zum metastabilen mesomorphen iPP bedingt. Während des Phasenüberganges wird das hoch 

orientierte Ŭ-iPP zum gering orientierten mesomorphen iPP umgewandelt. Infolge der 

Tatsache, dass die Voids durch das Netzwerk der gedehnten Polymerketten begrenzt werden, 

wobei die lamellaren Blöcke als Verankerungspunkte dienen, trägt der Phasenübergang 

erheblich zur viskoplastischen Deformation des Netzwerkes bei. Infolgedessen zeigt die 

Veränderung der Größe der Voids den gleichen Trend wie der Phasenübergang. 

Mit dieser Arbeit wurde eine vertiefende Einsicht in die Struktur-Eigenschafts-Beziehungen 

von teilkristallinen Polymeren erreicht. Diese Arbeit will nicht nur das 

materialwissenschaftliche Verständnis von Polymeren bereichern, sondern auch als Anleitung 

f³r Verarbeitung von teilkristallinen Polymeren f³r technische Anwendungen dienen. 

  



VII  

 

Table of content 

1 Introduction  .................................................................................................. 1 

1.1 Isotactic polypropylene (iPP) ...................................................................................... 1 

1.1.1 Chain structure of PP .............................................................................................. 1 

1.1.2 Crystal forms of iPP ............................................................................................... 2 

1.1.3 Lamellae of iPP ...................................................................................................... 4 

1.1.4 The morphology of the supra-structure of iPP ....................................................... 4 

1.2 Structural evolution during deformation  ................................................................... 5 

1.2.1 Deformation process of semicrystalline polymers ................................................. 5 

1.2.2 Cavitation behavior of semicrystalline polymers ................................................... 7 

1.3 Synchrotron X-ray scattering...................................................................................... 9 

1.3.1 X-ray and its sources .............................................................................................. 9 

1.3.2 The interaction between X-rays and objects ........................................................ 11 

1.3.3 Wide angle X-ray scattering ................................................................................. 12 

1.3.4 Small angle X-ray scattering ................................................................................ 13 

2 Motivation and objectives .......................................................................... 15 

3 Samples preparation and basic characterization .................................... 17 

3.1 Materials and samples preparation .......................................................................... 17 

3.1.1 Preparation of iPP films with single layer of spherulites and transcrystalline 

regions  .............................................................................................................................. 17 

3.1.2 Preparation of iPP plates crystallized with different thermal histories ................ 17 

3.1.3 Preparation of iPP/NJS plates with different morphologies of NJS ..................... 18 

3.1.4 Preparation of microinjection molded iPP/NJS sample ....................................... 18 

3.2 Characterization ......................................................................................................... 18 

3.2.1 Differential scanning calorimetry (DSC) ............................................................. 18 

3.2.2 Dynamic mechanical analysis (DMA) ................................................................. 19 

3.2.3 Scanning electron microscopy (SEM) .................................................................. 19 

3.2.4 Polarized optical microscopy (POM) ................................................................... 20 

3.2.5 Rheology test ........................................................................................................ 20 

3.2.6 Gel Permeation Chromatography (GPC) ............................................................. 21 

3.2.7 In situ synchrotron X-ray scattering measurements ............................................. 21 



VIII  

 

3.2.8 X-ray scattering pattern processing and calculation ............................................ 24 

4 Microstructure characterization in a single iPP spherulite by 

synchrotron microfocus wide angle X-ray scattering .................................... 29 

4.1 Introduction  ................................................................................................................ 30 

4.2 The nucleation efficiency of the carbon fiber on iPP .............................................. 31 

4.3 Morphology of iPP spherulites and transcrystalline region ................................... 32 

4.4 Defining of the position of the carbon fiber ............................................................. 33 

4.5 Microstructure studies of the spherulite .................................................................. 34 

4.5.1 Crystallinity in the spherulite ............................................................................... 35 

4.5.2 The ratio between ñdaughterò lamellae and ñmotherò lamellae in the spherulite 36 

4.5.3 The orientation of the crystal axis in the spherulite ............................................. 37 

4.6 Conclusion ................................................................................................................... 39 

5 Influence of annealing on the mechanical Ŭc-relaxation of iPP: a study 

from the intermediate phase perspective ........................................................ 41 

5.1 Introduction  ................................................................................................................ 42 

5.2 Crystal form of water cooled and annealed iPP ...................................................... 44 

5.3 Microstructure of iPP with different thermal history  ............................................ 45 

5.4 Melting behavior of iPP with different thermal history  ......................................... 50 

5.5 Mechanical relaxation behavior of iPP with different thermal history ................ 52 

5.6 Conclusion ................................................................................................................... 57 

6 Critical strains for lamellae deformation and cavitation during uniaxial 

stretching of annealed iPP ................................................................................ 59 

6.1 Introduction  ................................................................................................................ 60 

6.2 The true stress-strain curves of iPP uniaxial stretched at 75 
o
C ............................ 61 

6.3 In Situ SAXS and WAXS Results ............................................................................. 63 

6.3.1 Synchronize mechanical test and in-situ SAXS/WAXS measurement ................ 66 

6.4 Lamellae deformation ................................................................................................ 67 

6.4.1 The evolution of the long period .......................................................................... 67 

6.4.2 The evolution of the crystal size........................................................................... 69 

6.4.3 The orientation of the c-axis of the crystal ........................................................... 71 

6.4.4 The evolution of the crystallinity ......................................................................... 72 

6.5 Cavitation behavior .................................................................................................... 74 



IX  

 

6.5.1 The onset strain of the voids formation and the voids direction transition .......... 74 

6.5.2 The evolution of the voids size ............................................................................ 75 

6.5.3 The scattering invariant (Q) of the voids ............................................................. 76 

6.5.4 The morphology of voids ..................................................................................... 77 

6.6 Final discussion ........................................................................................................... 79 

6.7 Conclusion ................................................................................................................... 82 

7 Accelerating shear-induced crystallization and enhancing crystal 

orientation of iPP by controlling the morphology of N,N'-dicyclohexyl-2,6-

naphthalene dicarboxamide ............................................................................. 83 

