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ABSTRACT 

STRUCTURE-PROPERTY EVOLUTION DURING POLYMER CRYSTALLIZATION 

 

SEPTEMBER 2010 

 

DEEPAK ARORA, B.TECH., INDIAN INSTITUTE OF TECHNOLOGY MADRAS 

 

M.TECH., INDIAN INSTITUTE OF TECHNOLOGY MADRAS 

 

M.S., UNIVERSITY OF MASSACHUSETTS AMHERST 

 

Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST 

 

Directed by: Professor H. Henning Winter 

 

 

The main theme of this research is to understand the structure-property evolution 

during crystallization of a semicrystalline thermoplastic polymer. A combination of 

techniques including rheology, small angle light scattering, differential scanning 

calorimetry and optical microscopy are applied to follow the mechanical and optical 

properties along with crystallinity and the morphology. 

Isothermal crystallization experiments on isotactic poly-1-butene at early stages 

of spherulite growth provide quantitative information about nucleation density, volume 

fraction of spherulites and their crystallinity, and the mechanism of connecting into a 

sample spanning structure. Optical microscopy near the fluid-to-solid transition suggests 

that the transition, as determined by time-resolved mechanical spectroscopy, is not 

caused by packing/jamming of spherulites but by the formation of a percolating network 

structure.  

The effect of strain, Weissenberg number ( matWe γλ= ɺ ) and specific mechanical 

work ( 2

s
w tηγ= ɺ ) on rate of crystallization (nucleation followed by growth) and on 



 

x 

growth of anisotropy was studied for shear-induced crystallization of isotactic poly-1-

butene. The samples were sheared for a finite strain at the beginning of the experiment 

and then crystallized without further flow (Janeschitz-Kriegl protocol). Strain 

requirements to attain steady state/ leveling off of the rate of crystallization were found to 

be much larger than the strain needed to achieve steady state of flow. The large strain and 

We >1 criteria were also observed for morphological transition from spherulitic growth to 

oriented growth.  

An apparatus for small angle light scattering (SALS) and light transmission 

measurements under shear was built and tested at the University of Massachusetts 

Amherst.  As a new development, the polarization direction can be rotated by a liquid 

crystal polarization rotator (LCPR) with a short response time of 20 ms. The experiments 

were controlled and analyzed with a LabVIEW
TM

 based code (LabVIEW
TM

 7.1) in real 

time. The SALS apparatus was custom built for ExxonMobil Research in Clinton NJ. 
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1 

CHAPTER 1 

INTRODUCTION 

Some of the earliest work on polymer crystallization was carried out via solution 

crystallization [1]. Much of the research was focused on establishing the structure of 

polymer crystals and the state of a chain in a crystal. A key break through was to confirm 

the presence of chain folding during polymer crystallization [1, 2]. The results were 

definitive due to the direct visualization of solution grown single crystals by electron 

microscopy. On the contrary, melt crystallization always provides aggregates of crystals 

in form of micro or macroscopic spherulites for isotropically crystallized melts and it is 

difficult to obtain conclusive real-time images with many details as for solution grown 

crystals. Now it is well accepted that chain-folding is an inherent feature of polymer 

crystallization from the solutions as well as from the melts. It is also recognized that 

adjacent reentry of a chain is a common feature for solution grown crystals, though it is 

just one of the contributions to overall folding for melt grown crystals [3]. The molecular 

path of a chain in a melt grown crystal resemblances a random coil when observed from 

distance [4]. In this chapter, we have reviewed some of the aspects of polymer melt 

crystallization, especially for flexible polymers (polyethylene, polypropylene, 

polyethylene oxide, poly-1-butene etc.) that are isotropically crystallized including the 

proposed mechanisms for crystal growth and structural features of melt grown crystals. 

Findings from solution crystallization are invoked for comparison purpose. 

1.1 Polymer Crystallization 

Crystallization in polymers is described by the process of nucleation (primary 

nucleation) and the crystal growth. The event of primary nucleation is termed as 
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heterogeneous nucleation when the nucleation sites are foreign substances (dust, 

impurities, nucleating agents, residual catalyst and any existing surfaces). Homogeneous 

nucleation involves the aggregation of polymer chains/ chain segments of parent material 

to certain size and order. Usually during melt crystallization, nucleation is a combination 

of heterogeneous and homogeneous nucleation and it is hard to separate the two 

contributions due to the lack of any definitive techniques for direct visualization of 

nucleation sites. It is well-known that nucleation is a time-dependent process and takes 

place as a rate even under isothermal conditions [4]. 

 
Figure 1.1 Schematic of the free energies for a melt and corresponding crystal [18]. 

 

At a temperature below equilibrium melting point, a crystal structure has lower 

free energy than the melt, and the crystallization is favored thermodynamically, figure 

1.1. Though there is a critical size requirement for the primary nucleation that depends on 

the degree of undercooling. During the event of primary homogeneous nucleation new 

surfaces are formed in a melt resulting in an increment of system’s free energy. 

Crystallization is an exothermic process and thus lowers the overall free energy of the 

system. These two opposing phenomena give rise to the critical smallest size of the 

aggregate that is required for a nucleus to grow. Thus any aggregate that is equal or larger 
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than this critical size acts as a nucleation site for primary nucleation, figure 1.2. The 

process of crystal growth further lowers the free energy of a crystallizing system. The 

crystal growth process is explained by two theories – surface nucleation theory by 

Hoffman and Lauritzen [5-7] and the surface roughing theory by Sadler and Gilmer [8, 

9]. 

