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Abstract of the Dissertation 

Crystallization and Structure Relationship of Polyolefin-based Polymers under Static and 

Flow Conditions 

by 

Xiaowei Li 

Doctor of Philosophy 

in 

Chemistry 

Stony Brook University 

August 2013 

 

    Polyolefins have played an important role in human society, partially due to wide 

applications, such as their extensive use in packaging films, cables, wires, bags, containers, and 

appliances. Therefore, it becomes a worthwhile undertaking to investigate and to improve their 

properties, which can reduce cost and decrease pollution to the environment. Polyethylene (PE) 

and Polypropylene (PP) take a large role in polyolefin products. They occupy more than half of 

the thermoplastic market. They are semi-crystalline polymers with a relatively high degree of 

crystallinity. The crystal structure is an important factor that should be considered as they are 

closely related to the material performance. Both the characteritics of the starting material and 

the processing steps have significant effects on the crystal structure and subsquent materials 

properties. 
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    In this thesis, the crystallization and structure relationship of polyethylene- and 

polypropylene-based materials, including pure polymer, blend and copolymer, were studied. 

In-situ Wide angle X-ray Diffraction (WAXD) and Small angle X-ray Scattering (SAXS) were 

performed during different processing steps, i.e., under static and flow conditions. A single cell 

heating stage was used for studying the static crystallization behavior of polyolefin-based 

materials under different thermal conditions. Isothermal crystallization of high-density 

polyethylene/silica (HDPE-SiO2) at different SiO2 loadings showed that SiO2 behaved as crystal 

nucleus in the blend samples. Different instruments were used to study the structural changes 

during different processing steps. A specially designed cross-slot flow cell device was applied to 

generate extension-dominant flow and its influence on the crystallization behavior of isotactic 

polypropylene (iPP). A modified tensile stretching machine that allowed symmetrical stretching 

of the film was used to investigate the structural change during stretching and their relationship 

with mechanical performance. Ionic liquid (IL) and ultra-high molecular weight polyethylene 

(UHMWPE) blend prepared by solution mixing showed a significant increase in the 

elongation-to-break ratio. For propylene-1-octene random copolymers with higher octene content, 

the elastic modulus and the yield stress were decreased. Then, they behaved more like 

elastomers. 
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Chapter 1. Crystallization of Silica-Filled HDPE Nanocomposite 

 

 

1.1 Introduction 

Polymer-based nanocomposites have attracted wide attention in academic and industrial 

research in recent years. The usage of inorganic components to modify polymers can effectively 

influence organic polymers in different aspects, such as mechanical, thermal, electrical properties, 

et al. These properties can be finely tuned further by changing the component, composition and 

processing method of the nano additions [1-5]. Compared with traditional blend composites, the 

fillers in the nanocomposites have a much smaller length scale and a higher surface area to 

volume ratio. They can achieve enhanced effects with a smaller amount of material, provided 

that they can be dispersed uniformly. Besides, strong interactions between the nano filler and the 

polymer can produce new features that are not available in traditional composites. 

High density polyethylene (HDPE) is one kind of important polymers in industry that has 

been used widely in different applications. However, relatively poor tensile toughness, impact 

strength, and processing ability limit its application. Imbedded inorganic particle fillers could 

significantly improve the mechanical properties of the composite [6, 7]. Silica is one kind of 

filler that is widely used in the polymer composite. The correlated research work of silica filled 

polyethylene has been previously reported in the literature [8-11]. 
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Silica colloid is a random system that consists of a continuous solid network, forming a 

fractal structure, and the structure can be studied by using the small angle X-ray scattering 

technique [12-14]. The fractal structure can be recognized by a typical power-law decay region 

in a q range of aq >>>> −1ξ , where ξ  is the characteristic length of the fractal structure and a 

is the characteristic length of the primary particles [15]. Silica or carbon black in the 

nanocomposite has a self-similar network structure over a large length scale and can also be 

considered as a fractal network [16-19].  

Silica particles have been used as fillers in rubber or plastic systems to enhance the 

mechanical properties. The structure of silica network in the composite and the interaction 

between filler-filler and between filler-polymer could be important to the macro-properties. 

However, due to the complexity of the system and the difficulty on the characterization of those 

micro structures, there remain many questions that need to be addressed, as the mechanism is not 

fully understood. In semi-crystalline composite systems, the crystallinity of polyolefins, such as 

that of polyethylene, is relatively high. Unlike non-crystalline systems, the fillers inside the 

polymer may adsorb the polymer molecules and act as crystal nuclei, which will have a greater 

influence on the kinetics of crystallization, the crystal structure, and the properties of the 

composite. The influence of fillers on the crystallization behavior of polyolefin has previously 

been reported in literature [20, 21], mainly by using the DSC (Differential Scanning Calorimetry) 

method.  

In situ synchrotron X-ray scattering is a powerful tool used to study the evolution of crystal 

structure by wide angle diffraction and inhomogeneities on a macromolecular scale by small 
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angle scattering. However, the silica-filled HDPE system has been difficult to analyze in the 

small angle region because of the combination of signals from the crystals of polyethylene and 

the silica network structure. 

In this chapter, we mainly use time-resolved wide angle X-ray diffraction (WAXD) and 

small angle X-ray scattering (SAXS) to study the structural changes of HDPE and the silica 

network under isothermal conditions. The silica filled HDPE nanocomposite was prepared by 

using the melting-blend method, where silica particles were pre-covered with a coupling agent 

used for dispersion of silica particles in the HDPE matrix without agglomeration. The goal is to 

investigate the role and the effect of silica network on the structure and morphology of high 

density polyethylene (HDPE) during isothermal crystallization.  

 

1.2 Experiment 

1.2.1 Materials 

HDPE and silica-HDPE nanocomposite samples were obtained from ExxonMobil Chemical 

Company. Weight average molecular weight (Mw) and number average molecular weight (Mn) of 

HDPE was determined using the GPC method to be 1.22 × 105 g/mol and 1.54× 104 g/mol, 

respectively, with a polydispersity of 7.92. Silica nano particles were purchased from 

Sigma-Aldrich with a particle size of 14 nm and surface area of 200 +/- 25 m2/g. Before mixing, 

silica particles were coated with a thiol-silane coupling agent, 3-mercaptopropyltrimethoxysilane, 
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by the solution method. The silica-HDPE nanocomposite was then prepared by extruding mixing 

of the two components. A small amount of peroxide was added to start the thiol-ene reaction 

between the chain end vinyl group of HDPE and the thiol of the silane coupling agent during 

extrusion. Two different composition composites were prepared with varying silica weight 

percentage of 2% and 5%, respectively. These are denoted as HDPE-Si2% and HDPE-Si5%.  

1.2.2 Measurements 

Thermal properties of the samples were studied using a Perkin-Elmer DSC 7 differential 

scanning calorimeter (DSC) with a heating and cooling rate of 10 ºC/min under dried nitrogen 

gas atmosphere. 

The nanocomposite morphology was examined by scanning electron microscopes (SEM) 

LEO Gemini 1550, which allowed for high resolution imaging of surfaces and cross-sections of 

solid materials. In addition, it was equipped with an EDS (energy dispersive X-ray spectroscopy) 

system using an EDAX detector that provided information on the elemental compositions at the 

detecting area. For composite samples, they were first fractured in liquid nitrogen and then 

sputter-coated with gold to avoid charging during observation. 

1.2.3 In-situ X-ray scattering technique for the isothermal crystallization 

of silica-HDPE composite 

In-situ wide-angle X-ray diffraction (WAXD) and small-angle X-ray scattering (SAXS) were 

used to characterize the isothermal crystallization behavior of HDPE and silica-HDPE 
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nanocomposites at the X27C Beamline, National Synchrotron Light Source (NSLS), Brookhaven 

National Laboratory (BNL). The wavelength of the synchrotron radiation was 1.371 Å. A 

charged coupled device (CCD, MAR-USA) detector was used to collect 2D scattering/diffraction 

patterns in real time. The CCD detector had a resolution of 1024×1024 pixels and each pixel size 

was 158.44 µm. The typical image acquisition time was 20 s for each data frame, with 13.3 s 

exposure time and 6.7 s data collecting time. The sample-to-detector distance was 1782 mm for 

the SAXS setup (calibrated with silver behenate) and 125.8 mm for the WAXD setup (calibrated 

with Al2O3). All X-ray images were corrected for background scattering, air scattering, and 

synchrotron beam fluctuations.  

The isothermal crystallization experiment was performed in a single cell hot stage INSTEC 

HCS600V with a precision temperature controller STC200, which is equipped with the 

LN2-SYS liquid nitrogen cooling system. The hot stage had a temperature control of 0.1 ºC, with 

a heating and cooling rate of over 100 ºC/min. The sample was first melted at 170 ºC for 5 

minute to remove all residual stress and thermal history. The sample was then cooled to the 

desired crystallization temperature at an approximate rate of -100 ºC/min for isothermal 

crystallization. During the isothermal process, structural changes of the crystal and silica network 

were monitored in situ by time-resolved WAXD/SAXS as described above.  

1.2.4 X-ray Data Analysis  

The quantitative analysis of crystallinity dependence on the crystallization time was based on 

2D WAXD patterns. The patterns were first corrected for background scattering, air scattering, 
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beam fluctuations, and Fraser correction (to compensate for the distortion from the flat-detector 

effect [22]). For isotropic WAXD patterns, 1D scattering profiles were obtained by integration 

along the scattering vector, expressed as ∫=
o

o
dssIsI

180

0

2 sin),(2)( φφφπ , where the Lorentz 

correction was used to obtain the true mass distribution in the system. The areas of crystal peaks 

and of an amorphous background peak were then separated by using the curve fitting method. 

The crystallinity was obtained by dividing the sum of area of all crystalline peaks by the total 

area. Due to the missing information in the higher scattering angle region, the “crystallinity” 

obtained in this way should be called the “crystallinity index”. This index value is less than the 

true crystallinity value, but such a calculation could still be useful to study the general trend of 

the crystallization process. It should be mentioned that in the early stage of crystallization, the 

crystallinity is relatively low and these data are crucial in determining the crystallization kinetic 

parameters by using the Avrami equation, which is shown in the Results and Discussion part 

below. According to previous study, the obtained crystallinity from the WAXD technique used 

here has a detecting limit as low as 1% [23], and this can provide good precision on the 

calculated results. 

The 2D SAXS patterns were first corrected using the same method as the 2D WAXD patterns 

mentioned above. The 1D curve was then obtained by integration along the scattering vector 

direction as ∫=
o

o
dsIsI

180

0
sin),(2)( φφφπ . The lamellar spacing was estimated by finding the 

position of the maximum scattering in the Lorentz-corrected SAXS profiles. 
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1.3. Results and Discussion 

Before the isothermal crystallization experiment, the thermal properties were characterized 

by the DSC. The results are listed in Table 1.1. It was found that the addition of silica into HDPE 

decreased the melting temperature, probably caused by imperfections and less ordering of 

crystals in the silica-HDPE composite. On the other hand, the cold crystallization temperature 

was increased, indicating that silica particles might behave like a nucleus during undercooling, 

making the crystallization process to occur more easily.  

 

Table 1.1 Thermal properties of HDPE and silica-HDPE composites from DSC measurements 

Silica content (%)                Tm ºC                 Tcc ºC 

    0%                        138.8                 113.1    

2%                        133.3                 116.5 

5%                        132.9                 116.5 

Tm (Melting Temperature)   Tcc (Cold Crystallization Temperature) 

 

The isothermal crystallization of HDPE and that of silica-HDPE composite were performed 

at 120 ºC. The 1D WAXD curves of all the samples at the end of the crystallization process (400 

s after reaching the experiment temperature) are shown in Figure 1.1. It is obvious that the 

polyethylene crystals in all three samples had the reflection peaks of (110), (200) and (210) 

located at the scattering vector s value of 2.42 nm-1, 2.68 nm-1 and 3.36 nm-1, respectively, in the 
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experimental scattering range. These are typical reflection peaks of an orthorhombic phase, and 

the positions of these peaks are nearly the same in all the samples, suggesting that the crystal 

lattice parameters are nearly unchanged with the addition of silica, and that the silica component 

could reside beside the crystals of polyethylene. There was no indication of the appearance of 

silica crystal reflection peaks, as nano silica particles will be in the noncrystalline state. 

1.0 1.5 2.0 2.5 3.0 3.5 4.0

HDPE-Si5%
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Figure 1.1 1D WAXD curves of HDPE and Silica-HDPE composite for isothermal 
crystallization at 120 ºC for 400 s. 
 

The evolution of crystallinity calculated from WAXD patterns during isothermal 

crystallization is shown in Figure 1.2. Silica-HDPE composites showed higher final crystallinity 

as the silica particles could act as nuclei. HDPE-Si5% had less crystallinity than HDPE-Si2%. 

The possible reason for this observation will be discussed later. The crystallization kinetics of 

polyethylene could be routinely studied by using the Avrami equation [24-26]: 

)exp(1)( n
c KttX −−=  
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Figure 1.2 Evolution of crystallinity of HDPE and Silica-HDPE composite during isothermal 
crystallization at 120 ºC. 

 

This function described the development of crystallinity as a function of time. Since the 

crystal volume fraction is usually less than 1 in a semi-crystal polymer system, Xc could be 

expressed as )(/)( ∞cc vtv , where vc(t) and vc(∞) are volume fractions of the crystal at time t and 

at infinite time (∞). The crystallinity value could be obtained from the peak fitting of WAXD 

curves. K is the rate constant and n is the Avrami exponent that describes the mode of 

crystallization. The function could then be expressed as: 

tnK
v

tv

c

c lglg)
)(
)(

1ln(lg +=








∞
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The Avrami exponent is the slope of the straight line by plotting 








∞
−− )

)(
)(

1ln(lg
c

c

v

tv
 versus 

lg(t). Avrami plots of HDPE and silica-HDPE are shown in Figure 1.3. For semicrystalline 

polymers, like polyethylene, Avrami plots show linearity usually only in the initial stage, 
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followed by a deviation from linearity. The most probable reason for this is the occurrence of 

secondary crystallization [27-30]. Here, the two-stage crystallization phenomenon is also 

observed. From the linear part in the primary crystallization, the Avrami exponent of HDPE and 

HDPE-Si2% was calculated as 3.7 and 3.1, respectively. For pure HDPE, the Avrami exponent 

was close to 4, indicating a homogeneous nucleation mechanism during the isothermal 

crystallization. While the value was close to 3 in HDPE-Si2%, this observation was consistent 

with the heterogeneous nucleation process. The literature result also showed that silica nano 

particles could act as nucleating agents [20, 21]. For HDPE-Si5%, the curve had fewer points in 

the initial stage. It was reported that the X-ray determination of crystallinity had a lower 

accuracy for short crystallization times [31]. The primary crystallization step was too fast in 

HDPE-Si5% due to the high silica content, and it became difficult to study the crystallization 

process. Therefore, the Avrami exponent was not calculated here. The Avrami exponent and also 

the half-time of crystallization is summarized in Table 1.2. 
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Figure 1.3 Plots of [ ]))(/)(1ln(lg ∞−− cc vtv  versus lg(t) for crystallization of HDPE and 

Silica-HDPE composite. 

 

Table 1.2 Crystallization kinetic parameters of HDPE and silica-HDPE composites  

Silica content (%)        Half-time of crystallization     Avrami exponent 

t1/2 (s)                   n 

    0%                         74                    3.7    

2%                         65                    3.1 

5%                         83                    -- 

 

    Scanning electron microscope (SEM) images of the fracture surface of silica-HDPE can 

provide information about the silica morphology in the composite. No special structure was 

found in pure HDPE (not shown here). For HDPE-Si2% and HDPE-Si5%, the branched network 
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morphology of silica is shown in Figure 1.4. Though these SEM images were taken under room 

temperature, the morphology in the picture should be a good evidence for the branched network 

structure of silica in the nanocomposite. In the magnified picture, the length scale of the branch 

diameter was estimated as tens of nanometers, in agreement with the original primary particle 

size value. 

     
Figure 1.4 SEM images of Silica-HDPE nanocomposites: (a) HDPE-Si2% at 10K magnification, 
(b) HDPE-Si2% at 30K magnification, (c) HDPE-Si5% at 10K magnification, (d) HDPE-Si5% at 
30K magnification.  
 

It is well known that in the filled polymer system, an increase in the filler concentration can 

make the filler form a connected network structure. Jouault et al. [32] studied the dispersion of 

silica in polystyrene matrix. In their study, they found that with a small silica volume fraction, 

silica particles could gather into “primary aggregates” as finite size fractal clusters dispersed in 

(a) (b) 

(d) (c) 

4 µm 

4 µm 

2 µm 

2 µm 
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the matrix, and with an increase in the silica content, these primary aggregates would connect 

with each other to form a continuous network. In the case here, it was difficult to conclude if the 

silica particles would form a continuous network in the HDPE and how the silica structure 

changed with increasing of silica loading. But, at least it was reasonable to assume that the silica 

particles aggregated together and formed a similar branched network structure.   