7.1 Introduction  ................................................................................................................ 84 

7.2 The self-assembly process of N,N'-dicyclohexyl-2,6-naphthalene dicarboxamide 85 

7.3 Rheological behavior .................................................................................................. 88 

7.3.1 Frequency sweep test ........................................................................................... 88 

7.3.2 Strain sweep test ................................................................................................... 88 

7.3.3 Steady-state shear test .......................................................................................... 89 

7.4 Shear-induced crystallization .................................................................................... 91 

7.4.1 Crystallization kinetics studied by rheological method ....................................... 91 

7.4.2 In-situ SAXS measurement .................................................................................. 93 

7.4.3 Microstructure of iPP after shear-induced crystallization .................................... 96 

7.4.4 The morphology of the sample ............................................................................. 98 

7.4.5 The crystallization mechanism ............................................................................. 99 

7.5 Conclusion ................................................................................................................. 100 

8 Influence of nucleating agent self-assembly on structural evolution of 

iPP during uniaxial stretching ....................................................................... 101 

8.1 Introduction  .............................................................................................................. 102 

8.2 The morphology of the NJS in the compression molded iPP ............................... 103 

8.3 Microstructure of iPP with different NJS morphologies ...................................... 104 

8.4 In -situ SAXS results ................................................................................................. 105 

8.4.1 Cavitation behavior ............................................................................................ 107 

8.4.2 Evolution of the long period ............................................................................... 110 

8.5 In -situ WAXS results ............................................................................................... 111 

8.5.1 The ɓ-Ŭ phase transition behavior ...................................................................... 112 



X 

 

8.5.2 The orientation of the crystal ............................................................................. 115 

8.6 Conclusion ................................................................................................................. 117 

9 Microstructural evolution of iPP during creep: an in-situ study by 

synchrotron SAXS ........................................................................................... 119 

9.1 Introduction  .............................................................................................................. 120 

9.2 The creep curve ........................................................................................................ 121 

9.3 In -situ SAXS results ................................................................................................. 123 

9.3.1 Evolution of long period and domain thickness ................................................. 125 

9.3.2 Lamellae tilting and rotation .............................................................................. 128 

9.3.3 Lamellae orientation and fibrillary structure formation ..................................... 129 

9.4 Conclusions ............................................................................................................... 132 

10 Microstructural evolution of iPP during stress relaxation ................... 133 

10.1 Introduction  .............................................................................................................. 134 

10.1.1 The structural evolution during stress relaxation at 60 
o
C ............................. 135 

10.1.2 The structural evolution during stress relaxation at 90 
o
C ............................. 140 

10.2 Conclusion ................................................................................................................. 145 

11 Conclusion and outlook ............................................................................ 146 

12 References.................................................................................................. 148 

13 Appendix.................................................................................................... 158 

13.1 List of symbols and abbreviations .......................................................................... 158 

13.2 List of figures and tables .......................................................................................... 163 

13.3 List of publications ................................................................................................... 171 

14 Acknowledgements ................................................................................... 173 

15 Eidesstattliche Erklärung ........................................................................ 175 

 

 



1 

 

1 Introduction  

1.1 Isotactic polypropylene (iPP) 

Polypropylene (PP) is a thermoplastic polymer (see Figure 1-1). Due to its outstanding 

properties, such as low dielectric loss, good heat resistance, non-toxicity and good mechanical 

properties, PP has been used in a wide variety of applications including cables, packaging, 

and automotive components.[1-3] PP was polymerized by G. Natta in 1954.[4] And according 

to a survey by PlasticsEurope, the total European plastic demand for PP was about 9.5 million 

tons in 2016.[5]  

 

Figure 1-1 European plastics demand by polymer type 2016.[5] 

1.1.1 Chain structure of PP 

The structural unit of PP is shown in Figure 1-2. Depending on the position of the methyl 

group with respect to the chain backbone, PP can be divided into three types including 

syndiotactic-PP (sPP), atactic-PP (aPP), and isotactic-PP (iPP). sPP: the position of methyl 

groups is alternated regularly; aPP: the position of methyl groups is randomly distributed; iPP: 

all methyl groups are located on the same side. Due to its high regularity, iPP crystallizes 

easily under common processing condition compared with the other two types.  
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Figure 1-2 The structural unit of PP, and schematic illustration of three type configurations of 

PP: syndiotactic-PP (sPP), atactic-PP (aPP), and isotactic-PP (iPP). 

1.1.2 Crystal forms of iPP 

As a kind of polymorphic semicrystalline polymer, iPP has several crystal forms: monoclinic 

Ŭ-iPP, trigonal ɓ-iPP, orthorhombic ɔ-iPP, and mesomorphic-iPP [6, 7]. The chain 

conformation for each crystal form is the 31 helix [8]. The difference lies in how the chains 

are packed in the unit cell. The methyl groups are positioned ñupò and ñdownò if the chain is 

packed as a ñleftò or ñrightò handed helix conformation. As an example, Figure 1-3 presents a 

helix with ñdownò position of the methyl group.  

 

Figure 1-3 Left shows the helical structure of iPP chain with ódownô positions of the methyl 

group (black spheres). Right is the same helix in a triangular bar. See Ref. [9]. 
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Ŭ-iPP is thermodynamically stable and is the most encountered form during polymer 

processing. ɓ-iPP is metastable and can be induced only under special conditions: crystallize 

under pressure [10], the temperature gradient [11], the flow field [12, 13], or by adding a 

nucleating agent during crystallization [14]. The g-iPP is relatively rare, however, it is favored 

when iPP crystallizes under elevated pressure or the isotactic sequence length is 

interrupted.[15] The mesophase can be formed by quenching from the melt fast enough. For 

instance, such a condition can be reached by quenching the melt below 0 
o
C with a cooling 

rate larger than 80 K/s.[16]  

The crystalline structures of Ŭ-iPP, ɓ-iPP, and ɔ-iPP are illustrated in Figure 1-4. The 

monoclinic Ŭ-iPP has a unit cell with a=0.665 nm, b=2.096 nm, c=0.65 nm and ɓ=99.2
o
. Each 

unit cell contains 4 polymer chains with chain axes aligned parallel to the c-axis. The Ŭ-iPP 

can be described by an alternation of layers parallel to the ac-plane and composed of only left 

handed (L) or right handed (R) helix. The methyl group in both helices can be positioned up 

(up) or down (dw).[17] The trigonal ɓ-iPP owns a unit cell with a=b=1.103 nm, c=0.65 nm, 

and g=120
o
.[8, 18] Three isochiral helices coexist in the unit cell. The orthorhombic ɔ-iPP 

exhibits a unit cell with a=0.854 nm, b=0.993 nm, and c=4.241 nm.[19] ɔ-iPP is the first 

identified crystal form where chains in the unit cell are non-parallel packed.  

 

Figure 1-4 Illustration of different unit cells of iPP. L is short for left handed and R is short 

for right handed helix. Up or dw means that the methyl group in the helix is positioned up or 

down. See Ref. [20] 

The mesophase of iPP contains parallel helices with the same 2*31 helix in the crystalline 

phase.[7] Two characteristic halos existed on the WAXS pattern of the mesophase: one 

locates at a spacing of about 0.59 nm, corresponding to the distance between parallel aligned 

chains, and the other one is at a distance of 0.41 nm, originated from the repeating period 

within the helices.[21] The interpretation about the WAXS pattern of the mesophase is still 
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under debate. One assumes the presence of small crystallites of hexagonal structure[22, 23], 

but the other one prefers that the lateral local correlation of chain segments in the mesophase 

is closer to monoclinic.[24] 

1.1.3 Lamellae of iPP 

The most common morphology of iPP under melt processing condition is the lamellar like 

crystallite. The chains are arranged in the lamella and the unit cell as described above. In Ŭ-

iPP and ɓ-iPP, polymer chains (c-axis direction) are aligned perpendicular to the ab-plane of 

the crystal. In ɔ-iPP, polymer chains are inclined with an angle of τπ with respect to the 

normal direction of the lamellae.[19]  

The crystalline morphology of iPP is schemed in Figure 1-5. The lamella is surrounded by 

two adjacent amorphous phases. The amorphous phase and the lamella are connected by chain 

loops, tie chains as well as chain cilia.[25] Polymer chains between the lamella and 

amorphous phase are highly coupled with the crystals in the lamella, giving rise to the 

existence of an intermediate phase. To be clarification, the intermediate phase and amorphous 

phase is also named as rigid amorphous fraction (RAF) and mobile amorphous fraction 

(MAF).[26] RAF and MAF were first termed by Wunderlich while investigating the glass 

transition of poly(oxymethylene).[27] Polymer chains in MAF mobilize at the glass transition 

temperature (Tg), while polymer chains in RAF mobilize at temperature higher than Tg. 

 

Figure 1-5 Schematic drawing of the morphology of lamellae, amorphous phase and the 

interface between them. 

1.1.4 The morphology of the supra-structure of iPP  

Depending on the flow conditions (quiescent or flow induced crystallization), the presence of 

the filler (nucleating agent, inorganic additives, fibers etc.), iPP may exhibit spherulite,[28, 29] 
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cylindrites,[30] transcrystalline structure,[31] shish-kebab,[32] and extended-chain 

structure.[33]  

1.2 Structural evolution during deformation  

1.2.1 Deformation process of semicrystalline polymers 

Under mechanical load, the morphology of semicrystalline polymers is transformed from 

either homogeneous (the core region of injection molded sample, the compression molded 

sample) or heterogeneous (the skin region of injection molded sample, melt blowing films, 

fibers) to highly oriented structure at large strains, if the stretching temperature is above the 

glass transition temperature.[34, 35] In the early stage of deformation, the stress increases 

almost linearly with the strain, see Figure 1-6. The macroscopic deformation consists both 

amorphous phase and lamellae microscopic deformation.[36] The deformation in the 

amorphous phase is easily activated but it is rapidly exhausted due to the different alignment 

of crystalline lamellae with respect to the deformation direction. The deformation in this stage 

is mainly interlamellae separation and slip. At the end of the linear regime, the sample is 

subjected to a non-linear deformation which is caused mainly by interlamellar slip.[37, 38] 

Upon further stretching, the stress reaches a maximum value which is normally labeled as the 

yielding point. The yielding point marks the beginning of plastic (irreversible) deformation. 

After yielding, the stress suffers a slight decrease, generally due to the localization of strain 

and necking. The plastic deformation will be the dominant process until breaking.  
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Figure 1-6 Engineering stress-strain curve of iPP stretched at 135 
o
C. The crosshead speed is 

50 mm min
-1

.  



6 

 

Up to now, two distinctly different mechanisms have been suggested for the yielding of 

semicrystalline polymers.  

The first concept was initially proposed by Peterson:[39] the emission of dislocations from the 

edges of the lamellae across the narrow faces and their travel across crystals via 

crystallographic slips. This idea was further explored by Guiu [40] and Young.[41] The 

crystallographic slips mechanism was evidenced by different researchers in the past.[42-50] 

The basic mechanism of crystallographic slips essentially involves the glide of dislocations, 

which are already present in the lamellar crystals or are nucleated at the boundary of a crystal 

upon application of a stress level above a threshold value reached at the yielding point. For 

polymers, the intrinsic nature of chain-molecules necessarily entails slip systems with slip 

planes parallel to the chain axes and slip directions either parallel (chain slips) or 

perpendicular (transverse slips) to chain axes.[51] In addition, because of the presence of 

chain folds, slip planes parallel to the basal planes of the lamellar crystals containing the chain 

folds are generally preferred, because a slip in these planes does not disrupt the folding 

scheme at the crystal surfaces. Dislocation theory predicts the correct order of magnitude of 

the yield stress that agrees best for the Burgers vector of dislocations equal to the 

crystallographic unit cell dimension along macromolecular chains.[50] However, there are 

experimental evidences that the yield stress of semicrystalline polymers depends not only on 

crystal thickness but also on the degree of crystallinity.[50, 52, 53] The increase of the yield 

stress has been observed together with the increase in thickness of the crystals in the sample. 