Wide angle X-ray diffraction can provide the crystal information of polyethylene. However, 

there was no direct silica signal in the diffraction curve. The length scale of the silica structure 

was larger than that of HDPE crystal. Small angle X-ray scattering is a powerful tool that can be 

used. SAXS curves of semi-crystal polymers have been extensively studied in the literature and 

the size of lamella crystal layer can be estimated from the curve. In the composite material, the 

scattering intensity comes from the sum of the signals for different components, or some new 

structure from the interaction between two components. In these situations, the analysis is 

difficult as it is necessary to separate the signals from the different components. To further 

understand the influence of silica on the HDPE lamella crystal structure during isothermal 

crystallization, 1D integrated SAXS curves were obtained. The results are shown in Figure 1.5, 

with the curves being plotted with an offset for easier viewing. For simplicity, only HDPE-Si2% 

curves are shown for comparison. For the initial SAXS curves in these samples, which were the 

first frame taken after the samples reached 120 ºC, the scattering intensity came from the sum of 

silica structure and amorphous polyethylene, since no crystals were formed at that time 

according to the WAXD patterns. It was found that the experimental curve of neat HDPE had 

much less scattering intensity when compared with the silica-HDPE composite. Therefore, the 
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scattering intensity of polymer was very small, and the major signal was from silica network 

structure in the nanocomposites. The scattering invariant Q was calculated from the SAXS curve 

and their dependence on time is plotted in Figure 1.6. The scattering invariant is obtained using 

the follow expression [33]: 

∫
∞

=
0

2)( dsssIQ  

Due to the detecting range of SAXS, the integration of s is limited. The invariant Q is 

proportional to the mean square density fluctuations in the system, reflecting all the 

inhomogenities in the system within the detecting range. Hence, the value includes both the 

signal from HDPE (mainly from the lamella crystal structure) and the silica network. It was 

found that most of the scattering intensity was contributed from the silica network structure in 

the silica-HDPE composite. As the crystallization began, the Q value increased rapidly in the 

initial stage due to the formation of crystals. After 100 s, it slightly increased and reached to a 

plateau. The evolution trend was similar to the increase in crystallinity as shown in Figure 1.2. 

This trend indicated that the increase of Q in the initial stage was mainly caused by the 

crystallization of HDPE. Though not quantitatively, it could be found that the main trend of the 

silica-HDPE scattering curves did not change, except for the occurrence of the lamella scattering 

shoulder. It should be noted that if the silica branched network collapsed and the silica particles 

aggregated in a large quantity, the scattering intensity should decrease. However, this was not the 

case here. It would be reasonable to presume that the silica network remained the same during 

the crystallization process, or at least most of the silica kept their structures, and only a small 

portion of silica might collapse.  
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Figure 1.5 Evolution of SAXS curves of HDPE and HDPE-Si2% during isothermal 
crystallization under 120 ºC. 
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Figure 1.6 Evolution of scattering invariant for HDPE and silica-HDPE composite during 
isothermal crystallization at 120 ºC. 

 

In all three samples, the lamella scattering peaks were observed in the SAXS curves during 

crystallization. However, the change in the curves and also the appearance of the lamella 

scattering peaks was more obvious in the pure HDPE sample. In the silica-HDPE sample, only 

small shoulders were observed during the isothermal crystallization process. Figure 1.7 (A) 

shows the SAXS curves of three samples at 400 s, where the samples had the highest degree of 

crystallinity at that time. With the addition of silica, the HDPE lamella peak became broader and 

the peak position was more difficult to locate. This was caused by the overlap of silica scattering 

signals. The scattering peak position was estimated by plotting Is2 versus s, and the long period 

of the lamellar structure was obtained by the inverse of the peak position. The long period 

distance was almost the same in all three curves with a value of 31.2 nm. As it was presumed 

that the silica network would not change during the isothermal crystallization process, the silica 
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scattering signal was separated from all the scattering curves by subtracting it with the first initial 

scattering curve at the beginning of crystallization. The obtained curves are shown in Figure 1.7 

(B). A clearer view of the lamella scattering peaks was acquired in the silica-HDPE composite, 

and the scattering curves were quite similar to the pure HDPE sample, suggesting that the 

addition of the silica nanoparticles did not significantly change the lamella structure of 

polyethylene, or at least in the observed length scale. 

Based on all of the results above, it was possible to propose a model for the crystallization 

process of silica-HDPE nano-composites. At high temperatures, polyethylene was in the melt 

state and the polymer chains were randomly distributed in the system. The silica particles also 

formed a random branched network structure. The two components were mixed with each other. 

When the system was in the undercooling condition, the silica particles could behave as nucleus 

centers for the crystallization of HDPE. The crystals formed around the silica branch and the 

silica network would mostly remain during the process. Considering that there was no significant 

crystal lattice deviation with the addition of silica, the branched silica particle aggregates could 

only exist in the amorphous region of the polyethylene, and the lamella crystals formed in the 

“holes” of the branched network. The effect of nucleus would help polyethylene to crystallize. 

However, the existence of the silica network would decrease the freedom of crystal growth. 

When the silica content was relatively high, the branched network became more condensed, and 

there would be less space for the growth of crystals even with the higher nucleus content. So 

HDPE-Si5% had a slower crystallization rate and a smaller final amount of crystallinity than 

HDPE-Si2%. Figure 1.8 shows the schematic diagram for this process.  
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Figure 1.7 SAXS curves of HDPE and silica-HDPE composite at (A) 400 s of isothermal 
crystallization under 120 ºC (B) at 400 s after subtracting the silica scattering signal. 
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Figure 1.8 Schematic model for crystallization of silica-HDPE nano-composite (for illustration 
of crystallization only, the sketch may not reflect the true length scale relationship of these 
structures). 

 

1.4 Conclusions 

Silica-HDPE nano composite showed a different crystallization mechanism from that of pure 

HDPE. The silica particles inside the HDPE acted as nucleus centers for the crystallization of the 

polymer component. HDPE-Si2% had the highest crystallization rate and the highest crystallinity, 

while the higher silica content (HDPE-Si5%) did not favor the crystallization. 

The silica inside the nano-composite had a branched network structure. During the 

isothermal crystallization process, the silica network structure was almost unchanged and resided 

inside the amorphous region of polyethylene. The silica particles could act as nucleus centers to 

favor crystallization, while the silica network would also impede the growth of crystals. This 

might be the reason for the lower crystallinity of HDPE-Si5%. 

Isothermal 

crystallization 

Crystallization Before crystallization 

Amorphous polymer chain 

Branched Silica network 
Lamella crystal 
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Chapter 2 ．．．． Uniaxial Stretching of Silica-Filled HDPE 

Nanocomposites 

 

 

2.1 Introduction  

The use of fillers in polymeric systems has become a common method in industry to 

improve their properties or simply to reduce the cost. In recent years, polymer nanocomposites 

have attracted a great deal of attention in both academic and industrial research fields. In these 

new nanocomposites, the fillers inside usually have a much smaller length scale and higher 

surface area to volume ratio, with at least one dimension of the filler in the nanometer range. 

According to the dimensions, the nano filler can be specified as nanoparticles, nanotubes or 

nanosheets. Due to their high surface area to volume ratio, the filler inside the polymer can have 

strong interactions with the polymer matrix and significantly influence the chemical and physical 

properties of the composites. The reduction of the filler size down to nanometric scale can 

produce substantial enhancements in various properties with much less amount of materials 

[1-8]. 

As stated in Chapter 1, silica particles can be used as fillers in polymers, such as 

polyethylene and polypropylene, to improve the tensile toughness, impact strength and 

processing ability [7-12]. While the increased performance is observed, the true mechanism and 



24 
 

the silica structure inside the polymer matrix, under different external forces, are still unclear. In 

this study, uniaxial stretching was carried out on HDPE and silica-HDPE nanocomposites to 

investigate the effects of filled silica on the tensile performance. During stretching, in-situ 

wide-angle X-ray diffraction (WAXD) and small-angle X-ray scattering (SAXS) were applied to 

monitor the structural changes of the lamellar crystal and silica network in the composite under 

deformation. Scanning electron micrographs (SEM) was used to obtain the morphology 

information of the stretched HDPE and silica-HDPE. In this work, we aimed to study the 

influence of silica particles on the crystal structure of HDPE, the formation of the silica structure 

during stretching and its effect on the mechanical properties of nanocomposites. 

 

2.2 Experiment 

2.2.1 Materials 

HDPE and silica-HDPE nanocomposite samples were obtained from ExxonMobil Chemical 

Company. Two composites HDPE-Si2% and HDPE-Si5% were prepared along with the control 

sample HDPE. The detailed information could be found in Chapter 1. 

2.2.2 Measurements 

TGA thermograms of HDPE and silica-HDPE were collected at a heating rate of 20 °C/min 

using a TGA 7 (Perkin-Elmer Inc.).  
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The tensile properties of HDPE and its composites were studied using a modified Instron 

4442 tensile apparatus. All the samples were first melt-pressed into a flat sheet at 170 ºC with a 

thickness of 0.8 mm. The samples were then cut into dumbbell shapes for testing, with a length 

of 30 mm between the Instron clamps and a width of 4 mm. A constant deformation rate of 3 

mm/min was applied to the specimen throughout the deformation study under room temperature. 

The stress and strain reported in this study were engineering stress and engineering strain 

measured directly from the Instron apparatus.  

The nanocomposite morphology was examined by using a scanning electron microscope 

(SEM) LEO Gemini 1550, which allowed for high resolution imaging of the surfaces and 

cross-sections of solid materials. The detailed information could be found in Chapter 1. 

In-situ wide-angle X-ray diffraction (WAXD) and small-angle X-ray scattering (SAXS) 

were used to characterize the structural changes of HDPE and silica-HDPE nanocomposite 

during stretching at the X27C Beamline, National Synchrotron Light Source (NSLS), 

Brookhaven National Laboratory (BNL). The beamline setup and image collection condition 

were similar to those stated in Chapter 1. All X-ray images were corrected for background 

scattering, air scattering, and synchrotron beam fluctuations.  

    Melt rheological measurements were performed by an Anton-Paar stress rheometer MCR 

301-Physica under nitrogen atmosphere. Before testing, polymers samples were premolded into 

disk-shapes with a suitable thickness at 180 ˚C. Oscillatory shear measurements (frequency 

sweep testes) were performed using a parallel plate with diameter of 25 mm and gap of 1 mm 
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under 180 ˚C. The chosen frequency range was 0.05 – 628 rad/s. Constant strain amplitude (γ = 

1%) was applied in all measurements, within the linear viscoelastic limit. 

2.3 Results and Discussion 

Before the stretching experiment, TGA was employed to evaluate the thermal stability of 

HDPE and silica-HDPE nanocomposites. Figure 2.1 shows thermograms of these samples. From 

the weight loss profiles, the filled silica improved the thermal stability of HDPE in the 

nanocomposites. The degradation temperature of neat HDPE for 10.0 wt % weight loss was 368 

˚C. With increasing silica loading, the degradation temperature was increased, and for 

HDPE-Si5%, it was 396 ˚C for 10.0 wt % weight loss. Generally, the incorporation of silica into 

the polymer matrix will enhance thermal stability. The incorporated silica may form a network 

structure and act as a heat barrier during decomposition. 
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Figure 2.1 TGA thermograms of HDPE, HDPE-Si2%, and HDPE-Si5%. 
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Simultaneous X-ray and tensile deformation measurements were carried out at 25 ˚C. The 

stress-strain curves for all three samples are shown in Figure 2.2. All the profiles show typical 

tensile behavior of polymers. The yielding point was clearly observed in all samples at a strain of 

about 10%. With the filled silica, the yield strength increased from 24.0 MPa for neat HDPE to 

26.4 MPa for HDPE-Si2% and 25.8 MPa for HDPE-Si5%. A higher silica loading did not show 

a further increase in the tensile performance. The evolution of the WAXD patterns for neat 

HDPE and silica-HDPE composite did not show significant difference. For simplicity, Figure 2.3 

shows selected WAXD patterns of HDPE and HDPE-Si5% at strains 10%, 30% and 100%.. 

From these profiles, the addition of silica into the HDPE did not have an important influence on 

the crystal structure during stretching. Under current conditions, two strong reflection peaks were 

observed in these patterns. They could be ascribed to the (110) and (200) diffraction peaks of 

orthorhombic crystal phase of polyethylene. It is known that the monoclinic phase of 

polyethylene may appear under deformation [13-15]. While under the current experimental 

conditions, no new diffraction peaks were found or were too small to be detected in WAXD. The 

phase transformation was not considered in this study. At strain of 10%, the orientation of these 

diffraction peaks was still very weak. While at strain of 30%, (110) and (200) gradually moved 

to the equatorial direction and became a two-point pattern at strain of 100%, indicating that the 

crystals had a relatively high orientation. The crystallinity of polyethylene during stretching was 

calculated. Integrated 1D WAXD curves were separated into different crystal peaks and an 

amorphous background. The crystallinity of polyethylene was obtained from the ratio of the sum 

of the integrated area of all crystal diffraction peaks to the total integrated area. The evolution of 
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the calculated crystallinity of HDPE, HDPE-Si2% and HDPE-Si5% at various strains are shown 

in Figure 2.4. Initially, the crystallinity of HDPE (51.2%) and of HDPE-Si2% (50.4%) were 

slightly higher than that of HDPE-Si5% (47.8%). The addition of silica in the polyethylene 

decreased the ordering of polymer chains during crystallization. With increasing strains, the 

crystallinity of all three samples was gradually decreased. This indicated the destruction of the 

original crystals caused by the stretching force. At strains of about 40% to 60%, a decrease of 

crystallinity reached a plateau value in all three samples, which did not change significantly upon 

further stretching.   
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Figure 2.2 Stress-strain curves of HDPE, HDPE-Si2% and HDPE-Si5% at 25 ˚C. 
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Figure 2.3 Selected WAXD patterns of HDPE and HDPE-Si5% at strains of 10%, 30% and 
100%. 

    

0.0 0.2 0.4 0.6 0.8 1.0

30

40

50

60

 

 

C
ys

ta
lli

ni
ty

 (
%

)

Strain

HDPE 
HDPE-Si2%
HDPE-Si5% 

 

Figure 2.4 Evolution of crystallinity of HDPE, HDPE-Si2% and HDPE-Si5% during stretching 
at 25 ˚C. 
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Figure 2.5 Selected SAXS patterns of HDPE and HDPE-Si5% at strains of 10%, 30% and 100%. 

 

Different from WAXD patterns, SAXS of these samples showed quite different scattering 

patterns between the neat HDPE and silica-filled HDPE. Selected SAXS patterns for HDPE and 

HDPE-Si5% at strains of 10%, 30% and 100% are shown in Figure 2.5. At low strain of 10%, 

the SAXS profiles showed high isotropic scattering patterns. When the strain reached to 30%, the 

SAXS results showed off-axis four-point patterns. This was clearly present in neat HDPE, which 

indicated the tilting of lamellar crystals under deformation. At high strain of 100%, the HDPE 

sample showed a two-point pattern in the meridian direction, suggesting that lamella crystals had 

high orientation and aligned perpendicular to the machine direction, while for HDPE-Si5%, 

besides the lamellar scattering streak, a strong scattering signal appeared in the lower scattering 

angle region. This signal is isotropic and is related to the silica in the composite. Figure 2.6 
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shows the integrated SAXS intensity profiles. For neat HDPE, the lamellar scattering maximum 

was clearly observed at low strains. The scattering peak gradually decreased with increasing 

strain and then became almost constant at higher strains. The decrease in intensity was due to the 

destruction of the original crystals, which were identified in the WAXD results. The SAXS 

profiles of HDPE-Si2% and HDPE-Si5% were quite different. The lamellar scattering peak also 

decreased with increasing strain, while the intensity was very weak when compared with that of 

neat HDPE. There were large scattering signals in the low scattering angle region, probably 

caused by the silica network in the nanocomposite. The strong scattering intensity of the silica 

network would lead to difficulty in detecting the lamellar peak. Another interpretation could be 

that lamellar crystals had a less ordered structure caused by the addition of silica, resulting in 

weaker and broader scattering peak.  In order to obtain more quantitative information on the 

structural change during stretching, the scattering invariant Q at various strains was calculated 

from the SAXS curves. Figure 2.7 shows the strain dependence of invariants. The scattering 

invariant was obtained by using the follow expression [4] 

∫
∞

=
0

2)( dsssIQ  

As has been stated in Chapter 1, the invariant Q was proportional to the mean square density 

fluctuations in the system. It should reflect the scattering signals from both lamellar crystals and 

silica network. It should be noted from the Conclusion in Chapter 1, that most of the scattering 

intensity came from the silica network in the nanocomposite. Therefore, the invariant of the 

silica-HDPE should generally be larger than that of the neat HDPE and should increase with 

increasinge silica loading. However, there was a significant drop in all three samples on the 
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invariant with further increase in the strain and the invariant finally reached a plateau. 