However, there are difficulties to maintain the same degree of crystallinity in samples 

together with varying crystal thickness. In the case of polyethylene such relationship is 

observed for a certain range of the crystals' thickness, up to 40 nm, while above this level, the 

increase of crystal thickness is not accompanied by a further increase in yield stress.[54, 55] 

The authors of the above-mentioned articles explained the observed relationship by the 

presence of a new, effective source of dislocation, active in thick crystals and at low 

temperature but inactive in thinner crystals.  

The second mechanism for yielding connected with non-crystallographic changes, related to 

destroying crystals and resulting in a new crystalline ordering of the material, irrespective of 

the original structure but characteristic for the temperature of deformation was proposed 

later.[56-60] It was suggested that during deformation an adiabatic heating occurs when 

accompanied by the applied stress, partial melting and recrystallization takes place.[61] It was 

also suggested that raising the temperature is not a necessary condition for partial melting and 
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recrystallization.[62-64] Those experiments and considerations did not, however, established 

at which elongation a partial melting and recrystallization are initiated nor did not predict the 

correct order of magnitude of the yield stress. Despite numerous studies being carried out, the 

mechanisms of plastic deformation of semicrystalline polymers due to complex, hierarchical 

architecture of such materials still require more detailed research. The deformation of a 

semicrystalline polymer is a process which we should take into account the presence of 

crystalline lamellae as well as amorphous layers lacking order. At temperatures at which 

amorphous phase exhibits rubber-like properties (above the glass transition temperature), it is 

in the interlamellar regions that the initial stage of deformation takes place. 

1.2.2 Cavitation behavior of semicrystalline polymers 

Cavitation behavior is found in many semicrystalline polymers, including iPP,[65, 66] PE,[67, 

68] poly(1-butene) (P1B)[69], etc., when these polymers are stretched above their glass 

transition temperature. Stress whitening can be regarded as the scattering of visible light by 

voids detected by naked eye. As the size of the voids exceeds 0.5 µm, most of the visible light 

shed on the sample will be scattered, transforming the sample from transparent one to opaque 

one. In the pioneering work by Peterlin,[70] randomly distributed cracks were found in the 

neck region of PP specimen. In addition, the formation of small cracks was reported to arise 

earlier than macroscopic stress whitening.[71] Recent works about the cavitation behavior of 

semicrystalline have been reviewed excellently by Pawlak, Galeski, and Rozanski.[72] 

Generally, cavitation behavior of semicrystalline polymers can be influenced by many factors 

which can be divided into two groups. One of them is attributed to experimental factors such 

as stretching temperature and stretching speed. Generally, a lower stretching temperature or a 

larger stretching speed favors voids formation. Another group is attributed to the 

microstructure of polymers, for instance the crystal form, the thickness of lamellae, as well as 

the state of the amorphous phase.  

1.2.2.1 Role of crystal form 

Aboulfafaj et. al.[73] found that under tensile deformation Ŭ-iPP spherulites exhibited a brittle 

failure. The cavitation appeared at boundaries of spherulites or at the region perpendicular to 

the tensile direction. However, no cavitation could be observed in the sample comprising ɓ-

iPP spherulites. The ɓ-iPP spherulites were deformed plastically up to large deformation. Chu 

[74] prepared iPP films containing more than 90 % ɓ-iPP. These samples crystallized under 

either isothermal or non-isothermal conditions. The porosity of the stretched films, which is 
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caused by the existence of voids, was determined. The results showed that the porosity of a 

film increased with the drawing ratio. The voids observed by scanning electron microscopy 

(SEM) were elongated along stretching direction and confined by the fibrillary structures. The 

formation of numerous voids was proposed to be caused by the volume contraction of the film. 

ɓ-iPP belongs to a metastable phase, so a ɓ-Ŭ phase transformation was induced during 

deformation. The density of Ŭ-iPP is higher than that of ɓ-iPP. Therefore, a volume 

contraction occurred and led to the formation of voids in the sample. The more pronounced 

stress whitening behavior in ɓ-iPP rich iPP samples was also confirmed by Pawlak.[66]  

1.2.2.2 Role of lamellae arrangement 

In Ŭ-iPP, the lamellae are arranged in a unique ñcross-hatchedò structure, where daughter 

lamellae grow 80
o
 inclined to the mother lamellae.[8] Nitta et. al observed that cavitation 

appears earlier if there were more tangential lamellae in a single spherulite. Otherwise, 

Pawlak found that the reduction of tangential daughter lamellae would advance the formation 

of voids.[72]  

1.2.2.3 Role of crystallinity 

By annealing, Na et. al prepared PP samples with crystallinity ranging from 48 to 56 %. The 

cavitation behavior of the sample was investigated by measuring the volume increase. The 

results showed that in annealed samples the cavitation behavior was significantly intensified 

due to the increased stress concentration sites.[75] Boger examined the cavitation behavior of 

metallocene PP with crystallinity ranging from 0 to 62 %. For the sample with crystallinity 

higher than 36 %, the signal originated from a fibrillary structure showed up on the 

synchrotron SAXS as the elongation ration is larger than 3. In case of ɓ-iPP, annealing could 

advance the appearance of cavitation.[76]  

1.2.2.4 Role of the thickness of lamellae 

Generally thinner lamellae would prevent the formation of voids. The reason responsible for 

that was proposed by Seguela: a thinner lamella bears a larger tie chain density, which 

transfers the load to lamellae in a better way and leads to the plastic deformation of lamellae 

instead of the cavitation in the amorphous phase.[77]  
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1.2.2.5 Role of lamellae orientation 

The cavitation behavior of oriented ɓ-iPP was investigated by Bao et al.[78] The samples 

were cut from extruded sheets and the deformation direction is parallel to the orientation of ɓ-

iPP lamellae. Their results proved that at temperatures lower than 110 
o
C, the orientation of ɓ-

iPP is almost unchanged during deformation, and void forms before fragmentation and 

reorientation of ɓ-iPP. As the deformation temperature risen to 130 and 140 ÁC, ɓ-iPP reorient 

gradually upon stretching, and the size of voids decreases because that less ɓ crystal 

fragmentation takes place at high stretching temperature. 

1.2.2.6 Role of the state of amorphous phase 

Pawlak and Galeski compared the cavitation behavior of PP characterized with similar 

crystallinity and crystal thickness but different molecular masses of 400 and 250 kg/mol. It 

was found that the sample having lower molecular weight showed more intensive cavitation, 

as a result of reduced number of entanglements in the amorphous phase.[79] Rozanski and 

Galeski extracted the additives in the amorphous phase by critical CO2 and also by a mixture 

of nonsolvent. Their results showed that purified PP exhibited more intense cavitation than 

pristine PP.[80] The intensified cavitation process in the purified samples was caused by the 

changes in free volume by eliminating low fractions and soluble additives in the amorphous 

phase, indicating that the nucleation of voids existed in the material itself in contrast to 

heterogeneous nucleation on foreign substances. In their later work, it was proved that only 

partial filling of the free volume pores of the amorphous phase with low molecular weight 

modifier leads to a decrease of intensity or complete elimination of the cavitation 

phenomenon.[81]  

1.3 Synchrotron X-ray scattering 

1.3.1 X-ray and its sources 

X-rays, a kind of electromagnetic radiation (see Figure 1-7), is also named as Röntgen 

radiation after Wilhelm Röntgen who discovered X-rays in 1895.[82] Since that time, X-rays 

has been employed in the field of materials science as a non-destructive analytical technique. 

Traditionally, X-rays are produced by X-ray tubes where the electrons, emitted from cathode 

wire, are accelerated by an electric voltage before hitting the target. The wavelength of X-rays 

produced by X-ray tubes depends on the target material. For instance, the characteristic 

wavelength of the X-ray produced is 1.54 Å by Cu target, and 1.79 Å by Co target.  
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Figure 1-7 Categories of electromagnetic radiation. 

The main disadvantages of X-ray tubes are their low intensity, low brilliance, and broad focus 

(around 2 12 mm).[83] In the mid of 1970s, the limitation of X-ray tube was overcome due 

to the availability of the synchrotron radiation from ring accelerators, where electrons orbiting 

in a magnetic field lose energy continually in the form of electromagnetic radiation. The first 

synchrotron light source was the Standford Synchrotron Radiation Laboratory (SSRL) build 

in 1977.[84] Nowadays, a few synchrotron radiations have been set up all over the world and 

the synchrotron radiation has been developed into the 3rd generation, to name a few, 

European Synchrotron Radiation Facility (ESRF) in France,[67] Deutsches Elektronen-

Synchrotron (DESY) in Germany (see Figure 1-8), [85] and Shanghai Synchrotron Radiation 

Facility (SSRF) [86] in China etc. At PETRA III of DESY the size of the X-ray beam can 

reach a few micrometers and the exposure time is in the range of milliseconds. The high 

spatial and time resolution of synchrotron X-ray source enables the scientists to perform in-

situ X-ray scattering measurements combining complicate thermal/mechanical environment.  

 

Figure 1-8 PETRA III, the 3
rd

 generation of synchrotron light source at DESY Germany.  
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1.3.2 The interaction between X-rays and objects 

As X-rays interact with an object, they can be absorbed or scattered. For the scattering of X-

rays by a single free electron, assuming elastic scattering the wavelength of the scattered wave 

is the same with that of the incident one. The relation between the scattered wave E2 and 

incident wave E1 follows,  

 ╔ ╔ ÅØÐ Ὥ▲ὶ Equation (1-1) 

where ὶ, ὶ is the electron radius, which equals 3.5410
-4

 Å.[87] r is the position of 

the electron and q is the scattering vector. The magnitude of the scattering vector is  

 ή ίὭὲ— Equation (1-2) 

— is the scattering angle. In addition to q, another scattering vector s is also widely used in the 

field of scattering,  

 ▲ ς“▼ Equation (1-3) 

The efficiency of the scattering process could be described by the differential scattering cross-

section (Ὠ„ȾὨ ),[87] which is given by  

 
ȿ╔ȿ

ȿ╔ȿ
Ὑ  Equation (1-4) 

„ is total scattering intensity, ɱ is the solid angle, Ὅ is measured scattering intensity, i.e. the 

number of scattered photons recorded per second by the detector, ɮ  defines the number of 

photons passing through unit area per second, and R is the distance between the object and the 

detector.  

Depending on the distance between the object and the detector, the scattering experiments can 

be divided into four subareas, which are wide-angle X-ray scattering (WAXS) containing the 

classical X-ray diffraction, middle angle X-ray scattering (MAXS) covering the characteristic 

scattering of liquid-crystalline structure and rigid-rod polymers, small angle X-ray scattering 

(SAXS) comprising the typical nanostructure in semicrystalline polymers and thermoplastic 

elastomers, and ultra-small angle X-ray scattering (USAXS) extending the detection range to 

micrometer scale.[83] Considering the scope of this chapter, SAXS will be emphasized 

especially. SAXS comprises the scattering angle range ς— ς. In this range, structures with 

the size of 1~500 nm can be detected, covering the size of lamellae and small voids.  
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1.3.3 Wide angle X-ray scattering 

A crystalline material is built by regularly repeating the unit cell. The points at which the 

origins of the unit cell are located form a lattice which exists in three dimensions. Figure 1-9 

presents a 2D rectangular lattice (for simplification), which can be described by a set of 

vectors Rn with  

 ╡▪ ὲ╪ ὲ╪  Equation (1-5) 

where ╪  and ╪  are the lattice vectors, and ὲ and ὲ are integers.  

Miller indices are usually used to specify families of planes in a crystal. For a given family of 

planes, the Miller indices (hkl) refers to the plane which is closest to the origin and has 

intercepts (ὥȾὬ, ὥȾὯ, ὥȾὰ) on the axes (╪ , ╪ , ╪). As an example, (1,2) planes on the 2D 

lattice is pointed in Figure 1-9. Since that the crystal planes are equally spaced, so the lattice 

spacing Ὠ  can be calculated. For instance, the d spacing of a cubic lattice is given by  

 Ὠ
Ѝ

 Equation (1-6) 

where a is the lattice parameter.  