Considering the position of the drop and its relationship with the WAXD results in Figure 2.4, 

the invariant drop could be caused by the destruction of lamellar crystals. It is interesting to note 

that the invariant was kept almost as a constant before and after the drop, suggesting that the 

stretching force could have little effect on the silica network structure, which was probably the 

reason for the improved tensile performance in the silica-HDPE nanocomposites. 
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Figure 2.6 Evolution of SAXS intensity profiles during stretching: (A) HDPE, (B) HDPE-Si2%, 
(C) HDPE-Si5%.  

0.05 0.10 0.15 0.20 0.25 0.30

0.1
0.3

0.5
0.7

0.9

In
te

ns
ity

 L
og

(I
) 

(a
.u

.)

 

 

s (nm-1)

strain

(A)

0.05 0.10 0.15 0.20 0.25 0.30

0.1
0.3

0.5
0.7

0.9

(B)

strain

s (nm-1)

In
te

ns
ity

 L
og

(I
) 

(a
.u

.)

 

0.05 0.10 0.15 0.20 0.25 0.30

0.1
0.3

0.5
0.7

0.9

(C)

strain

s (nm-1)

In
te

ns
ity

 L
og

(I
) 

(a
.u

.)

 



34 
 

0.0 0.2 0.4 0.6 0.8 1.0

 

 

 HDPE
 HDPE-Si2%
 HDPE-Si5%

In
va

ria
nt

 Q
 (

a.
u.

)

Strain

 

Figure 2.7 Invariants of HDPE, HDPE-Si2% and HDPE-Si5% at different strains. 

 

Scanning electron micrographs (SEM) of the tensile deformed HDPE and its silica 

composites (at strain of 400%) parallel to the tensile direction are shown in Figure 2.8. From 

Figure 2.8 (a), on the surface of stretched neat HDPE, there were many large elongated cavities 

along the stretching direction. While in the silica-filled HDPE, as shown in Figure 2.8 (b) and 2.8 

(c), the number and size of cavities under the same strain became smaller. The results suggested 

that the silica network structure could still exist under deformation. The silica and polymer 

matrix had good interfacial adhesion, resulting in tougher performance of nanocomposite in the 

tensile test. 
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Figure 2.8 Scanning electron micrographs of tensile deformed composites parallel to the tensile 
direction: (a) HDPE, (b) HDPE-Si2%, (c) HDPE-Si5%. 

 

In the nanocomposite, the incorporation of filler particles can produce substantial 

differences in the rheological behavior. Dynamic frequency sweep testes were performed on 

HDPE and silica-HDPE composite at 180 ˚C. Figure 2.9 shows the frequency dependence of 

shear storage modulus (G’) of three samples. For neat HDPE, typical rheological behavior was 

observed. For the silica-filled nanocomposite, the storage modulus showed similar trends in the 

high frequency region. However, in the low frequency region, the storage modulus increased in 

the silica-filled composite. Similar results were also observed and reported in other filled 

polymer nanocomposite systems [16-20]. In filled nanocomposite, the storage modulus tended to 

become frequency independent and a low-frequency plateau or pseudo-plateau could be present 

under certain condition. This kind of solid-like behavior could be attributed to the strong 
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interactions between nanoparticles and the polymer matrix [3, 21, 22]. In the current system, the 

storage modulus of silica-HDPE composites showed less dependence at lower frequency, while 

higher silica loading did not increase the G’ any further. In the composite, the primary silica 

particles interacted to form aggregates which together with the polymer matrix to form a network 

structure. Silica-silica particle interactions inside the network and silica-polymer interactions in 

the system should play an important role in improving the mechanical properties of the 

nanocomposite. 
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Figure 2.9 Storage modulus (G’) curves of HDPE, HDPE-Si2% and HDPE-Si5% (T = 180 ˚C). 

 

2.4 Conclusions 

Tensile experiments showed that the addition of silica filler in the high density polyethylene 

enhanced the tensile performance. During stretching, in-situ WAXD patterns did not show 
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significant different features in the silica-HDPE nanocomposite, while from SAXS results, 

silica-filled HDPE had a much stronger scattering intensity when compared with neat HDPE. 

Based on the calculation of invariant values from integrated SAXS curves, the scattering signals 

could be contributed mainly from the silica entities. In the silica-HDPE nanocomposite, the silica 

primary particles aggregated together and formed a network structure. This structure seemed to 

be unchanged with increasing strain. TEM images revealed that in the stretched surface, 

silica-HDPE samples had fewer amounts and smaller sizes of elongated cavities. The storage 

modulus of silica-HDPE samples also showed a less dependence on frequency in the low 

frequency region from dynamic rehological measurements,probably caused by the interactions 

among the silica particles in the silica network and the polymer matrix. 
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Chapter 3. Extensional Flow-Induced Crystallization in Isotactic 

Polypropylene Melt 

 

 

3.1 Introduction 

Flow-induced crystallization of polymers has been an important subject in polymer 

processing. The applied flow could substantially influence the development of a precursor 

structure, which would eventually dictate the final morphology and properties [1-5]. Polyolefins, 

especially polyethylene (PE) and polypropylene (PP), occupy a large part of the total polymer 

production every year in the world and have wide applications in different fields. Therefore, 

understanding the relationship between applied flow and formed precursor structure during the 

early crystallization stage is essential in providing useful information to direct best processing 

conditions for the desired products.  

The well-documented shish-kebab structure is found to be a fundamental form of the 

precursor structure in the entangled polymer melt under an external flow field [6-10]. This 

superstructure consists of a central fibrillar core (shish structure) and disk like lamellar crystals 

(kebab structure) that is perpendicular to the shish. The formation of this kind of morphology is 

sensitive to the applied flow and also the intrinsic properties of polymer, especially those long 

chains in the melt. After decades of study, the mostly accepted theory right now is the 
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coil-stretch transition. It was first proposed by de Gennes in dilute polymer solution, in which the 

hydrodynamic interaction between the stretched chain and the solution was considered [11]. 

Later, Keller extended it in the molten polymer, and proposed two critical conditions in the 

coil-stretch transition [12-15]. Firstly, for monodisperse polymers, there exists a critical strain 

rate cε& . In polymer solution or melt, polymer chains would only be stretched when the strain 

rate exceeds a critical value. Besides, under a fixed flow rate, a critical molecular weight (M*) 

exists, which means that in a polydisperse polymer solution or melt, only polymer chains with a 

higher molecular weight than M* could remain in the stretched state after flow, while the chains 

with lower molecular weight will roll back into the coiled state without experiencing the 

coil-stretch transition, because the higher molecule weight polymer chains have longer relaxation 

times, which can help them keep at the stretched state. The critical strain rate and the molecular 

weight are influenced by each other. It is presumed that their relationship could be expressed as 

βε −∝ *)(Mc& . An increase of strain rate would affect the critical molecular weight. With higher 

strain rates, more polymer chains would undergo the coil-stretch transition. Accordingly, 

polymer species with high molecular weight in a polydisperse melt or blend melt can play an 

essential role in the formation of the precursor crystal structure under flow. Muthukumar 

simulated the flow-induced crystallization from a solution containing different chains and 

showed that long chains could be stretched and then formed the shish cores, while the short 

chains aggregated as kebabs [16].  However, there still exists a great deal of controversial 

problems in the flow induced precursor structure. The true process of coil-stretch transition and 

the clear definition of the two critical conditions require further investigation [17-21]. 



42 
 

There are different kinds of polymer processing methods involving the flow induced 

crystallization, such as extraction, injection molding, fiber spinning, film blowing, etc. In each 

method, the nature of the flow is different. The extension of polymer chains is highly dependent 

on the nature of the flow. The applied flow fields may consist of both rotational and extensional 

components. The extensional part will contribute to the deformation of the polymer chain, while 

the rotational part could make the chain roll back (end-over-end tumbling of molecule) and 

impede the stretching of polymer chains. Chu et al [22, 23] compared the polymer dynamics 

under elongation flow and shear flow in a dilute polymer solution. They found that under steady 

shear flow, the mean fractional extension gradually increased with flow strength and finally only 

approach 0.4 – 0.5. This differed remarkably from the case of pure elongational flow, where the 

extension rises rapidly to a value close to the full contour length of the polymer chain. The 

situation in a polymer melt is more complex due to the interaction between molecules and the 

surrounding matrix. Most of the studies on the flow induced crystallization of a polymer melt use 

shear flow to inspect the precursor structure in the deformed polymer. In a simple shear flow, 

theoretically it is thought to be composed by equal parts of extensional and rotational component. 

So, the commonly used shear flow is a weak deforming force. It is unlikely to extend all the long 

chains in the solution or melt and will not attain a stable and strong stretched state. The usage of 

extension or extension dominant flow could eliminate or at least decrease the interference of the 

rotational component. However, most of the experiments using elongation flow are performed 

under dilute polymer solution. Extension dominant flow used in melt polymer crystallization 

study is still rare [13, 15, 24]. There are different ways to generate extensional or extensional 
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dominant flow. Recently, an apparatus based on a modified extensional rheometer device was 

used to generate extensional dominant flow and to study its influence on polymer melt using 

synchrotron X-ray scattering technique [25, 26]. This device was based on the SER equipment 

designed by Sentmanat [27]. The SER device was composed of a pair of drums on the bearing. 

The rotation of drums would wind up the sample fixed upon it and generate the elongation force. 

It was capable to adjust the flow applied on the polymer at different strain and strain rate, and to 

record the stress-strain curve simultaneously. Another kind of modified elongational rheometer 

that required smaller sample size and used a new type of clamps to extend the sample was 

developed [28]. A correlated work using this machine has also been reported for the elongation 

flow-induced morphological change of a diblock copolymer melt [29]. In this study, a custom 

built cross-slot flow device was used. The mechanical construction was different from the SER 

equipment mentioned above. Dominant extensional flow could be generated at the central 

location of two channels across the stagnation point. A detailed description about the device has 

been included in the experimental section below. This kind of construction was used previously 

for microscopy and rheometer [30, 31], and it could be used in a low viscosity polymer melt or 

even polymer solution. Pure extensional flow could generate a stable stretched effect on long 

polymer chains and will be a promising way to understand the nature of the shish-kebab 

precursor structure formation.  

Studies of shear induced crystallization of polypropylene and its copolymers and blends 

have been previously reported extensively. In the current study, only one kind of isotactic 

polypropylene (iPP) with a weight averaged molecular weight (Mw) of 330,000 g/mol was 
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chosen to investigate the dynamic evolution of the precursor structure under the extensional flow 

condition by collecting the in-situ time-resolved small-angle X-ray scattering (SAXS) patterns. 

The study was focused on the influence of extensional flow on polymer at different strain rates 

and strains. Previously, correlated WAXD experiments were performed to study the 

crystallization behavior of isotactic polypropylene from diffraction patterns [32]. The SAXS 

scattering patterns will provide more information about the dynamic evolution of the shish and 

kebab precursor structure, which can help understand the mechanism during the extensional 

flow-induced crystallization. 

 

3.2 Experiment 

3.2.1 Materials   

Isotactic polypropylene (iPP) (Mw = 330, 000 g/mol, polydispersity ~ 4.2, provided by 

ExxonMobil Company), was synthesized by using the Ziegler-Natta method and was used for the 

experiments directly.  

3.2.2 Instrumentation 

The extensional flow was produced in a specially designed instrument that contained a melt 

feeding chamber and a cross-slot flow cell. A schematic drawing is shown in Figure 3.1. In the 

feeding chamber, a motor-driven plunger was used to deliver the polymer melt from the barrel to 
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the cross-slot flow cell. The inner shape of the barrel was cylindrical in shape with 260 mm in 

length and 15.3 mm in diameter, which could store a maximum of about 48,000 mm3 of polymer 

melts. The plunger was controlled by a stepping motor and could move at fixed speeds with a 

precision of 0.1 mm/sec.  

 

 

Figure 3.1 A schematic diagram showing melt feeding chamber and cross-slot flow cell. 

 

The cross-slot flow cell was composed of three pieces of metal blocks. These blocks were 

composed of a pair of outflow channels (2 mm in depth and 2 mm in height) and could generate 

extensional flow at the central location of the two channels across the stagnation point. Figure 

3.2 shows a schematic illustration. Two pieces of diamond windows were attached on both sides 

of the stagnation point (with Kapton films between them) for synchrotron X-ray measurements. 

Both the feeding chamber and the cross-slot flow cell could be heated up to 300 ˚C, and the 

temperature was controlled by a temperature controller with a thermocouple as the sensor. More 

specific details of the instrument could also be found elsewhere [32]. 

Stepping motor
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Detector 

X-ray 
Beam Cross-slot 
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Figure 3.2 Schematic illustration of cross-slot flow cell. 

 

The strain rate of the extensional flow generated in this cross-slot flow cell, ε& , could be 

calculated by using the following equation: 
DH

vS

DH

Q

⋅
⋅

=
⋅

= 22ε&  [31], where Q is the volume flow 

rate; S is the barrel area; v is the plunging speeding; H and D are the height and depth of the 

outflow channels. According to the specific dimensions of this device, the equation could be 

simplified to v⋅= 2.23ε&  s-1.  

In-situ SAXS experiments were performed at the Advanced Polymers Beamline (X27C), the 

National Synchrotron Light Source (NSLS), Brookhaven National Laboratory (BNL). The 

wavelength of the synchrotron radiation was 1.371 Å. To acquire the dynamic evolution of the 

precursor structure, a charged coupled device (CCD, MAR-USA) detector was used to collect 

the 2D scattering patterns. This CCD had a resolution of 1024×1024 pixels and each pixel size 

was 158.44 µm. For the SAXS setup, the sample-to-detector distance was 1969 mm calibrated by 

Feeding 

 
Stagnation point 
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silver behenate. All X-ray images were corrected for background scattering, air scattering and 

synchrotron beam fluctuations.  

3.2.3 Experimental procedure 

Before testing, samples were first heated to 210 ˚C, which was sufficiently higher than its 

equilibrium melting temperature, for 5 min to remove any memory effects of prior thermal and 

mechanical histories. The melts were subsequently cooled to the experimental temperature of 

163 ˚C, with a cooling rate of 3 ˚C/min. After holding for 3 additional minutes, the extensional 

flow was applied to the sample. The temperature was then maintained for one hour for SAXS 

data collections. The data acquisition time was 15 s and the data storage time was 5 s for each 

image collection. The strain rate dependence and strain dependence tests were performed. For 

strain rate dependence tests, the chosen strain rates were ε&  = 0, 4.6, 8.1, 11.6, 23.2 and 34.7 s-1, 

with a fixed duration time, ts = 15 s. For strain dependence measurements, a fixed strain rate ε&  

= 23.2 s-1 was chosen, and different strains were obtained by applying the flow at different 

duration times, ts = 0, 5, 10, 15, 20 and 25 s, and the strains were ε = 0, 116, 232, 348, 464 and 

580, respectively.  

 

3.3 Results and discussion 

In the quiescent melt (strain rate ε&  = 0) and at low strain rates (ε&  = 4.6 and 8.1 s-1), the 

SAXS patterns exhibited only diffused scattering features throughout the experimental period, 
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typical images for iPP samples without an ordered structure and preferred orientation. After the 

applied flow rate exceeds 11.6 s-1, an oriented precursor structure was formed. Figure 3.3 shows 

the selected 2D SAXS patterns of iPP after applying extensional flow at various strain rates (a) 

11.6 (b) 23.2 (c) 34.7 s-1 for 15 s. With high strain rates (b) and (c), a scattering maximum 

appeared in both the equatorial and meridian directions immediately after the cessation of 

extensional flow, which was an indication of the shish and kebab precursor structure [33, 34]. At 

a lower strain rate (a), an oriented structure also appeared after 200 s of applying the flow. In all 

the patterns, the scattering intensity gradually increased with time, especially for the kebab 

structure in the meridian direction.  

 t = 100 s      t = 200 s         t = 500 s       t = 1000 s       t = 2500 s 

(a) 

 

 

(b) 

 

 

(c) 

 

Shish 

Kebab 

flow 

 

Figure 3.3 Selected 2D SAXS patterns of iPP collected after flow cessation with strain rate: 
(a)11.6, (b) 23.2, and (c) 34.7 s-1 for 15 s. 
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In order to examine the time evolution of different components of the oriented structure and 

their relationship, the scattered intensity of shish (Ishish) and of kebabs (Ikebab) were separated by 

integration with following expressions:  

∫ ∫=
52.0

018.0

90

50

2 sin),(2
o

o
dsdssII Shish φφφπ  

∫ ∫=
52.0

018.0

50

0

2 sin),(2
o

o
dsdssII Kebab φφφπ  

The intensity of shish is obtained by integration using the signal with a polar angle from 50˚ to 

90˚, while for kebabs it is from 0˚ to 50˚. This can separate well the shish and kebab scattering 

signals in these SAXS patterns. The integrated value was similar to the scattering invariant, but 

the integration boundary was from 0.018 nm-1 to 0.52 nm-1 due to the limited detecting range. 