When X-rays interact with lattice planes with a spacing of d, the requirement that the path 

length of the interfered scattered waves is an integer multiple of the wavelength leads to the 

well-known statement of Braggôs law:  

 ‗ ςὨίὭὲ— Equation (1-7) 

 

Figure 1-9 2D-crystal lattice in real space as well as the scheme of Braggôs law. E1 refers to 

the incident X-ray and E2 refers to the scattered X-ray. 
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Following Braggôs equation, the diffraction peaks caused by the interference should come out 

as infinitely sharp point-like peaks. However, in reality the peaks are observed to have a 

certain width. Besides instrumental broadening, the reasons for this can be imperfections in 

the crystalline stacking (e.g. due to strains) or a finite size of the crystallites.[88] The Scherrer 

equation relates the width of the crystalline peak Ў— to the size of the crystallite †  normal 

to the scattering plane (hkl): 

 †
 Ⱦ

 Equation (1-8) 

K is a constant of the order of 0.89.  

1.3.4 Small angle X-ray scattering 

In SAXS measurement, X-rays detect the electron density difference Ў”, and the measured 

scattering intensity (Ὅ) is 

 Ὅ ▼ Ў”ὠȿꞈ ▼ȿ Equation (1-9) 

ꞈ▼ is the form factor and ὠ is the volume fraction of the region with different electron 

density (for instance the lamella in semicrystalline polymers, the voids during deformation, 

and ñshishò structure during shear induced crystallization). Ὑ  is the radius of gyration of the 

polymer chain. In the extremely small scattering angle range, ίὙ ᴼπ,  

 ꞈί ρ  Equation (1-10) 

and the initial intensity decay is approximated by Guinierôs approximation 

 Ὅ ί  Ў”ὠ ρ Ў”ὠ ρ  

           Ὅ πÅØÐ τ“Ὑί  Equation (1-11) 

The scattering invariant Q which is independent of the shape of the scatters,  

 ὗ ḁ Ὅ▼Ὠ▼θ Ў”ὠ ρ ὠ
▼O

▼O
 Equation (1-12) 

The pattern of SAXS measurement depends on the structural units of the material. For the 

material with the periodically stacked structure (lamellae in semicrystalline polymers) inside, 

the pattern exhibits a homogeneous ring or ñtwo-spotsò depending on the orientation of 

lamellae. For the material with the oriented elongated structure for instance extended chain 

structure (shish induced by flow) as well as voids, a streak scattering will show up in the 

pattern.  
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1.3.4.1 Ruland streak method 

Considering a perfect orientation of the cylindrical structures, Ruland [89] proposed the 

integral breadth ὄ ί  of the elongated structure measured as a function of ί  follows  

 ὄ ί ᷿ Ὅίȟί ὨίȾὍίȟπ Equation (1-13) 

ί  is the scattering vector perpendicular to the reference direction (stretching or shearing 

direction), ί is the scattering vector along the reference direction.The average length ộὒỚ of 

the elongated structure is  

 ộὒỚ  Equation (1-14) 

If misorientation has to be taken into account, the orientation distribution of the streak must 

be considered, then the apparent azimuthal integral breadth  

 ὄ Ó
ȟȾ
᷿ Ὅίȟ•Ὠ•
Ⱦ

Ⱦ
 Equation (1-15) 

depends on the width of the peak on the azimuthal intensity distribution curve. The evolution 

of ὄ Ó as a function of s follows  

 ὄ ί
ộỚ

ὄ  Equation (1-16) 

if a Gaussian can describe the orientation distribution. ὄ  describes the inevitable 

instrumental broadening and ὄ is the true integral breadth of the orientation distribution. Or  

 ὄ
ộỚ

ίὄ Equation (1-17) 

if a Lorentzian fits the orientation distribution. 
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2 Motivation  and objectives 

Semicrystalline polymers comprise a large part of polymer materials, including mainly 

polyethylene (PE), polypropylene (PP), polyamide (PA), polyimide (PI), et al. They are used 

in the field of packaging, textiles, automotive components, engineering plastic parts, and 

medical devices. The mechanical properties of semicrystalline polymers are a particularly 

interesting topic, which is of great scientific and industrial importance. And the relationship 

between structure-properties of semicrystalline polymers is a key issue in polymer physics 

and polymer engineering. Since 1960s, numerous studies have been performed attempting to 

shed light on the relationship between structure-property of semicrystalline polymers, but the 

mechanism behind that remains an open topic due to the following three aspects: 1). The 

multiscale structure and morphology of semicrystalline polymers themselves (chain structure, 

crystal structure, lamellae morphology, etc.); 2). The multiscale structural evolution happened 

during deformation (for instance the lamellae fragmentation, melting-recrystallization, 

orientation, cavitation); 3. Distinct different mechanical load modes (uniaxial stretching, creep 

test, stress relaxation test, etc.) used in the test. The main obstacle for the study is the lacking 

of in-situ characterization technique which can capture the structural evolution under 

mechanical load in different scale simultaneously with sufficiently temporal resolution.  

Synchrotron radiation sources are employed in polymer science increasingly in the past 20 

years. Due to the high brilliance, high flux, high stability, polarization and coherence behavior, 

synchrotron X-ray scattering can capture the structural change in a temporal resolution of 

millisecond. In addition, by employing micro-focus synchrotron X-ray scattering, a spatial 

resolution of micrometer can be realized. Whatôs more, by adjusting the distance between the 

sample and the detector, the structural evolution ranging from a few angstroms to a few 

micrometers can be detected.  

Isotactic-PP (iPP), one of the frequently used polymers in industrial processing and scientific 

research, is used as a model material in this work. The iPP samples with well-defined 

microstructure are obtained by annealing or adding nucleating agent. The structural evolution 

under uniaxial stretching, creep, and stress relaxation tests are monitored by in-situ 

synchrotron X-ray scattering measurements. The interests in this work are focused on the 

following topics:  
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× The microstructure arrangement (lamellae branching and polymer chains orientation) 

in a single iPP spherulite. 

× The crystalline structure of iPP after annealing, including the lamellae thickness, the 

long period, the crystallinity, as well as the mechanical relaxation behavior of polymer 

chains in the amorphous phase. 