This value could reflect all the mean square density fluctuations in the system, including crystal, 

other ordered structures, and amorphous phase. The obtained Ishish and Ikebab could be used to 

quantitatively estimate the amount of shish and kebab structure. A schematic diagram for the 

calculation of integrated SAXS intensity of shish and kebab structure is shown in Figure 3.4. 

 
Figure 3.4 Schematic diagram for calculation of integrated SAXS intensity of shish (Ishish) and 
kebab (Ikebab) structure. 

Shish 
(Ishish) 

Kebab 
(Ikebab) 
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Integrated results of scattering patterns with strain rates of 11.6, 23.2 and 34.7 s-1 are shown 

in Figure 3.5. The intensity of the shish entity increased steadily in the beginning of the 

experimental period. However, the increasing trend nearly stopped after 500 s and became 

almost constant in all the plots at different flow rates. While for the kebab structure, except for 

the sample with 11.6 s-1
 strain rate, the scattered intensity increased gradually throughout the 

whole experimental period. The formation of the shish structure was a faster process than that of 

the kebab structure, in agreement with previous results that stretched long chains would first 

form the shish core structure, followed by the attached folded coiled chains, which would 

compose of the kebab structure [33, 34]. The evolution of the oriented structure (for both shish 

and kebab structures) evidently depended on the strain rate of the elongation flow. Adopting 

Keller’s theory, the formation of a precursor structure was closely related to the coil-stretch 

transition of polymer chains under the flow. With low strain rates (ε&  = 4.6 and 8.0 s-1), no 

oriented structure was formed, since the applied strain rates were lower than the critical valuecε& . 

When ε&  = 11.6, 23.2 and 34.7 s-1, cεε && > , the applied extensional flow became strong enough 

to keep a certain amount of long chains in the stretched state even after the cessation of flow. 

The stretched chains would form the shish core and subsequently the lamella kebab structure. 

The critical strain rate value cε&  was within 8.0 s-1 and 11.6 s-1.  
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Figure 3.5 Evolution of scattered intensity from shish and kebab in iPP after flow at different 
strain rates: 11.6, 23.2 and 34.7 s-1. 
 

To further inspect the relationship between shish and kebab structures, the ratios of Ikebab 

and Ishish were calculated and plotted in Figure 3.6. Ikebab/Ishish increased with time under all strain 

rate conditions. This finding was reasonable according to the coil-stretch transition theory. 

However, the ratio of Ikebab/Ishish showed a different evolution trend with different applied strain 

rate, especially at the low strain rate of 11.6 s-1, where Ikebab/Ishish became much smaller when 

compared with the other two conditions after 500 s. A possible explanation is provided as 

follows. A strain rate of 11.6 s-1 was relatively small and might be insufficient to generate 

enough amounts of stretched long chains. It would then take a longer time to form nuclei from 

the stretched chains, and consequently could make it difficult for the coiled chains to adsorb on 

the nuclei to form a kebab structure. In other words, the scarcity of nuclei would impede the 

growth of the kebab structure and finally the Ikebab/Ishish value in 2500 s was significantly less 
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than that at high strain rates, while the evolution of Ikebab/Ishish was very similar at different strain 

rates of 23.2 and 34.7 s-1, and the final value at 2500 s was almost the same,suggesting that the 

amount of kebab related to each unit of shish arrived at a saturated state at the end of the 

experiment time.  
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Figure 3.6 Ratios of scattered intensity (IKebab/Ishish) from shish and kebab in iPP after flow at 
different strain rates: 11.6, 23.2 and 34.7 s-1. 

 

Figure 3.7 shows selected 2D SAXS patterns of iPP, after applying the extensional flow, at 

various times and  different strains (a) 116 (b) 348 (c) 580 (same strain rate 23.2 s-1 with 

different duration time 5, 15 and 25 s). The total applied strain on the melt along the outflow 

stream could be estimated by the equation: s

t

t
tdtt ⋅=⋅⋅= ∫ εεε &&

2

1
, where ts is the flow duration 

time. At high strains (ε = 348 and 580), the oriented shish and kebab structure formed at the very 

early stage and the scattering intensity of the kebab part increased with time. While for the lower 

strain (ε = 116), the oriented precursor structure did not appear first. Until at 500 s, a weak 
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scattered signal was detected in the meridian direction and even at 2500 s, the scattering signal 

from the oriented structure was still not very strong. There was no obvious crystal reflection peak 

detected in the WAXD patterns at low strain values of 116 and 232, as shown in our previous 

experiment [32]. The results from SAXS and WAXD seemed inconsistent. It should be noticed 

that SAXS was more sensitive than WAXD in detecting ordered structures, providing that it had 

sufficient electron density difference with the surrounding environment. The scattering intensity 

was proportional to the volume fraction of the ordered structure, as well as the density contrast 

between the ordered structure and the surrounding matrix (the amorphous matrix here). These 

ordered structures might not necessarily form a crystal structure. WAXD could only detect X-ray 

diffraction from well-ordered crystal structures. In this case, the appearance of a scattering signal 

in the SAXS pattern indicated the existence of a precursor ordered structure after flow. This 

observation was not contrary to the conclusion obtained from WAXD experiments. The 

precursor structure could form under strain rates larger than the critical strain rate cε& , while a 

certain amount of time (critical strain) would be necessary for these precursor structures to form 

crystals, explaining why the scattering signal was observed in the SAXS patterns but not in the 

WAXD patterns for iPP with strains of 116 and 232.  
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Figure 3.7 Selected 2D SAXS patterns of iPP collected after flow cessation with strain: (a) 116, 
(b) 348, and (c) 580. 

 

The evolution of the scattered intensity from shish and kebab entities in iPP after applying 

the extensional flow at different strains of 116, 348 and 580 are plotted in Figure 3.8. The 

calculation method was the same as the strain rate dependent experiment as shown in Figure 3.4 

and Figure 3.5. The shish structure mainly generated in the first 500 s, while the kebab structure 

grew steadily during the experimental time. This phenomenon was also observed in the strain 

rate dependent experiment as shown previously. However, the situation at the highest strain (ε = 

580) was different. The increasing trend of the scattered intensity from the kebab structure 

ceased after 500 s, which was quite similar to the behavior of the shish structure. It seemed that 

the amount of kebab structure became saturated in a short time period when applying flow at 

high strain. Figure 3.9 shows the ratio of scattered intensity (IKebab/Ishish) at different strains. The 

plot for the highest strain (ε = 580) showed abnormal behavior again. IKebab/Ishish increased 



55 
 

quickly before 500 s, and then stopped and even decreased slightly to a level much smaller than 

the value at strain ε = 348. Considering the coil-stretched theory, a possible explanation could be 

that with high strain flow, a sufficiently long time duration would favor the orientation of all 

stretched polymer chains with molecular weights larger than the critical value M*. In other words, 

most of the long chains could be stretched and bundles of these parallel chains would form the 

primary nuclei and grew to the shish core structure along the flow direction. The applied flow in 

a relatively long time (25 s) helped the stretched chains to complete this thermodynamic process. 

With most of these stretched chains form the shish entities, the scattering intensity of shish 

structure at high strain (ε = 580) was much higher than that at low strain conditions, as shown in 

Figure 3.8. Thus, a lesser amount of stretched chains were relaxed back and a lesser amount of 

coiled chains were available to adsorb on the shish core to form the kebab structure, and finally, 

the kebab scattering intensity reached a plateau value quickly during the crystallization process. 
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Figure 3.8 Evolution of scattered intensity from shish and kebab in iPP after flow at different 
strain: 116, 348 and 580. 
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Figure 3.9 Ratios of scattered intensity (IKebab/Ishish) from shish and kebab in iPP after flow at 
different strain: 116, 348 and 580. 
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The intensity of scattering patterns can provide quantitative information of the ordered 

structure, while the intensity distribution of SAXS patterns reflects the dimensional information 

of ordered structure (shish and kebab entities). Here, the Ruland streak method was applied to 

estimate the kebab diameter. This method was first introduced to analyze the equatorial streak 

feature of polymer and carbon fibers in the SAXS pattern [35, 36]. Since this method basically 

relies on the separation of size and orientation distribution effects on the scattering width, it 

could also be applied to the meridian streak in separating the average kebab diameter, <D>, and 

its misorientation in the shish-kebab structure (as long as the kebab diameter and orientation is 

finite)[37]. If all the azimuthal distribution of the scattering pattern is modeled by a Lorentzian 

function, the observed azimuthal integral width (radian) of the streak,obsB , the average kebab 

diameter, <D> , and the azimuthal width due to misorientation, φB will have following 

relationship: 

φB
sD

sBobs +=
1

)(  

If all the azimuthal distributions have Gaussian expressions, then the relationship becomes:  

2

2

2 1
)( φB

sD
sBobs +










=  

In this study, it was found that a better fit was obtained with the Lorentzian function for all of the 

azimuthal distributions. Thus, based on the plot, the slope, 1/<D> , was the inverse of the kebab 

diameter and the intercept,φB , was the misorientation. A typical example of the analysis for the 

polypropylene with applied extensional flow (strain rate of 23.2 s-1 and duration time of 15 s) at 
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200 s is shown in Figure 3.10. From the plot, the estimated Kebab diameter at 200 s was about 

198 nm with a misorientation width,φB , of around 0.3. 
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Figure 3.10 Plot of integral width (obsB ) versus reverse of scattering vector (1/s) for 

polypropylene at 200 s after an applied extensional flow (strain rate 23.2 s-1 and duration time 15 

s). To avoid large errors, only the intermediate s region (0.015 < s < 0.035 nm-1) was selected.  

 

The Ruland streak analysis method was used to roughly estimate the size of the kebab 

structure. The changes of the average kebab diameter for polypropylene at applied extensional 

flow conditions of ε&  = 23.2 s-1, ts = 15 s; ε&  = 34.7 s-1, ts = 15 s; and ε&  = 23.2 s-1, ts = 25 s 

were calculated separately (the situation with smaller strain rates or smaller strains was not 

included due to relatively low scattering intensity). The obtained results are shown in Figure 3.11. 

The kebab disk grew relatively fast in the beginning of the experiment, and then gradually 

reached to a plateau value. It is interesting to find that the evolution of the kebab diameter was 
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quite similar for polypropylene with flow conditions of ε&  = 23.2 s-1, ts = 15 s; and ε&  = 34.7 

s-1, ts = 15 s. However, for the situation with ε&  = 23.2 s-1, ts = 25 s, the kebab diameter was 

obviously smaller when compared with others after 500 s. Typically in this case, the kebab 

diameter was around 250 nm, while for the other two conditions, the kebab reached around 290 

nm at the end of the experimental time period.  
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Figure 3.11 Changes of the average kebab diameter for propylene with applied extensional flow 
conditions of ε&  = 23.2 s-1, ts = 15 s; ε&  = 34.7 s-1, ts = 15 s; and ε&  = 23.2 s-1, ts = 25 s, 
respectively. The average kebab diameter was estimated by using the Ruland streak analysis 
method. 

 

There are still conflicting opinions regarding the formation of lamella. Different models 

have been proposed to explain the experiment results. Generally, under quiescent conditions, 

lamella will grow from the melt. Polymer chains will fold and attach to the lateral sides of other 

chains. The lamellar thickness is determined by the supercooling condition below the 
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equilibrium melting point given by the Gibbs–Thomson equation. The lamellar thickness should 

be close to a thermodynamic variable, which is mainly dependent on the crystallization 

temperature. Though no direct evidence indicates the influence of external force on the thickness 

of the lamellar crystal, it is believed that the kebab disk thickness would be less influenced by the 

applied flow. There were previous studies on the shear induced crystallization of polypropylene 

that reported there was almost no change in the lamellar thickness and the long period with 

increasing shear rates [38]. If the thickening of lamellae is not considered during the 

crystallization process, after the cessation of flow, the kebab gradually increases along the lateral 

direction. When the kebab diameter reaches to a certain amount, the growing rate will decrease 

and secondary crystallization may happen. For the situation with ε&  = 23.2 s-1, ts = 25 s, the 

lamellar disk diameter did not reach to a plateau value, as it stopped at a much smaller value. 

Recalling the evolution of Ishish, Ikebab and their ratios as shown in Figure 3.8 and Figure 3.9, and 

for the applied flow with longer duration time, stretched polymer chains had enough time to form 

the shish entities. There were then a less amount of oriented polymer chains left to form the 

lamella disk, and the lamella disk could not grow further. Finally, the disk diameter under flow 

of high strain was smaller when compared with others.  

Simulation of 2D SAXS patterns based on a shish-kebab structure model was previously 

proposed [34, 39]. The model assumed a periodic disk-like kebab structure with a cylindrical 

symmetry around the shish-axis. For simplicity, without losing the important feature of the 

structure, the kebab was assumed to have a perfect orientation along the shish (the flow direction) 

and the lamellar disk had infinite height. The scattering contributions from the shish were 
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ignored, as it mainly appeared in the equatorial direction and could be analyzed separately. 

Totally, there were six parameters to simulate the scattering of the kebab. These include the 

kebab disk average diameter D, the distribution h(D), thickness T, the distribution h(T), the 

distance between the centers of nearest neighboring disk L, and the distribution h(L). In this 

model, introducing three distribution parameters could simulate the real situation and give an 

improved fitting on the scattering pattern. From the simulation, it was found that an increase in 

the polydispersity of disk diameter, thickness and long period, i.e., h(D), h(T) and h(L), 

increased the scattering intensity at low angles due to the large density fluctuations, while the 

scattering maximum peak became diffused [34, 39]. Thus, the shish-kebab structure with small 

h(D), h(T) and h(L), which represented a well ordered lamella structure, had a sharp scattering 

maximum peak and formed two points patterns in the meridian direction. Previous study in shear 

induced crystallization showed that the scattering maximum peak became diffused or even 

disappeared with increasing crystallization time. However, in the current extensional flow 

induced crystallization experiment, the scattering curves were somewhat different when 

compared with previous results. The 1D SAXS scattering curves for polypropylene in the 

meridian direction with flow strain rate of 23.2 s-1, duration time of 15 s at different experiment 

times are plotted in Figure 3.12. The scattering maximum appeared at around 100 s after the 

cessation of flow in the SAXS patterns. The intensity of the maximum increased in the beginning 

and did not become diffused with crystallization time, indicating that the polydispersity of the 

lamellar disk dimensional size did not increase significantly under the current experimental 

conditions. With low distribution value, two distinct scattering maxima was observed along the 
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meridian direction and formed a two-point pattern, while with a large distribution value, the 

scattering became broader and resembled streaks. Most of the kebab scattering patterns under the 

extensional flow conditions showed well-defined dumbbell like two-point patterns with a clear 

distinct scattering maxima. Though these were not compared quantitatively, the scattering 

patterns were different When compared with our previous results from shear induced 

crystallization (shear flow on polypropylene or polyethylene) [33, 40]. The results seemed 

reasonable as the extensional flow was a relatively strong force and it had a less amount of 

rotational components inside, providing a more efficient way to form an oriented structure. The 

detail comparison between the extensional flow and shear flow needs to be studied further. 
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Figure 3.12 Experimental 1D SAXS profiles along meridian direction for polypropylene under 
extensional flow with ε&  = 23.2 s-1, ts = 15 s at crystallization times of 20 s, 60 s, 100 s, 200 s, 
500 s, 800 s and 1000 s. 
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For the strain rate dependence experiment, oriented shish and kebab formation appeared 

only when the strain rate exceeded the critical value 
cε& , (ε&  = 11.6, 23.2 and 34.7 s-1). While at 

the fixed strain rate ε&  = 23.2 s-1, the kebab scattering pattern was observed in the smallest strain 

( 116=ε ) in the experiment. With longer duration time, i.e., stronger strain, stretched chains 

will be kept in the stretched condition after the cessation of flow to form the shish structure. A 

certain amount of induced time was necessary for these chains to stretch and relax in order to 

form crystals. There were two effects that could have significant influences on the flow induced 

crystallization. After applying the external force, the polymer chains were stretched and oriented 

along with the flow direction. These polymer chains then had two choices: either forming a shish 

structure or relaxing back to coiled chains that could form kebabs later. This formation could 

depend on many factors, such as molecular properties, temperature, applied strain rate, duration 

time et al. With polypropylene, the molecular structure could be of importance. With increasing 

strain rate, more polymer chains could undergo the coil-stretch transition. With increasing strain, 

longer induced time should help these bundles of stretched chains to form more shish entities and 

the relaxed coiled chains could adsorb on the shish to form kebab lamella structures. High strains 

should increase the crystallization rate, while might not help much on the final crystallinity.  

 

3.4 Conclusions 

By using a specially designed cross-slot flow cell, a stable extensional flow was generated. 

The extension flow induced crystallization in a mono-component polyolefin, isotactic 
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polypropylene (iPP), was studied. An oriented precursor structure was detected and the structure 

showed a typical shish and kebab form. Detail mechanism of the shish and kebab formation 

could be closely related to the characteristics of the applied extension flow. By adopting the 

extensional flow at different strains and strain rates, the oriented precursor structure only 

appeared when the applied strain rate exceeded the critical strain rate cε& . The ordered precursor 

structure, including both shish and kebab entities, increased with increasing strain rate and strain. 

SAXS was more sensitive than WAXD to detect the flow induced oriented structure. The kebab 

scattering pattern which could not be detected in WAXD patterns was observed in SAXS 

patterns at low strains. From 2D SAXS patterns in the meridian direction, the growth of the 

lamellar disk diameter was estimated. Under high strain conditions, the oriented kebab did not 

increase any further when the strain value was higher.  
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Chapter 4. Uniaxial Stretching of Ionic Liquid/Ultr a-High 

Molecular Weight Polyethylene Blends 

 

 

4. 1 Introduction 

    The incorporation of ionic liquids into polymer systems has been an interesting topic 

because ionic liquids can be used as solvents, processing aides, and plasticizers, to facilitate the 

synthesis and processing of polymers, as well as to enhance the polymer properties [1-4]. Ionic 

liquid is a salt with a low melting point, allowing it to stay in the liquid state at relatively low 

temperatures. Different from ordinary organic solvents, ionic liquids consist entirely of ions and 

thus have many unique properties, e.g. they are nonflammable, thermally stable, non-volatile, 

and have high ion conductivity [1, 5-6]. The most notable application of ionic liquids in 

polymers is the usage as polymerization solvents. Because of the unique properties of ionic 

liquids, the course of polymerization is often different from those of common solvents. This has 

been seen in radical polymerization, ionic polymerization, polycondensation and atom transfer 

radical polymerization (ATPR) involving ionic liquids [7-12]. In addition, ionic liquids can also 

be used as solvents to dissolve polymers with poor solubility in common solvents. These 

polymers include biopolymers such as silk, wool [13-15] and cellulose [16], just to name a few. 
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    In this study, we explore the subject related to another application that is the formation of 

polymeric blends with ionic liquids. The low volatility, thermal stability and high conductivity of 

ionic liquids and their interactions with the polymer matrix make them good candidates as solid 

electrolytes, suitable for battery and fuel cell applications [3]. The ionic liquids can also be added 

to solid polymers as plasticizers, which would increase the flexibility of the matrix as well as 

facilitate its processability. For example, Scott et al [17, 18] reported that imidazolium-based 

ionic liquids were good plasticizers for processing of poly methyl methacrylate (PMMA). They 

found that both glass transition temperature and elastic modulus decreased with increasing 

content of ionic liquid. Similar plasticization effect was also observed in systems of different 

polymers and ionic liquids [19, 20]. It was found that many traditional plasticizers were not 

suitable for high temperature usage, but ionic liquids could sustain their high temperature 

applications.  

    The goal of this study is to investigate the role of ionic liquids in affecting the structure and 

morphology of semi-crystalline polymers under deformation, where ionic liquids are used as 

plasticizers. The chosen polymer matrix was ultra-high molecular weight polyethylene 

(UHMWPE) and the chosen ionic liquid (IL) was 1-docosanyl-3-methylimidazolium bromide. 

Since the molecular weight of UHMWPE was extremely high (the weight average molecular 

weight Mw is usually in the range of several millions), the polymer possessed a great deal of 

chain entanglements and was very difficult to melt process. The dense entanglement structure 

greatly affects the crystalline structure and morphology of UHMWPE, resulting in high modulus, 

high tensile strength but very low elongation-to-break ratio. Various kinds of low molar mass 
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additives were developed and tested to improve the processability of UHMWPE. One example 

was the use of low molecular weight paraffin that could enhance the mobility of highly entangled 

UHMWPE chains during processing and be removed after the process. In this work, we 

demonstrate that the type of ionic liquid, having a long aliphatic tail that is compatible to the 

polyethylene backbone, can also be used for the same purpose and be retained in the UHMWPE 

matrix to create a new material. The chosen IL/UHMWPE blends were prepared by the solution 

mixing method to ensure the homogenous distribution of IL in the UHMWPE matrix. 

Simultaneous synchrotron wide-angle X-ray diffraction (WAXD) and small-angle X-ray 

scattering (SAXS) measurements in combination with uniaxial tensile deformation were 

performed on the blends and the control sample (i.e., pure UHMWPE) to understand the 

structure, processing and performance relationships. 

 

4.2 Experimental 

4.2.1 Materials and Preparation   

    The UHMWPE sample Hizex 340M was obtained from Mitsui Chemical Co. Ltd., Japan. It 

had a weight average molecular weight (Mw) of 1.5 × 106 g/mol and a polydispersity of about 

10.5. The chosen ionic liquid was 1-docosanyl-3-methylimidazolium bromide ionic liquid (IL) 

N N
C22H45H3C

[Br] -

, synthesized in our laboratory using the procedures described elsewhere 

[21]. The nanocomposite was prepared based on the solution mixing method as follows. First, the 
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desired amount of IL was dissolved in decalin to form a homogenous solution. The UHMWPE 

sample (1 wt % of decalin solution) along with 1 wt % (based on the amount of UHMWPE) of 

antioxidant BHT (2,6-di-tert-butyl-4-methylphenol) were subsequently added into the IL/decalin 

solution. The whole mixture was then heated to 140 ºC for 1 hour with vigorous stirring until the 

mixture became a clear solution. The UHMWPE/IL solution was cooled to room temperature and 

decalin was extracted from the suspension. The recovered product was dried in a vacuum oven at 

60 ºC for 2 days. The thermogravimetric analysis (TGA) traces did not show any residues of 

decalin in the sample.  

    The control sample (pure UHMWPE) and two nanocomposites with different IL contents: 

0.6 wt % and 3 wt % (based on the amount of UHMWPE) were prepared using the same 

procedure. Hereafter, they were referred as the samples of 0%, 0.6% and 3% IL/UHMWPE, 

respectively. These samples were melt-pressed into flat films (held at 170 ºC and 2.0 MPa for 5 

minutes) for simultaneous synchrotron X-ray/deformation studies. The melting temperature of 

each sample was determined from differential scanning calorimetry (DSC) at a heating rate of 10 

ºC/min under dried nitrogen gas flow. The crystallinity of UHMWPE was estimated from DSC 

using the measured value of heat of fusion (in perfect PE crystals, the heat of fusion was 

assumed to be 290 J/g [22]). Table 4.1 lists the crystallinity results. 
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Table 4.1 Melting temperature and crystallinity of IL/UHMWPE blends and pure UHMWPE 
from DSC measurements. 

IL content (%)          melting         crystallinity (%) 

temperature (ºC) 

    0%               131.1                61.5    

0.6%              129.7                59.2 

3%               127.4                53.8 

 

4.2.2 Simultaneous X-ray and Deformation Measurements 

In-situ wide-angle X-ray diffraction (WAXD) and small-angle X-ray scattering (SAXS) 

in combination with tensile deformation measurements were performed at the X27C Beamline, 

the National Synchrotron Light Source (NSLS), Brookhaven National Laboratory (BNL). The 

wavelength of the synchrotron radiation was 1.371 Å. To monitor the structure change, a charged 

coupled device (CCD, MAR-USA) detector was used to collect 2D scattering/diffraction patterns 

in real time. The CCD detector had a resolution of 1024×1024 pixels and each pixel size was 

158.44 µm. The typical image acquisition time was 30 s for each data frame. The 

sample-to-detector distance was 1745 mm for the SAXS setup (calibrated with silver behenate) 

and 112.5 mm for the WAXD setup (calibrated with Al2O3). All X-ray images were corrected for 

background scattering, air scattering and synchrotron beam fluctuations.  

    The film sample was uniaxially and symmetrically stretched using a modified Instron 4442 

tensile apparatus. The symmetrical deformation ensured that the focused X-ray beam always 
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illuminated on the same position of the sample during deformation. The original length of the 

sample between the Instron clamps was 20 mm, where the width was 5 mm and the thickness 

was 0.5 mm. A constant deformation rate, 4 mm/min, was applied to the specimen throughout 

the deformation study. The tensile experiments were carried out at room temperature (25 ºC) and 

120 ºC, respectively. The stress and strain reported in this study were engineering stress and 

engineering strain measured directly from the Instron machine. 

4.2.3 X-ray Data Analysis  

    The SAXS patterns of these samples exhibited discrete scattering peaks or scattering streak 

in different directions, which reflected the change of the lamellar structure during deformation. A 

semi-quantitative analysis was performed to measure the lamellar spacing by finding the position 

of the maximum scattering in the Lorentz-corrected SAXS profiles. 

    The quantitative analysis was applied on all 2D WAXD patterns, which were first corrected 

for background scattering, air scattering, beam fluctuations and Fraser correction (to compensate 

for the distortion from the flat-detector effect [23]). To simplify the analysis, the stretched 

samples were assumed to possess fiber symmetry, i.e., they had cylindrical symmetry along the 

stretching direction. This was confirmed by WAXD patterns taken from orthogonal directions 

perpendicular to the stretching direction, where near identical patterns were observed. To 

integrate the WAXD pattern along the scattering vector, the scattered intensity was expressed 

as ∫=
o

o
dssIsI

180

0

2 sin),(2)( φφφπ , where the Lorentz correction was used to obtain the true mass 

distribution in the system. The calculated (Is2 vs. s) profile was then separated into different 
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crystal peaks and an amorphous background, where the quantity of each component could be 

determined (a typical example is shown in Figure 4.1). The 2D WAXD patterns were further 

separated into two parts: isotropic part and anisotropic part using the halo method [24], as 

illustrated in Figure 4.2. The isotropic part was formed due to the unoriented species, including 

amorphous and unoriented crystal phases; while the anisotropic part was formed due to the 

oriented species, including oriented mesomorphic and crystal phases.  

 
Figure 4.1 Deconvolution of reflection peaks from an integrated WAXD intensity profile. (o) and 
(m) indicate the reflection peaks from orthorhombic and monoclinic phase of polyethylene 
crystal, respectively. 
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Figure 4.2 Schematic diagrams for separation of oriented part and unoriented part from a 2D 
WAXD pattern. 

 

4.3 Results and Discussion 

    Simultaneous X-ray and tensile deformation measurements were first carried out at 25 ºC. 

Figure 4.3 shows the stress-strain curves for all three samples. It was found that by adding ionic 

liquid, the yield strength decreased (the 3% IL/UHMWPE exhibited the lowest yield point value), 

but the elongation-to-break ratio increased (e.g., 104 % for pure UHMWPE, 338 % for 0.6% 

IL/UHMWPE and 252 % for 3% IL/UHMWPE). The final values of tensile strength for the three 

samples, however, were quite comparable. Thus, the incorporation of ionic liquid into 

UHMWPE could largely increase the elongation-to-break ratio while keeping similar or slightly 

higher tensile strength. 
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Figure 4.3 Stress-strain curves of UHMWPE and two IL/UHMWPE blends (0.6% and 3% IL) at 
25 ºC. 

 

    The in-situ SAXS and WAXD results could provide detailed structure information (from 

lamellar to crystal) of the system during the stretching process. It was found that two 

IL/UHMWPE blends exhibited very similar trends in terms of the changes of 

scattering/diffraction patterns during deformation, while pure UHMWPE did not show notable 

variations in scattering/diffraction patterns due to the short elongation-to-break ratio. The 

exemplary results from the 0.6% IL/UHMWPE blend are illustrated in Figure 4.4, where the 

stress-strain curve and selected WAXD and SAXS images at different strains are shown. The 

initial WAXD pattern showed an isotropic feature with only orthorhombic crystal reflections. 

When the strain was increased, the diffraction patterns shifted towards the equator, where several 

new reflections from the monoclinic phase also appeared. Figure 4.5 shows a 2D WAXD pattern 
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taken from the 0.6% IL/UHMWPE blend at strain 100%. There were five distinct diffraction 

peaks - two from the orthorhombic phase and three from the monoclinic phase. The values of 

scattering vector s for these crystal reflection peaks are listed in Table 4.2. It is known that in 

polyethylene, the orthorhombic phase is the most stable form, while the monoclinic phase is the 

metastable form. The structure of the monoclinic phase and its possible formation mechanism in 

oriented polyethylene has been reported by Seto et al. [25, 26]. The positions of the detected 

monoclinic peaks (010), (200) and )102(  in this study were nearly the same as the results from 

the Seto study, giving the unit cell parameters of a = 8.09 Å, b = 4.79 Å, c = 2.53 Å, and γ = 

107.9° (here we refer the chain-axis as the c-axis, which was different from the original literature 

[25, 26]). We note that the phase transformation from the orthorhombic to monoclinic phase 

could be induced by stress, which is often termed the martensitic transformation [26-28]. This 

behavior was observed in all three samples (blends and control). 
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Figure 4.4 Selected WAXD and SAXS patterns for 0.6% IL/UHMWPE blend at different strains 
during stretching at 25 ºC. 

 

 
Figure 4.5 Typical WAXD pattern of 0.6% IL/UHMWPE blend at strain 100% and 25 ºC with 
the crystal reflection peaks from two different crystal phases. 
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Table 4.2 Scattering vector s of crystal reflection peaks found during stretching of the 0.6% 
IL/UHMWPE blend at 25 ºC.  

 Orthorhombic phase Monoclinic phase 

crystal peak (110) (200) (010) (200) )102(  

scattering vector s (nm-1) 0.241 0.269 0.218 0.259 0.283 

 

    In SAXS measurements, the scattering maximum was found to move toward the equator 

and formed a streak-like scattering pattern at high strains. This pattern (equatorial streak) could 

be attributed to the non-correlated fibrillar structure, either from extended and/or microvoids. 

The observation of equatorial scattering streak in deformed polymer film or fiber has been 

reported in the literature [29, 30]. If these streaks were due to single scattering entity (e.g. 

microvoids or crystal fibrils), the dimensions and the orientation of these scatterers could be 

estimated by using the method demonstrated by Ruland [31, 32]. For the current results, as the 

nature of the scattering streak was complex and might consist of both contributions, we decided 

not to focus on the SAXS streak analysis but the quantitative WAXD analysis. 

Using the method mentioned earlier, the evolution of crystallinity and components of 

different crystal phases for UHMWPE and IL/UHMWPE blends at 25 ºC were determined from 

the WAXD data, where the results are shown in Figure 4.6. It was found that the total 

crystallinity decreased slightly with increasing IL content (especially in the high concentration 

sample). This observation was consistent with the DSC results and could be explained as follows. 

As the ionic liquid behaved like a plasticizer for UHMWPE, it could enhance the overall 



80 
 

mobility of the entangled chains and increase the plasticity of the material. As a result, the 

presence of ionic liquid also decreased the melting point and crystallinity. A similar role of 

plasticizer that could increase the segmental mobility as well as the overall chain mobility and 

decrease the crystallinity in other semi-crystalline polymers has been reported [33,34].  

 
Figure 4.6 Evolution of crystallinity for UHMWPE and two IL/UHMWPE blends (0.6% and 3% 
IL) during stretching at 25 ºC. 

 

    As mentioned earlier, stress-induced phase transformation was seen in all three samples. 
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crystal phase increased. Both phases reached constant values at higher strains in the blends (this 

was not the case for neat UHWMPE as the material had a relatively low strain to break ratio). In 

the presence of ionic liquid, the phase transformation became more gradual than pure UHMWPE, 

implying that the time it took to reach the plateau values increased and the extent of the phase 

transformation decreased in the IL/UHMWPE blends. Comparing the results between pure 

UHMWPE and 3% IL/UHMWPE, the blend sample showed a much smaller decrease in the 

crystallinity by stretching (from 42.5% to 28.2%) than that in pure UHMWPE (from 54.0% to 

22.4%). The addition of ionic liquid clearly delayed the stress-induced phase transformation in 

UHMWPE, i.e., in the presence of ionic liquid, the stress-induced melting behavior was retarded, 

while the enhancement in the overall chain mobility led to further crystallization at a relatively 

low strain (as seen in the 3% IL/UHMWPE blend).   