× The lamellae deformation and cavitation behavior of the annealed iPP during uniaxial 

stretching. The critical strains for lamellae fragmentation, melting-recrystallization, 

polymer chains orientation, and the critical strain for void formation. And lastly, the 

relationship between lamellae deformation and cavitation behavior. 

× The self-assembly behavior of the nucleating agent (N,N'-dicyclohexyl-2,6-

naphthalene dicarboxamide), and its influence on the rheology and crystallization 

behavior of iPP. 

× The cavitation behavior, lamellae deformation, as well as the ɓ-Ŭ phase transition 

during uniaxial stretching of iPP containing different content of ɓ-iPP.  

× The microstructural evolution including lamellar thickening and shish formation 

during creep. 

× The phase transition, evolution of long period, and cavitation behavior during stress 

relaxation.  

At all, the focus of this work is to gain new insight into the structure-property relationship of 

semicrystalline polymer and provide guidance for the processing of semicrystalline polymers. 
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3 Samples preparation and basic characterization  

3.1 Materials and samples preparation 

iPP (Mw=365 kg/mol, Mn=67.6 kg/mol) used in this study is a polypropylene homopolymer 

(commercial product name: HD120MO) obtained from Borealis GmbH, Linz, Austria. The 

melt flow index is 8 g/10 min (230
o
C, 2.16 kg).  

Carbon fiber (CF) with a trademark of T300-3K was purchased from Toray Inc., Japan.  

N,N'-dicyclohexyl-2,6-naphthalene dicarboxamide (NJS), kindly provided by Rika 

International Limited (Oldham, U.K.), was used as the nucleating agent (NA) in this study. 

The weight content of NJS in iPP/NJS composites is 0.3 %, and the composite was mixed by 

a single screw extruder. 

3.1.1 Preparation of iPP films with single layer of spherulites and transcrystalline 

regions 

A piece of iPP film and two perpendicular CFs were placed between two coverslips in a 

ñsandwich-likeò arrangement followed by heating up to 210 
o
C with a heating rate of 10 K 

min
-1

. As the film was melt totally, it was squeezed slowly to 40 ɛm at 210 
o
C and kept for 5 

min to fully erase any thermal history. Subsequently, the film was cooled to 138 
o
C with a 

cooling rate of 10 K min
-1

. Upon reaching 138 
o
C, both CFs were pulled a few millimeters 

manually to induce transcrystalline around the CFs. After that, the film was crystallized at 138 

o
C for 20 min, and then at 130 

o
C for 30 min. 

3.1.2 Preparation of iPP plates crystallized with different thermal histories 

iPP plates with a thickness of 1 mm were prepared by compression molding in the following 

procedure: firstly, the plates from injection molding were kept at 210 
o
C for 10 min to fully 

erase any thermo-mechanical history. Afterward, the plates were cooled by water (10 
o
C) and 

kept at room temperature for 48 h. Then the water-cooled plates were annealed in a vacuum 

oven (Thermo Scientific, USA) under 75 
o
C, 90 

o
C, 105 

o
C, 120 

o
C, and 135 

o
C for 6h. For 

clarification, the plate without annealing was named PPna and the plates with annealing were 

named PPTa-t with Ta refers to the annealing temperature and t refers to the annealing time. 

For instance, PP75-6 means that the plate was annealed at 75 
o
C for 6 h. The plates with an 

annealing time of 6 h were also named as PPTa for short, for instance PP75. For comparison, 
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iPP plates crystallized directly from the melt were also prepared. The samples prepared by 

melt crystallization were named as PPMTc.  

3.1.3 Preparation of iPP/NJS plates with different morphologies of NJS 

Two compression molding machines were employed at the same time to realize the heating 

protocol as follows: firstly, the extruded iPP/NJS composite granules were heated from room 

temperature to a final heating temperature (Tf) with the heating rate of 30 K/min, then kept at 

Tf for 15 min. Tf used in this study was 260 
o
C, 270 

o
C, 280 

o
C, 290 

o
C, 300

 o
C, and 310

 o
C. 

Secondly, the iPP/NJS composite was transferred to another compression molding machine 

which was pre-set at 160 
o
C, then kept for 60 minutes. For clarification, the iPP/NJS 

composite with different Tf was named iPP/NJS03-Tf. For example, iPP/NJS03-260 means 

that the sample was treated with Tf of 260 
o
C. The thickness of the plate was 1 mm. 

3.1.4 Preparation of microinjection molded iPP/NJS sample  

To get the microinjection molded specimens, the composites were microinjection molded 

with the following parameters: the barrel temperature is 280 °C, the mold temperature is 

25 °C, and the injection molding speed is 25 cm
3
/s. The thickness of the sample is 0.3 mm.  

3.2 Characterization  

3.2.1 Differential scanning calorimetry (DSC)  

The melting behavior of the sample was characterized by DSC measurements on Q2000 (TA 

Instruments, USA). The instrument was temperature and melting enthalpy calibrated by using 

indium as a standard before the test. Dry nitrogen was used as a purge gas at a rate of 50 mL 

min
-1

 during the test. A 5 mg sample sealed in an aluminum pan was heated from -80 
o
C to 

200
o
C with a heating rate of 10 K min

ī1
. The crystallinity (Xc-DSC) could be calculated by  

 ὢ
Ў

Ў ᶻ ρππ Ϸ Equation (3-1) 

where ЎὌ  and ЎὌᶻ are the fusion enthalpy and the equilibrium melting enthalpy of samples, 

for iPP ЎὌᶻ is 207 J g
-1

.[90] 

To get the recrystallization behavior of the sample, the temperature-modulated DSC (TMDSC) 

measurements were performed on the same instrument. The parameters for TMDSC 

measurements were as follows: the temperature amplitude is 0.318 K, the oscillation period is 

40 s, and the heating rate is 2 K min
ī1

. 



19 

 

 

Figure 3-1 (a) Q2000 (TA Instrument) to detect the melting or recrystallization behavior of 

the sample; (b) ARES G2 (TA Instrument) for dynamic mechanical analysis and rheology test. 