    The WAXD results were analyzed to determine the crystal orientation. Upon stretching, 

both (110) reflection from the orthorhombic phase and (010) reflection from the monoclinic 

phase showed some interesting changes in orientation. First, both reflections exhibited a 

four-point pattern along the off-axis, and converted to a two-point pattern on the equator at 

higher strains. At some strain the two features co-existed, indicating the presence of two 

populations for crystal orientation under deformation [35, 36]. With the increase in strain, the 

intensity of the four-point pattern decreased and the intensity of the two-point pattern increased. 

The appearance of the four-point pattern for the (110) reflection indicated that the 

crystallographic a-axis was preferentially oriented (i.e., perpendicular to the stretching direction) 

at low strains. At higher strains, the chain axis (i.e., the c-axis) became aligned with the 
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stretching direction, forming the two-point pattern on the equator. The change in crystal 

orientation did not occur in a step transformation manner with the strain, rather it occurred very 

gradually. During stretching, the co-existence of the two orientation populations was clearly 

detected from the six-point pattern in the WAXD profile at 200% strain in Figure 4.4. The 

change of crystal orientation in the (010) reflection of the monoclinic phase was very similar to 

that in the (110) reflection of the orthorhombic phase. 

    The change of crystal orientation could be described quantitatively by the Hermans’ 

orientation parameter (f). Using the stretching direction as the reference axis, the parameter f can 

be defined as, 

2

1cos3
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The f value represents the extent of the crystal orientation, with 0 being completely random and 1 

being completely oriented along the reference axis. Since no pure reflection was found in the 

c-axis, the Wilchinsky method [37] was used to determine the c-axis orientation by combining 

the information from the (200) and (110) reflections of the orthorhombic phase. For the 

monoclinic phase, three different reflections (010), (200) and (102 ) were used to estimate the 

orientation parameter along the c-axis. The results indicated that Hermans’ orientation 

parameters (f) obtained from the two crystal phases were in fact quite similar. Figure 4.7 shows 

the evolution of Hermans’ orientation parameter with strain obtained from the orthorhombic 

phase. The initial f value was found to be around 0.1 to 0.2, which was not completely random. 

This could be attributed to the melt-pressing process during sample preparation. For pure 
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UHMWPE, the f value did not change much until after the strain of 50%. Whereas the f values of 

the two IL/UHMWPE blends increased steadily and reached a plateau value after the strain of 

150% (both blends exhibited the same trend). Overall, the IL/UHMWPE blend showed higher 

crystal orientation compared with that of pure UHMWPE. This result was consistent with the 

earlier observation, i.e., the ionic liquid could increase the overall chain mobility in UHMWPE 

and facilitate the change of crystal orientation.  
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Figure 4.7 Evolution of Hermans’ orientation parameter along the c-axis for UHMWPE and two 
IL/UHMWPE blends (0.6% and 3% IL) at 25 ºC. 

 

The combined X-ray/stretching test was also carried out at a higher temperature (i.e., 120 

ºC), with the corresponding stress-strain curves being shown in Figure 4.8. The yield points were 

clearly seen in the high temperature deformation of these three samples. Due to the increasing 

overall chain mobility at higher temperatures, a larger elongation-to-break ratio was obtained 
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when compared with that at room temperature. However, both IL/UHMWPE blends still 

exhibited larger elongation-to-break ratios than pure UHMWPE. The 0.6% IL/UHMWPE blend 

exhibited better elongation-to-break performance than the 3% IL/UHMWPE blend. The tensile 

strength of the blend also increased significantly when compared with that of pure UHMWPE, 

especially for the 0.6% IL/UHMWPE blend.  
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Figure 4.8 Stress-strain curves of UHMWPE and two IL/UHMWPE blends (0.6% and 3% IL) at 
120 ºC. 

 

    Selected WAXD and SAXS images of the 0.6% IL/UHMWPE blend at different strains are 

shown in Figure 4.9. In WAXD patterns, all diffraction peaks were found to move towards the 

equatorial direction with increasing strain, and they eventually exhibited a two-point pattern on 

the equator, indicating a very high crystal orientation. However, no phase transformation was 

observed during stretching at 120 oC, unlike the deformation study at room temperature. The 
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corresponding SAXS results showed some interesting cross-streak patterns at high strains, 

indicating the formation of ordered structure in large scale. The detail of this structure will be 

discussed later. 

 
Figure 4.9 Selected WAXD and SAXS patterns for 0.6% IL/UHMWPE blend at different strains 
during stretching at 120 ºC. 

 

The change in crystallinity during stretching at 120 oC was calculated, with the results being 

illustrated in Figure 4.10. Since no phase transformation was observed in these samples, only the 

total crystallinity was estimated. It was found that the total crystallinity decreased with 

increasing IL content. However, the trends of the change in the three samples were similar, i.e., 

the crystallinity increased at low strains and reached a plateau value at higher strains. At room 

temperature, stretching led to the destruction of the orthorhombic phase and formation of the 
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orthorhombic phase. Clearly, the mechanisms of the stretch-induced structure changed at low 

and high temperatures were very different. 
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Figure 4.10 Evolution of crystallinity for UHMWPE and two IL/UHMWPE blends (0.6% and 
3% IL) during stretching at 120 ºC. 

 

During deformation at high temperatures, the four-point pattern of (110) reflection was 

observed only at low strains (below 100%). At higher strains, the sharp two-point pattern 

appeared in the equatorial direction indicating the formation of c-axis orientation along the 

stretching direction. This was quite reasonable since the high mobility of polymer chains at high 

temperatures made it easy for the chain axis to align along the stretching direction; while at low 

temperatures, the a-axis orientation was more favorable in the initial drawing stage than the 

c-axis orientation. Hermans’ orientation parameters at different strains were calculated and the 

results are shown in Figure 4.11. The blend samples showed better orientation than pure 

UHMWPE. For example, the f value was 0.91 at the end point of the 0.6% IL/UHMWPE blend, 
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indicating the achievement of a very high crystal orientation at the end of stretching. In general, 

the three samples showed a similar trend in the change of Hermans’ orientation parameters, i.e., 

the f value increased rapidly in the low strain range (strain < 100%) and then slowly reached a 

plateau value. This behavior was similar to the crystallinity change observed in Figure 4.10. 

However, such a comparison was quite different from the results at room temperature, i.e., the 

crystal orientation increased steadily throughout the stretching process (as seen in Figure 4.7). 
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Figure 4.11 Evolution of Hermans’ orientation parameter in the c-axis for UHMWPE and two 
IL/UHMWPE blends (0.6% and 3% IL) at 120 ºC. 

 

    To understand the structure change under different stretching conditions, WAXD patterns of 

the 0.6% IL/UHMWPE blend collected at different strains were further separated into oriented 

and unoriented components for both crystal and amorphous phases using the Halo method 

mentioned earlier. Figure 4.12(A) and 4.12(B) illustrate the evolution of mass fractions for 
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crystal (further separated into oriented and unoriented crystal), oriented amorphous (or 

mesomorphic as labeled in the figures) and amorphous phases during stretching at 25 ºC and 120 

ºC, respectively. At room temperature, the crystal fraction exhibited a small increase at large 

strain, but the increase in the oriented crystal fraction was continuous and prominent. In addition, 

the mesomorphic fraction was found to increase with strain, but both unoriented crystal and 

amorphous fractions decreased continuously. Overall, the general trends of the above changes at 

120 ºC were similar to those at room temperature. However, there were two notable differences 

between the results from two temperatures (25 ºC and 120 ºC): (1) the unoriented crystal fraction 

at 120 oC decreased rapidly to a negligible value (fraction ~ 0) at strain 100%, whereas the 

unoriented crystal fraction at room temperature maintained a finite value at high strains; (2) the 

mesomorphic fraction (~ 35% at strain 600%) at 120 oC in the large strain region was higher than 

that (~22% at strain 300%) at room temperature. These observations could be understood by the 

mobility enhancement of the amorphous chain in the interlamellar region, i.e., with the higher 

chain mobility (at 120 oC), it was relatively easier to realign the crystal phase, resulting in a very 

rapid decrease in the unoriented crystal fraction.   
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Figure 4.12 Evolution of mass fractions of oriented and unoriented components in the 0.6% 
IL/UHMWPE blend during stretching at 25 ºC (A) and 120 ºC (B). 
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    During the deformation of pure UHMWPE at 120 ºC, a cross pattern in SAXS at high 

strains range, which was very different from the result at room temperature, was observed. The 

cross pattern feature was much more distinct in the IL/UHMWPE blend. Figure 4.13 shows 

selected SAXS patterns for the 0.6% IL/UHMWPE blend collected at different strains. At strain 

100%, the SAXS pattern, in fact, possessed two components. One was the scattering streak along 

the meridian; the other was the typical cross pattern. Both patterns exhibited weak scattering 

maxima indicating the presence of two lamellar structures. The feature of two scattering 

components became much clearer at strain 150%. However, at strain 300%, only the cross 

pattern was observed. In the previous literature, the appearance of two-point and four-point 

patterns have also been reported [38, 39]. The scattering pattern observed in this study exhibited 

more streak-like feature instead of point-like feature, indicating a broader distribution of the 

lamellar long spacing. The appearance of meridional scattering streak indicated the presence of 

the lamellar structure aligned perpendicular to the stretch axis, while the cross pattern indicated 

the presence of another lamellar structure aligned with a tilt angle with respect to the stretch axis. 

From the WAXD results, especially the evolution of the Hermans orientation parameter, it was 

reasonable to argue that most of the amorphous chains in the interlamellar region tended to orient 

along the stretching direction in the beginning of the stretching process (i.e., strain less than 

100%). As a result, the lamellar axis became perpendicular to the stretch direction. At strain 

above 100%, fragmentation of some crystals might occur, releasing the local stress and resulting 

in the tilting of the lamellar structure. From the geometry of the cross pattern, it was found that 

the tilt angle (relative to the original lamellae that were perpendicular to the stretching direction) 
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increased with increasing strain. The schematic diagram of the two types of lamellae present 

during stretching is shown in Figure 4.14. Such tilted lamellar structure has been reported before 

[38,39], where the tilting angle as well as the long period value or the average distance between 

adjacent lamellae (along the lamellar normal) could be estimated by the position of the scattering 

maximum. The long period change as a function of strain is shown in Figure 4.15. The long 

period decreased with increasing strain. Comparing the three samples, the addition of ionic liquid 

was found to decrease the long spacing as well as the rate of decrease by strain, implying that the 

presence of ionic liquid could increase the overall mobility of amorphous chains in the 

interlamellar region and thereby would retard the shearing motion between the adjacent lamellae, 

leading to a smaller decrease in the long period but an increase in the elongation-to-break ratio. 

At high temperatures, the fraction of oriented crystals was primarily induced at low strains 

(Figure 4.12B), while the resulting lamellae orientation occurred continuously at high strains; at 

room temperature, the fraction of oriented crystals was completed at much higher strains (Figure 

4.12A).  

 

 

0%        70%         100%        150%       300%        600% 

Figure 4.13 SAXS profiles of 0.6% IL/UHMWPE at different strains stretched at 120 ºC. 
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Figure 4.14 Schematic diagrams for two populations of lamellar structures during stretching at 
120 ºC 

 

    Ionic liquid/UHMWPE blends showed an increased elongation-to-break ratio at both 

temperatures, as caused by the plasticization effect of the ionic liquid. The hydrocarbon chains at 

the end of the ionic liquid might act as a solvent and interacted with the surrounding 

polyethylene chains, which could increase the overall chain mobility during the stretching 

process. Although ionic liquid/UHMWPE blends showed improved toughness when compared 

with pure UHMWPE, too much ionic liquid could not further improve the performance (e.g. 3% 

IL/UHMWPE exhibited a lower elongation-to-break ratio and smaller tensile strength compared 
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with 0.6% IL/UHMWPE) as too much ionic liquid would suppress the formation of crystallite 

region, leading to a less effective crystalline network.  
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Figure 4.15 Evolution of lamellar long period at 120 ºC for UHMWPE and two IL/UHMWPE 
blends (0.6% and 3% IL).  

 

4.4 Conclusions 

    The addition of a small amount of ionic liquid (e.g. 0.6 %) to UHMWPE could significantly 

increase the elongation-to-break ratio at both low and high temperatures (e.g. 25 ºC and 120 ºC), 

while maintaining comparable or better tensile strength, due to the increase in chain mobility by 

the plasticization effect of ionic liquid. However, too much loading of ionic liquid (e.g. 3 %) did 

not further improve the toughness of the UHMWPE matrix. In this study, the 3% IL/UHMWPE 

sample exhibited lower elongation-to-break ratio and smaller tensile strength when compared 

with 0.6% IL/UHMWPE at both temperatures. The structure changes induced by stretching in 
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the IL/UHMWPE blend and pure UHMWPE samples were quite different at the two 

temperatures. At low temperature, the plasticization effect of ionic liquid on the amorphous 

UHMWPE chains dominated the structure change, where phase transformation was observed in 

all three samples. The ionic liquid blend sample showed a relatively weak phase transformation 

when compared with pure UHMWPE, which could be attributed to the increase in chain mobility. 

At high temperature, all three samples exhibited higher crystal orientation than that at low 

temperature, where the oriented crystal fraction was completed at relatively low strains. With 

further increase in strain, the lamellar structure was found to tilt towards the stretching direction. 

The addition of ionic liquid delayed the lamellar movement under strain. 
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Chapter 5．．．． Effect of Comonomer Content on Structure and 

Property Relationship of Propylene-1-Octene Copolymer during 

Uniaxial Stretching 

 

 

5.1 Introduction 

    Polypropylene (PP) is one of the most important polymers in chemical industry due to its 

low cost and broad applications. It has excellent chemical resistance, good mechanical properties 

and is relatively easy to process. Polypropylene chains also have excellent ability to crystallize 

and can form different crystal structures. However, the different crystal structure has different 

effects on final properties. Although polypropylene has widespread usages, it still has limitations 

for certain applications, due to its weak impact strength at low temperatures and poor elastic 

performance. Scientists have been interested in synthesizing new polypropylene-based materials 

with modified structures and improved properties to overcome these limitations.  

    Thermoplastic elastomers (TPE) are a new kind of materials that have gained significant 

interest as they contain both thermoplastic and elastomeric characteristics. These materials 

possess improved elastic properties over conventional plastic materials and can be processed 

easier than traditional rubber products. There are several pathways to produce new TPF materials. 

One is through the processing route by mechanical mixing of conventional plastic materials 
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(such as PP) with elastomers, such as ethylene-propylene rubber (EPR) [1-3], 

ethylene-propylene-diene rubber (EPDM) [4-6] and ethylene-octene copolymer (EOC) [7-10]. 

Another route is by polymerization, such as copolymerization of polyolefin containing different 

comonomer type and content, to produce new propylene- or ethylene-based materials. The 

development of metallocene catalysts has greatly facilitated this method, where incorporation of 

varying comonomers can be controlled in a random or blocky fashion [11, 12]. For example, the 

propylene-based random copolymer family, containing hexene, butylene, ethylene and octene 

comonomer units have recently been synthesized [13-23]. With certain copolymer compositions 

the materials exhibited both plastic and elastic characteristics having good mechanical strength 

as well as decent elasticity. The versatile tuning conditions during synthesis clearly provide a 

new pathway to tailor the final properties. As the propylene segment is the only crystallizable 

component, the type and content of different comonomer greatly influence the crystalline 

morphology and thermodynamic properties. Furthermore, the interactions among different 

segments also lead to phase separation which yields hierarchical structures at different length 

scales [9, 24].  

    The purpose of the present study is to further understand the relationships between 

comonomer composition, structure and mechanism property of polyolefin random copolymers. 

To be specific, propylene-octene (PP-O) random copolymers at different octene contents 

(molecular ratio of 5%, 8% and 10%) were chosen as a model copolymer system to investigate 

the influence of comonomer on the structural change of propylene during tensile deformation 

and its relationship with the mechanical performance. In-situ wide-angle X-ray diffraction 
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(WAXD) and small-angle X-ray scattering (SAXS) were used to monitor the structural changes 

during deformation. The scattering and diffraction results have provided useful structural 

information at different length scales from crystal unit cells to lamellae.  

 

5.2 Experiment 

5.2.1 Materials and Preparation   

    Propylene-octene (PP-O) random copolymer samples were obtained from ExxonMobil 

Chemical Company. They were synthesized using a solution polymerization method based on the 

metallocene catalyst. Three different copolymer samples having octene comonomer mole 

percentages of 5%, 8% and 10% (i.e., weight percentages of 12%, 19% and 23%) were prepared. 

The weight-average molecular weights of these three copolymers were 115K g/mol, 132K g/mol 

and 105K g/mol, respectively. They were denoted as PP-O-5, PP-O-8 and PP-O-10 in this paper 

hereafter.  

5.2.2 Simultaneous X-ray and Deformation Measurements 

    Tensile deformation measurements were performed on a modified Instron 4442 tensile 

apparatus, which allowed the film sample to be uniaxially and symmetrically stretched. The 

symmetrical deformation ensured the focused X-ray beam always illuminated on the same 

position of the sample during stretching. The peak melting temperatures of PP-O-5 and PP-O-8 
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determined by differential scanning calorimetry (DSC) were 96.3 ºC and 83.6 ºC. For PP-O-10, 

the melting peak became broad, in the range of 65 ºC to 75 ºC. So in the tensile experiment, 60 

ºC was chosen as the experiment temperature, since under this condition polymer chains had 

relatively high mobility in the copolymer and could make it easy to observe the different 

deformation behavior and larger difference on the lamella structures in these samples from X-ray 

scattering patterns during the stretching process. 

    Dumbbell-like tensile specimens were prepared by compression molding the samples at 180 

ºC. All specimens were stored at room temperature for around 1 week before the tensile test in 

order to minimize any possible aging effects on the sample. The initial length of the specimen 

between the Instron clamps was 30 mm, having width and thickness of 4 mm and 1 mm, 

respectively. A constant crosshead speed, 6 mm/min, was applied to the specimen throughout the 

deformation study. The maximum strain was around 7 due to the limitation of the tensile 

apparatus. The step-cycle tensile test was also carried out at the chosen experiment temperature 

(i.e., 60 ºC). This test combined the stepwise stretching and loading-unloading cycles to evaluate 

the elastic recoverability of the specimen. In specific, the specimen was extended step-by-step to 

the desired strains of 50%, 100%, 200% and 300%, respectively. When the deformation reached 

the desired strain, the crosshead reversed back at the same crosshead speed until zero stress was 

detected. The extension was then applied again to reach the next target strain, whereby the 

process would repeat itself until the completion of the final cycle. The recovery ratio was 

calculated as ( )0/1 εε r− , where rε  represents the residual strain and 0ε  represents the target 
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strain. The stress and strain reported in this study were engineering stress and engineering strain 

measured directly from the Instron machine. 

    In-situ wide-angle X-ray diffraction (WAXD) and small-angle X-ray scattering (SAXS) 

measurements during tensile deformation were performed at the X27C Beamline in the National 

Synchrotron Light Source (NSLS), Brookhaven National Laboratory (BNL). The wavelength of 

the synchrotron radiation was 1.371 Å. To monitor the structural changes, a charged coupled 

device (CCD, MAR-USA) detector was used to collect 2D scattering/diffraction patterns in real 

time. The CCD detector had a resolution of 1024×1024 pixels and each pixel size was 158.44 

µm. The typical image acquisition time was 30 s for each frame collection. The 

sample-to-detector distance was 1910 mm for the SAXS setup (calibrated with silver behenate) 

and 121.1 mm for the WAXD setup (calibrated with Al2O3). All X-ray images were corrected for 

background scattering, air scattering and synchrotron beam fluctuations.  

5.2.3 X-ray Data Analysis  

    Quantitative analysis was applied on all 2D WAXD patterns, which were also compensated 

for Fraser correction due to the distortion from the flat-detector [25]. The stretched samples were 

assumed to possess fiber symmetry, i.e., with cylindrical symmetry along the machine direction. 

This was proven to be a good approximation for this type of single axis deformation systems. 

WAXD patterns were integrated along the scattering vector and the integrated scattered intensity 

could be expressed as ∫=
o

o
dssIsI

180

0

2 sin),(2)( φφφπ . In this integration, the Lorentz correction 

factor (s2) was used to obtain the mass distribution of the system. The integrated intensity profile 
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was then de-convoluted into different crystal reflection peaks and an amorphous background 

using the peak fitting method. The crystallinity was determined from the ratio of the integrated 

area under all crystalline components to the total integrated area.  

    Typical SAXS image exhibited a broad meridional 2-bar pattern superimposed with an 

equatorial streak during stretching. The image indicated the lamellar structure under deformation, 

where the lamellar long period, lamellar thickness, orientation and lateral size could be estimated. 

The lamellar long period was obtained by the maximum scattering position in the 

Lorentz-corrected integrated 1D SAXS profile. Lamellar thickness, lateral size and orientation 

were obtained by a semi-quantitative fit of the 2D SAXS pattern, to be described below. For the 

stretched system, fiber symmetry was assumed in the SAXS/WAXD pattern, which was verified 

in our earlier studies [26-29]. This assumption greatly simplified the theoretical approach for the 

analysis of 2D scattering/diffraction images. The 2D WAXD analysis has been demonstrated 

earlier [26-29] and will not be repeated here. The 2D SAXS analysis for the system with 

preferred orientation was adopted [30]. The principle is briefly described as follows. Figure 5.1 

illustrates the spherical trigonometric relationship of the scattering system with preferred 

orientation in reciprocal space [26, 31]. In this case, the scattered intensity J (s, φ) can be 

expressed as [26, 31, 32]: 

∫=
2/

0
''sin)',()',(),(

π
ϕϕϕϕϕϕ dFsIsJ                

where φ is the polar angle with respect to the principal axis of the fiber, φ' is the polar angle in 

the coordinate system of the structural unit I (s, φ’) and F (φ, φ’)  is the integral kernel correlated 

with the orientation distribution function (ODF) g(β) . In our approach, the Onsager orientation 
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distribution function was used as the ODF with the following expression [29]: 

( ) cosh( cos ) / sinh( )Og p p pβ β=                 

where β  is the angle between primary axis of J (s, φ) and I (s, φ’) , p is the orientation 

distribution parameter related to the breadth of the profile and from that Hermans’ orientation 

parameter P2, as given by [29]: 

])[coth(31 11
2

−− −−= pppP                     

Thus, the integral kernel F (φ, φ’)  has the form [26, 29]: 

)()cosh()(csc)',( 0 pyIpxphpF =ϕϕ              

where 'coscos ϕϕ=x , 'sinsin ϕϕ=y  and Io is the modified Bessel function of the first kind at 

zero order.  

    The intensity distribution ( )',ϕsI  can be factorized into 12331212312 2/)()(),( ssIsIssI π= , 

where 'sin12 ϕss = , 'cos3 ϕss = . ( )33 sI  represents the 1D scattered intensity related to the 

lamellar thickness and distribution. ( )1212 sI  is related to the lamellar lateral size, which could be 

simulated by a Gaussian distribution, 

 )/exp()( 22
12

1
1212 bsbsI π−= −                   

or Lorentzian distribution, 

       122
12

21
1212 )/1()( −− += bsbsI π                   

    From the simulation results, the P2 orientation and the lamellar lateral size b can be obtained. 

The detailed analysis will also be shown in the correlated text.  
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Figure 5.1 Spherical-trigonometric relationships between scattering vector s and primary axis of 
the intensity distribution of the structural unit I (s, φ’)  and the oriented ensemble J (s, φ).  

 

5.3 Results and Discussion 

    The stress-strain curves of propylene-octene copolymer at different octene concentrations 

(5%, 8% and 10%) and 60 ºC are shown in Figure 5.2. The incorporation of the comonomer 

resulted in notable changes of mechanical properties. For example, with an increase in the octene 

content, the elastic modulus and tensile yield stress decreasd significantly. The tensile behavior 

of the PP-O-5 sample showed a typical trend of semi-crystalline polymers, exhibiting highly 

localized yield and neck regions. On the other hand, for PP-O-8 and PP-O-10, these samples 

behaved more like elastomers, especially noticeable for PP-O-10, where the neck region became 

diffused and mixed with the strain-hardening region at high strains. 
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Figure 5.2 Stress-strain curves of propylene-octene copolymer with different octane 
concentrations (5%, 8% and 10%) at 60 ºC. 

 

    Before studying the crystal orientation change at different strains, the chosen 

propylene-octene copolymer samples were kept at 60 ºC for a long enough time until there was 

no noticeable change with the stress. This process was aimed to eliminate the annealing/aging 

effect of the copolymers at 60 ºC, especially for high octene content samples. Thus, the possible 

aging effect was ignored during the stretching process in order to avoid the complexity when 

discussing the influence of stretching force on the crystal structure of copolymers. Figure 5.3 

illustrates the 1D integrated WAXD patterns of the three propylene-octene copolymers before 

the stretching experiment. These copolymer samples exhibited several discrete diffraction peaks 

at scattering vector s with values of around 1.53, 1.82, 2.00, and 2.34 nm-1. The peaks matched 

the characteristic diffraction from the α-phase crystal form of iPP homopolymer and they could 
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be indexed as (110), (040), (130), and (111) reflections, respectively. Systematic studies have 

found that the inclusion of comonomer would induce different crystal structures. γ-phase iPP was 

commonly observed in the propylene-based copolymer within certain comonomer content [20, 

21]. Even the new crystal phase could form in the propylene-1-hexene copolymer under certain 

conditions [19]. γ-phase propylene was also observed in propylene-1-butylene copolymer during 

stretching in our previous studies [28]. However, the characteristic diffraction peak of the 

γ-phase in iPP (117) at around s = 2.25 nm-1 [33, 34], was not observed here. It was found that 

with higher octene content, the intensity of the second diffraction peak (at around s = 1.88 nm-1) 

became more intense when compared with that of the first peak. Similar behavior was reported 

and explained by the presence of iPP γ-phase from the (008) diffraction peak at the same s 

position [35]. However, as the characteristic (117) diffraction peak was not seen here, it could 

more likely be that the γ-phase was not formed in the copolymer or the corresponding structure 

possessed large defects. The crystallinity (α-phase) of these copolymers was calculated as 27%, 

24% and 14% for PP-O-5%, PP-O-8% and PP-O-10%, respectively. It was reasonable to find 

that crystallinity was decreased with the incorporation of the non-crystallizable component.  
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Figure 5.3 Integrated 1D WAXD profiles of PP-octene copolymer at 60 ºC before stretching. 

 

Figure 5.4 shows selected 2D WAXD profiles during stretching. For simplicity, only the 

profiles of PP-O-5 and PP-O-10 at strains of 100%, 300% and 700% are shown. Copolymers 

could exhibit higher crystal orientation at larger strains, and PP-O-5 showed higher crystal 

orientation than PP-O-10. There was no observable phase change during the stretching process 

and all copolymers only exhibited α-phase crystals throughout deformation. In PP-O-10 at strain 

of 700%, the three arcs in the equatorial direction could be assigned as the (110), (040) and (130) 

diffraction peaks, respectively, where the c axis was parallel to the machine direction. The weak 

scattering streaks in the meridian direction appeared at high strains and could be caused by the 

scattering of the daughter lamellae (they had a tilt angle of about 80 º with respect to the mother 

lamellae) [18, 36, 37]. These meridian streaks thus could be ascribed as the (110) reflection of 
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the daughter lamellae, as indicated in the profiles. It was noticed that there was another streak in 

the meridian direction at a higher scattering angle. Considering the position and shape, this streak 

could be attributed to the (220) peak of the daughter lamellae, as indicated in Figure 5.4. The 

result could be explained as follows. During stretching, the mother lamellae bore a majority of 

tensile force, especially at high strains. These mother lamellae were easy to be fragmented, with 

the decreased size leading to the broadening of the corresponding reflection peaks, and was 

consistent with the experimental results in PP-O-5. In addition, the increased disorder in the 

mother lamellae would significantly decrease the reflection intensity, especially for those 

high-angle peaks; while the daughter lamellae reflection peaks would be much less influenced. 

As a result, the (220) peak from the daughter lamellae in the meridian direction could remain 

intact, while the (220) peak from the mother lamellae in the equatorial direction would become 

diffused and weak. 
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Figure 5.4 Selected 2D WAXD profiles of PP-O-5 and PP-O-10 copolymer stretched under 60 
ºC at strains 100%, 300% and 700%. 
 

    The integrated 1D WAXD profiles of PP-O-5 and PP-O-10 at different strains are plotted in 

Figure 5.5. With increasing strain, the scattering intensity decreased due to the reduction of the 

sample thickness during stretching. The positions of the reflection peaks did not change 

significantly with strain and no noticeable new reflection peak could be detected, confirming that 

the chosen copolymers possessed mainly α-phase crystals. However, at higher strains, such as 

500% and 700%, the crystal peaks became very broad. In this case, the remaining polypropylene 

crystals possessed large defects (under high deformation) and could be in the mesomorphic 

phase. This mesomorphic phase was different from the amorphous phase, and it had notable 

orientation along the fiber direction. The evolution of crystallinity of PP-O-5, PP-O-8 and 

PP-O-10 under stretching was obtained by peak fitting of the integrated 1D WAXD profiles. The 
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results are illustrated in Figure 5.6. The crystallinity values of PP-O-5 and PP-O-8 decreased 

initially near the yield point, after which they increased subsequently. However, the PP-O-10 

sample did not show this trend (or the yield point). This behavior may be explained as follows. 

The tensile force could impose two opposite effects on the change of crystal structure in 

semi-crystalline polymers. For one, the tensile force could elongate the polymer chains and 

induced new crystal formation. On the other hand, the tensile force could also destroy preexisting 

crystals. These opposite effects, depending on the molecule structure, temperature and type of 

force applied, could lead to different structural changes. For example, the PP-O-5 and PP-O-8 

samples showed a decrease in crystallinity at strains below 50%, which indicated that the 

dominant effect of tensile force at this stage was crystal destruction. The subsequent crystallinity 

increase, especially for PP-O-5 indicated that the dominant effect was strain-induced 

crystallization. The PP-O-10 did not show the crystal destruction step, probably due to the small 

crystallinity and/or small crystal size in PP-O-10. This explanation was also consistent with the 

SAXS results, to be discussed later. At strain 700%, all copolymers showed decreased 

crystallinity, indicating that at high deformation, the crystal destruction again became the 

dominant effect.  
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Figure 5.5 Integrated 1D WAXD profiles of PP-O-5 (A) and PP-O-10 (B) copolymers stretched 
at 60 ºC and strains of 0%, 50%, 100%, 200%, 300%, 500% and 700%. 
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Figure 5.6 Crystallinity of PP-O-5, PP-O-8 and PP-O-10 stretched under 60 ºC at strains of 0%, 
50%, 100%, 200%, 300%, 500% and 700%. 

 

    SAXS patterns could provide useful information about the crystal structure in a larger 

length scale, complementary to the WAXD results, for semi-crystalline polymers. Selected 2D 

SAXS images of three copolymers stretched under 60 ºC at different strains are shown in Figure 

5.7. Generally, the orientation became higher upon stretching. The initial scattering pattern was 

isotropic, while the patterns at high strains always possessed two bar features along the meridian 

direction superimposed with an equatorial streak. It has been demonstrated that in some 

polyolefin samples stretched at certain conditions, a four-point scattering feature can appear in 

the off-axis direction, caused by the oblique crystal orientation [26]. However, this behavior was 

not seen here. In this study, the meridional scattering pattern was analyzed by using the 

following approach to elucidate the lamella crystal structure.  
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Figure 5.7 Selected 2D SAXS profiles of PP-O-5, PP-O-8 and PP-O-10 copolymer stretched at 
60 ºC and different strain.  

 

    With the assumption of fiber symmetry, the scattered intensity J (s, φ) could be calculated 

according to the expression in the data analysis part, in which F (φ, φ’)  was related to the 

Hermans’ orientation parameter. The factorized ( )33 sI  was related to lamellar thickness and 

distribution, and ( )1212 sI  was related to the lateral size of lamellar disk. If the lateral dimension 

were infinitely large, ( )1212 sI  became a δ  function and could be ignored. In the chosen system, 

before stretching, the lamellar lateral size was assumed to be relatively large when compared 

with the lamellar thickness. Thus, the term ( )1212 sI  could be ignored. However, with strain 

being increased, the lamellae were destroyed and the corresponding sizes became smaller. Thus, 

the lateral size effect should not be ignored.  
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    To illustrate the effects of lamellar lateral size and lamellar orientation on the scattering 

patterns, several 2D SAXS patterns are shown in Figure 5.8. The simulation was made based on 

the variation of two parameters: lamellar lateral size b and lamellar orientation parameter p, as 

given earlier. Both ( )1212 sI  and ( )33 sI  intensities were calculated using a Gaussian distribution 

function. The scattering center was set at s = 0.1 nm-1, corresponding to a length scale (i.e., long 

period) of 10 nm. The chosen b value of 50 nm in Figure 5.8(A) and 5.8(C) was significantly 

larger than the long period (10 nm). In these cases, the orientation effect dominated the scattering 

profile. In Figure 5.8(B) and 5.8(D), the b value of 5 nm was comparable to the long period (10 

nm), where the effect of lamellar lateral size could not be ignored. The pattern 8(D) was quite 

different from 8(C) and resembled the PP-O-5 SAXS patterns at high strains, indicating that the 

PP-O-5 sample at high strain possessed high lamellar orientation but small lateral dimension. 
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Figure 5.8 Calculated 2D SAXS patterns based on different lamellar orientation and lateral size. 
A (p = 5, b = 50 nm): B (p = 5, b = 5 nm): C (p = 50, b = 50 nm): D (p = 50, b = 5 nm). 
 