3.2.2 Dynamic mechanical analysis (DMA) 

The mechanical relaxation behavior of the sample was tested with an ARES G2 rheometer 

(TA Instruments, USA). The sample with a width of 11 mm and a free length of 10 mm was 

cut from the 1 mm thick plate. Nitrogen was used as the heating gas during the measurement. 

Each test was started 4 min after the sample was inserted into the rheometer to ensure the 

attainment of thermal equilibrium. During the temperature sweep tests, the angular frequency 

used was 1 rad s
-1

, the strain amplitude was 0.05 %, the temperature range was from -70 
o
C to 

160 
o
C, and the heating rate was 5 K min

ī1
. During the temperature-frequency sweep tests, the 

specimens were scanned from 0.05 rad s
-1

 to 100 rad s
-1

 at different temperatures (-70 
o
C to 

160 
o
C in steps of 5 

o
C).  

3.2.3 Scanning electron microscopy (SEM) 

The SEM measurement was done on Zeiss Ultra Plus (Germany) with an accelerating voltage 

of 3 kV. Before the SEM observation, a permanent etching method [91] was used to get the 

lamellae morphology of the sample. The etching was performed in a mixture of KMnO4-

H2SO4-HNO3 for 2-3 h, afterward the etched sample was spur coated with 6 nm layer of 

platinum. 
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Figure 3-2 (a) The field emission scanning electron microscope (Ultra plus, Carl Zeiss, 

Germany); (b) The polarized optical microscope (Axio Imager, Carl Zeiss, Germany). 

3.2.4 Polarized optical microscopy (POM) 

A polarized optical microscope (Axio Imager, Carl Zeiss, Germany) equipped with a hot stage 

(Linkam TS1500, United Kingdom) was used to observe the morphological changes of iPP 

spherulite or NA self-assembly. 

3.2.5 Rheology test 

Rheological measurements were performed on a rheometer (ARES2, TA Instruments, USA) 

equipped with ɲ 25 mm parallel plate geometry. The sample chamber was purged by a 

continuous flow of nitrogen gas in order to avoid degradation of the composites. The linear 

viscoelastic region of the sample was determined by a strain sweep from strain amplitude (ɔ) 

of 0.05 to 1000 % at an angular frequency (ɤ) of 1 rad s
-1

. Then small amplitude oscillatory 

shear (SAOS) tests were conducted from 0.05 to 100 rad s
-1

 with ɔ of 0.5 %. Additionally, the 

steady-state shear flow properties were also determined. For each sample, a continuous shear 

flow with a constant shear rate (‎) was applied until reaching a steady state.  

The investigation about the kinetic of shear-induced crystallization was also performed on the 

rheometer according to the following procedure. The time-sweeping test with ɤ of 10 rad s
-1
 

and ɔ of 0.25 % was performed to trace the evolution of the storage modulus (G') until the end 

of the crystallization process. The gap between the parallel plates was set at 0.5 mm initially 

and adjusted automatically throughout the crystallization process to ensure the normal stress 

change within ±0.05 N for the accuracy of the test. 
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3.2.6 Gel Permeation Chromatography (GPC) 

The molecular weight of un-stretched iPP and stretched iPP was determined by DAWN 

Heleos-II (Wyatt technology). The solvent used was 1,2,4-trichlorobenzene (stabilized with 

0.1% BHT) and the flow rate was 1.0 ml min
-1

.  

3.2.7 In situ synchrotron X-ray scattering measurements 

In situ synchrotron X-ray scattering measurements were performed at the MiNaXS Beamline 

at Deutsches Elektronen Synchrotron (DESY), in Hamburg, Germany. The wavelength of the 

X-ray was 0.106917 nm. An exposure time of 0.1 s and a time interval of 0.15 s were used to 

realize a high time resolution without burning the sample by X-ray during stretching. For 

SAXS measurements, the patterns were recorded by a Pilatus 1M detector (981×1043 pixels, 

pixel size 172Ĭ172 ɛm
2
) and the distance between the sample and the detector was 4961 mm. 

For WAXS measurements, the patterns were recorded using a Pilatus 300K detector 

(487Ĭ619 pixels, pixel size 172Ĭ172 ɛm
2
) and the distance between the sample and the 

detector was around 200 mm. Pattern preprocessing including masking and reconstruction of 

blind areas was performed by a self-written subroutine on PV-Wave from Visual Numerics.  

3.2.7.1 Uniaxial stretching 

The uniaxial stretching was performed on a custom-made miniature tensile machine designed 

by Leibniz Institute of Polymer Research Dresden (IPF) for online studies at the synchrotron. 

Waist-shape specimens were produced by CNC milling from the plates. During the 

measurement, both grips moved simultaneously in opposite directions to keep the X-ray beam 

at a fixed position on the sample. The temperature was controlled by a heating gun. In every 

test, the specimen was stretched with a cross-head speed of 0.02 mm s
-1

. The local strain at 

the X-ray beam position during the stretching was determined optically by monitoring a grid 

pattern (0.35 mm  0.35 mm) painted on the surface of the sample. The optical images were 

taken every 1s during stretching.  
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Figure 3-3 A schematic and a photograph of the experiment. The schematic can be also found 

in Ref.[92]. 

The Hencky strain ‐ is used as a basic quantity of the local strain, which is defined as 

 ‐ ὰὲ
Ў

 Equation (3-2) 

where ὒ and Ўὒ are the initial length and displacement of the painted grid pattern during 

stretching, respectively. The stress „ is given as  

 „ ρ
Ў

  Equation (3-3) 

where Ὂ and ὃ  are the instantaneous force and the initial cross section area. Figure 3-3 

presents a schematic and a photograph of the in-situ synchrotron SAXS and WAXS 

experiment. The schematic can be also found in Ref.[92]. 

Additionally, the stress-strain curve was also determined by a digital image correlation (DIC) 

system (ARAMIS; GOM GmbH, Germany), especially in the small strain region. To allow 

for sufficient optical signal detection and to avoid heating the specimen during testing, the 

light directed onto the specimen was provided by a cold light system Dedocool (Dedo 




















































































































































































































































































