    From the SAXS patterns in Figure 5.7, one could conclude that at high strains, the effect of 

lamellar lateral size became pronounced, especially for copolymers with low octene content. 

However, it is not easy to separate the effects of lamellar orientation and lateral size from the 

scattering patterns, even though the system was assumed a lamellar two-phase model (i.e., 

crystal phase and amorphous phase) [38, 39], because the real system was normally 

polydispersed and the measured intensity profiles in the SAXS patterns were often broad and 

weak. In this study, a semi-quantitative method was used to deal with this problem. Profiles of 

the scattered intensity at three different s positions (in different polar angles) were measured 

from the scattering pattern. The obtained profiles were then fitted by the expression of scattered 

A B 

D C 
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intensity J (s, φ) shown in the data analysis part at fixed s values. The lamellar lateral size b and 

Hermans’ orientation parameter P2 were obtained by averaging the fitted values obtained from 

the three scattering profiles at different s values. Similar approach was also used in the 

propylene-1-butylene system recently [30]. Here it could help to quantitatively understand the 

lamella crystal deformation mechanism of propylene-1-octene copolymer under stretching. The 

typical fitting process for PP-O-8 at strain 100% is shown in Figure 5.9. The obtained lamellar 

lateral size b = 9.4 nm and the orientation parameter p = 3.0 corresponded to a P2 value of 0.33.    

    Figure 5.10 and Figure 5.11 illustrate the fitting results of lamellar lateral size b and 

Hermans’ orientation parameter P2 for three propylene-octene copolymers at different strains. It 

should be mentioned that these results were obtained only at strains larger than 100% because 

the scattering patterns at lower strains did not have sufficient resolution to yield the information 

of lamellar lateral size. In addition, for PP-O-5 and PP-O-8 samples at strains 500% and 700%, 

the scattered intensities were quite weak and the profiles were narrow rectangular shaped 

(indicating very high lamellar orientation). In this case, the following procedures were taken. The 

scattering patterns were first integrated along the s12 direction. Assuming that Hermans’ 

orientation parameters P2 was 1 because of the very high orientation, the integrated profiles 

could be directly fitted by using a Gaussian equation to obtain the lamellar lateral size. In Figure 

5.10 and 5.11, all three samples showed a general trend of decreasing in the lamellar lateral size 

and increasing in the P2 value with strain, as expected. The WAXD results were also compared 

with the SAXS results to obtain a complete picture of the morphological and structural changes 

at different scales. It was interesting to find that PP-O-5 had the highest value of crystallinity (by 
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WAXD), which was consistent with the observation that the initial non-deformed PP-O-5 sample 

possessed the largest lamellar lateral size. Upon stretching, the lamellar lateral size of PP-O-5 

was found to decrease rapidly, whereas the lateral size decreased gradually in PP-O-8 and 

PP-O-10 samples. In addition, the PP-O-5 sample exhibited the smallest crystal size at strain 

700%, indicating that the behavior of strain-induced lamellar fragmentation was most 

pronounced in PP-O-5. However, from the WAXD results, PP-O-5 exhibited an initial drop in 

crystallinity around the yield point but a subsequent increase at higher strains. One possible 

explanation is that the stress was mainly concentrated on the crystal chains in the lamellar 

domain where intra-lamellar slip occurred at high strains. The continuous occurrence of lamellar 

fragmentation led to smaller lamellar lateral sizes. But the stretching process also induced 

secondary crystallization resulting in the generation of more small crystals having high 

orientation along the machine direction, being consistent with the orientation parameter results in 

Figure 5.11. With higher octene content, the lamellar orientation parameter became lower. This 

was also observed by the orientation evaluation of crystal reflection peak in WAXD 

measurements. These kinds of transformation were reported before in ethylene-1-octene 

copolymer system during deformation [40, 41], confirmed by using WAXD and SAXS, where 

similar processes were named as the transformation from lamellae crystals into the microfibrils 

structure. 
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Figure 5.9 SAXS fitting of polar distributions of intensity at three different s positions for 
PP-O-8 at strain 100%. 

0 1 2 3 4 5 6 7 8
2

4

6

8

10

12

Strain

 

 

 PP-O-5
 PP-O-8
 PP-O-10

La
m

el
la

 L
at

er
al

 s
iz

e 
(n

m
)

 
Figure 5.10 Change of lamellar lateral size as a function of strains during stretching in different 
propylene-octene copolymers, as estimated from SAXS patterns. 
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Figure 5.11 Hermans’ orientation parameter of different propylene-octene copolymers at 
different strains during stretching as obtained from SAXS patterns. 

 

    The lamellar long period was estimated from the integrated SAXS profiles along the 

meridian direction and the results are shown in Figure 5.12. This long period was the sum of 

crystal layer thickness and amorphous layer thickness. It was interesting to note that the initial 

long period of PP-O-5 was around 11.5 nm, which was smaller than that of PP-O-10 (13.9 nm). 

However, the initial crystallinity of PP-O-5 was significantly larger than that of PP-O-10 in 

Figure 5.6. A reasonable explanation for this phenomenon could be that at low octene content, 

due to the low ordering of the crystal phase, the lamella crystals were loosely dispersed in the 

amorphous matrix. Thus, the amorphous layer thickness in PP-O-10 became larger when 

compared with PP-O-5. During stretching, the long period increased initially in all three samples 

with strain to the yield point. Typically, lamellar thickening or crystallization along the chain 

folding direction could lead to an increase in the long period. However, this could not be the case 



121 
 

here as the crystallinity of PP-O-5 and PP-O-8 all decreased, as shown in Figure 5.6. Thus, a 

more likely explanation could be that the tensile force could extend the entangled chains in the 

amorphous region, thus increasing the amorphous thickness and the long period. After the yield 

point, the long period of both PP-O-8 and PP-O-10 samples gradually reached a plateau value, 

while that of PP-O-5 decreased continuously. From the WAXD results, the crystallinity of 

PP-O-5 was found to increase in this period. Based on the combined SAXS and WAXD results, 

it could be that both the lamellar fragmentation (through intra-lamellar slipping) and the 

strain-induced crystallization were dominant mechanisms during deformation of PP-O-5 at large 

strains. In contrast, the lamellar fragmentation was not a dominant mechanism during 

deformation of PP-O-8 and PP-O-10, where the long period did not change significantly at large 

strains. 
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Figure 5.12 Long period distance of different propylene-octene copolymer at different strains 
during stretching as obtained from SAXS patterns. 
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In PP-O-10 and PP-O-8 samples, a notable equatorial scattering streak was observed after 

large strains (i.e., strain 500% for PP-O-8 and strain 300% for PP-O-10, as seen in Figure 5.7), 

but the appearance of the equatorial streak was not obvious in PP-O-5. The origin of these 

equatorial streaks in the SAXS patterns was still not entirely clear, but they clearly indicated the 

existence of rod-like structures along the stretching direction. One likely scenario for these 

rod-like structures could be that they consisted of bundles of extended-chain crystal segments 

(they are often termed microfibrils) superimposed with elongated microvoids [42]. The PP-O-10 

sample seemed to have the highest tendency to form these structures.  

    It should be noted that from WAXD results, the crystal orientation parameters could be 

calculated by analyzing the distribution of certain reflection peaks, and the crystal size 

information could also be estimated through the width of the appropriate reflection peak using 

the Scherrer equation, which had been done quite routinely. However, the calculated crystal 

orientation parameter and crystal size from WAXD were quite different from the parameters 

(lamellar orientation parameter and lamellar lateral size) obtained from SAXS as illustrated 

above, partly because SAXS could detect the structure in a larger length scale (i.e., the lamellar 

level), whereas WAXD could detect the structure in a smaller scale (i.e., the crystal unit cell 

level). As the chosen semi-crystalline system could consist of crystalline lamellar structure based 

on mosaic small crystals [43], the SAXS results should allow us to obtain new insights into the 

change of lamellar structure during stretching of polyolefin copolymers. The demonstrated 

methodology to separate the effects of lateral lamellar size and lamellar orientation for the SAXS 

analysis will be particularly useful for the analysis of other similar systems. 
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To further evaluate the elasticity of these propylene-octene copolymers, step-cycle tensile 

tests were performed at strain 50%, 100%, 200% and 300% sequentially at 60 ºC. The 

corresponding stress-strain curves are shown in Figure 5.13. Similar to the results in Figure 5.2, 

the addition of octene comonomer to the propylene significantly decreased the yield stress. 

PP-O-5 showed a clear yield and neck region in the stretching curve for each cycle, while 

PP-O-8 and PP-O-10 did not and they behaved more like elastomers. To illustrate this point, the 

following analysis was made. The recovery ratio of different propylene-octene copolymers at 

different strains from the step cycle tensile testing is shown in Figure 5.14. It was seen that the 

propylene-octene copolymer with higher octene content showed a higher recovery ratio. PP-O-8 

and PP-O-10 thus exhibited much higher elasticity compared with PP-O-5. It was interesting to 

note that the recovery ratio was almost above 80% for all the cycles for PP-O-10, behaving like a 

decent thermoplastic elastomer. 

 



124 
 

0 1 2 3

0

2

4

6

PP-O-10

PP-O-8

 

 

 
Strain 

S
tr

es
s 

(M
pa

)

PP-O-5

 
Figure 5.13 Stress-strain curves of propylene-octene copolymers during a step cycle tensile 
experiment at 60 ºC.  
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Figure 5.14 Recovery ratios of propylene-octene copolymers from step cycle tensile testing at 
strains 50%, 100%, 200% and 300%. 
 

    For semi-crystalline copolymers, such as polyethylene copolymer and polypropylene 

copolymer, previous studies showed that the addition of comonomer would have a significant 

influence on the change in elasticity in the system, where these materials could be classified into 
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different types according to their morphology, thermal behavior and crystal structure [13, 44]. In 

general, with the increase in comonomer content, their mechanical properties gradually changed 

from thermoplastic-like to elastomers-like. The results in this study are consistent with earlier 

findings. To be specific, the low octene content sample (PP-O-5) exhibited larger crystallinity 

and larger crystal size than the high octene content sample (PP-O-10). In the low octene content 

sample, the tensile force was probably concentrated on the lamellar crystal, resulting in a 

decrease in crystal size through intra-lamellar slipping or lamellar fragmentation. However, 

under further stretching, the strain-induced crystallization could occur, leading to an increase in 

crystallinity. The destruction (fragmentation) of the lamellar structure was an irreversible process 

as most thermoplastics, which often had higher mechanical strength but lower elasticity. For 

copolymer with higher octene content, the sample exhibited lower crystallinity and smaller 

crystal size. During the stretching process, the force was probably concentrated on the 

amorphous region where the lamellar structure did not change significantly. Under this condition, 

the amorphous chains were stretched with higher orientation that might even lead to 

micro-fibrillar and/or micro-void structures, while the orientation of lamellar crystal could 

remain lower than that in low octene content copolymer. In this system, the structure change 

could be reversible under certain conditions, which could be the reason why PP-O-10 had higher 

elasticity. Schematic illustration of lamellar fragmentation and deformation during tensile 

experiment is shown in Figure 5.15. In ethylene-octene or propylene-octene copolymers, if the 

comonomer content were high enough, the crystallizable sequence would decrease leading to 

smaller spherulites and thinner lamellae. It was reported that the corresponding crystal structure 
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could also consist of mesophase crystals or small micellar crystals [13, 45-47]. These small 

crystal domains could act as cross-linking points in the network structure connecting entangled 

polymer chains, similar to the vulcanized rubber system. 

 
Figure 5.15 Schematic illustrations of lamellar fragmentation and deformation due to tensile 
deformation. 

 

5.4 Conclusions 

    Propylene-octene random copolymers at different mole concentrations (i.e., 5%, 8% and 

10%) were studied by in-situ WAXD and SAXS measurements to monitor the change of lamellar 

structure, orientation and crystallinity during uniaxial stretching. Copolymers with lower octene 

content exhibited higher crystallinity and larger crystal size. During stretching, lamellar 

fragmentation through intra-lamellar slipping could occur in these copolymers, leading to a 
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decrease in crystal sizes. The corresponding crystallinity generally decreased initially and 

increased subsequently at high strains due to strain-induced crystallization. The overall lamellar 

orientation of these materials along the stretching direction at large strains was also high. For 

copolymers at high octene contents, they behaved more like elastomers. Their initial crystal sizes 

were relatively small and they did not change substantially with strains. Upon stretching, the 

applied force was mainly concentrated on the amorphous regions leading to elongated 

microfibrillar or microvoid structures with high orientation but lower lamellar orientation. These 

materials also exhibited higher recovery ratio in the step-cycle tensile test. 
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Chapter 6. Conclusions 

 

 

Polyolefin is one kind of important polymer products in industry. During manufacturing, the 

processing condition would greatly influence the crystal structure and the final properties. In this 

dissertation, different kinds of polyolefin based polymers, including single component materials 

and composite materials, were used to study the crystallization, morphology, structure, 

performance and the relationship among them during different processing conditions.  

In Chapter 1, isothermal crystallization behaviors of high density polyethylene/silica 

(HDPE-SiO2) nanocomposites with different SiO2 loading of 2 % and 5 %, along with the neat 

HDPE sample were studied by using the time-resolved wide angle X-ray diffraction (WAXD) 

and small angle X-ray scattering (SAXS) techniques. For isothermal crystallization at 120 ºC, 

WAXD patterns showed that HDPE-Si2% had the highest ending crystallinity, while 

HDPE-Si5% had the lowest value. Avrami exponent of pure HDPE was about 3.7, while 

HDPE-Si2% had a value of 3.1 which indicated a typically heterogeneous nucleation behavior 

with the addition of silica in HDPE. SAXS patterns showed that the silica structure inside HDPE 

did not change significantly during the isothermal crystallization process. The structure of 

HDPE-SiO2 during crystallization was sketched based on the obtained results. 

In Chapter 2, these silica-HDPE nanocomposites along with the neat HPDE samples were 
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further characterized under the uniaxial stretching experiment as to investigate the influence of 

silica filler on the tensile performance. Silica filled HDPE samples showed better yielding 

strength. From SAXS patterns, the silica network structure in nanocomposite would show strong 

scattering intensity in low scattering angle region and the structure remained during stretching. 

Oscillatory shear measurement confirmed the interaction among the silica particles in the silica 

network and polymer matrix.  

In Chapter 3, a specially designed cross-slot flow cell was used to generate 

extension-dominant flow. In-situ SAXS measurements were performed to investigate the 

extensional flow-induced crystallization of isotactic polypropylene (iPP) melt with weight 

averaged molecular weight (Mw) of 330,000 g/mol. Different strain rates (from 4.6 s-1 to 34.7 s-1) 

and strains (from 116 to 580) were applied. It was found that the formed precursor structures, 

shish and kebab, were closely depended on the character of extension flow applied. There existed 

a critical strain rate on the formation of flow-induced precursor structures. Mechanism of the 

shish and kebab formation was discussed. 

In Chapter 4, an ionic liquid (IL) 1-docosanyl-3-methylimidazolium bromide was 

incorporated into ultra-high molecular weight polyethylene (UHMWPE) and formed the 

IL/UHWMPE blend by solution mixing. The structural evolution of this blend during uniaxial 

stretching was followed by in-situ WAXD and SAXS techniques. During deformation at room 

temperature, the elongation-to-break ratio of the IL/UHMWPE blend increased by 2 - 3 times 

compared with pure UHMWPE, where the blend did not lose the tensile strength. 

Deformation-induced phase transformation from orthorhombic to monoclinic phase was 
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observed in both blend and neat UHMWPE. During deformation at high temperature (120 ºC), 

no phase transformation was observed in both samples. However, the blend showed better 

toughness, higher crystal orientation, and tilted lamellar structure at high strains. 

In Chapter 5, the crystal structure evolutions of a serial of propylene-1-octene random 

copolymers with different octene comonomer concentrations during uniaxial stretching at 60 ºC 

were characterized by in-situ WAXD and SAXS techniques. With higher octene content, 

copolymer had decreased elastic modulus and yield stress in stress-strain curve and behaved 

more like elastomer. Besides, less crystallinity and less orientation were found in high octene 

sample under deformation. Step-cycle tensile test showed that copolymer with higher octene 

content had higher recovery ratio. From the 2D SAXS pattern simulation, it was found that in 

low octene content sample, intra-lamella slip happened and lateral lamella crystal size decreased 

fast. Stress might concentrate on the lamella crystal during stretching. For high octene content 

sample, stress might concentrate on the amorphous matrix leading inter-lamella slip, and lateral 

lamella size only slightly decreased. The schematic structure change of propylene-1-octene 

copolymer under deformation was presumed to explain the different elasticity behavior in these 

copolymer samples. 
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