 

 

Figure 1.2 Free energy change during nucleation - Interfacial energy grows due to 

the formation of new surfaces during crystallization where as the free energy of 

melting has a negative contribution [1, 6].  

1.1.1 Surface Nucleation Theory 

The earliest theories, the secondary nucleation theories, to explain the crystal 

growth process for polymers were adopted from the well established models for the 

crystallization of small molecules [10] and at the very onset it was realized that such 

theories can explain the temperature dependence of the crystal growth rate for polymers. 

The spherulitic growth rate for polymers shows a bell-shaped dependence on 

crystallization temperature if crystallization can be followed for a wide enough 

temperature range. Figure 1.3 shows the spherulitic growth rate variation with 
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crystallization temperature for isotactic PS [1], Nylon 6 [1] and PET [11]. Such a bell-

shaped curve is typical of the processes that are nucleation controlled at high 

temperatures and diffusion/ mobility controlled at the low temperatures. 

 

 

Figure 1.3 Temperature dependence of the radial growth rate of spherulites in (a) 

isotactic polystyrene [1] (b) polyamide 6 [1] (c) poly(ethyleneterephthalate) [11]. 

 

Surface nucleation theory by Hoffman and Lauritzen [5-7] is the most-developed 

theory to explain the crystal growth process for polymers. It describes the process of 

crystal growth by surface nucleation events – secondary and tertiary nucleation. Primary 

nucleation can be seen as a process of formation of six new surfaces as shown in figure 

1.4. Secondary and tertiary nucleation events, which are used to describe the crystal 

growth process, involve the formation of four and two new surfaces, respectively, see 

figure 1.4. The theory assumes the presence of adjacent re-entry for chain folding, which 

has been observed for polyethylene melts for low undercoolings. A fast mode of mobility 

is required to have adjacent re-entry during melt crystallization so that polymer chains 

can be withdrawn quickly enough from an entangled melt. Chain reptation, which is the 
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fastest known mode available to a polymer chain, is introduced in the model to 

incorporate the adjacent re-entry folding. 

 

Figure 1.4 Schematic of primary, secondary and tertiary nucleation events [6]. 

 

The model describes the crystal growth process as a combination of secondary 

nucleation rate ‘i’ and the substrate completion rate ‘g’. The substrate completion rate (g) 

is the rate of lateral spreading involving tertiary nucleation. In the classical secondary 

nucleation theory, the nucleation rate (i) is taken as the rate determining step for crystal 

growth where the ‘g’ is very fast compared to ‘i’. In the Hoffman and Lauritzen theory 

for polymers the crystal growth process is described via three regimes so far depending 

on the relative values of the nucleation (i) and the substrate completion (g) rates [6]. 

Reptation is coupled with the substrate completion rate. Regime I is from the classical 

secondary nucleation theory where the rate of spreading (g) is much faster than rate of 
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secondary nucleation (i). In regime II, both the rates are comparable and in regime III, the 

rate of secondary nucleation (i) is very high compared to rate of spreading (g). These 

three regimes are shown schematically in figure 1.5 along with a diagram for the crystal 

growth rate with temperature. Low molecular weight polyethylenes showed only regime I 

where as high molecular weights had only regime II. A transition from regime I to II was 

observed for intermediate molecular weights upon decreasing the crystallization 

temperature [12]. All the three regimes were seen for cis-polyisoprene [13], poly(3,3-

dimethyl thietane) [14] and polyethyleneoxide . In all the experiments, higher molecular 

weight fractions showed higher regime for the crystal growth. A transition from regime I 

to regime II was also reported during the growth of polyethylene single crystals from 

solution [15]. These regime transitions are controlled by the rate of secondary nucleation 

and the rate of substrate completion. Molecular weight, branching, degree of crosslinking 

etc. affect the rate of secondary nucleation and the chain mobility and so will affect the 

temperatures at which these transitions occur. The model by Hoffman and Lauritzen also 

assumes the single stem nucleation i.e. deposition of a single stem on a surface (a primary 

nucleus) starts the crystal growth process. 
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Figure 1.5 (a) Schematic for crystal growth regimes for polymers according to 

Hoffman and Lauritzen, i is the rate of secondary nucleation and the g is the 

substrate completion rate (b) Schematic showing the dependence of crystal growth 

rate with temperature for three regimes [6]. 

1.1.2 Surface Roughening Theory 

The polymer crystals hardly contain well developed facets. The surface nucleation 

theory by Hoffman and Lauritzen assumes the presence of flat growth facet, where as 

curved surfaces are frequently observed for the solution grown single crystals. This was 

the key observation for Sadler and Gilmer to develop a theory that is based on the surface 

roughening at atomic length scales [8, 9, 16, 17]. The theory is able to predict the regime 

transition as well as the curved growth surfaces of crystals. A secondary nucleation step 

is not required according to this theory, though surface roughening can lead to secondary 

nucleation. 
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1.2 Polymer Crystals in Bulk Crystalline Polymers 

Crystallization from melt hardly renders single polymer crystals. Aggregates of 

crystals are observed invariably, spherulites being one of the most commonly observed 

aggregates from isotropically crystallized melts. Spherulites consist of ribbon-like 

crystals that are arranged in an approximately radial array. Figure 1.6 shows the 

spherulites for polyisoprene [4] and isotactic PS [18]. The sheaf-like lamellar crystals are 

visible for polyisoprene due to the staining by OsO4, which is discarded in the dark 

region among bright crystallites. Impingement of these spherulites gives rise to 

polyhedron structures with grain boundaries as shown schematically in figure 6 (c) [19]. 

Such polyhedrons are also observed in polycrystalline metals, but unlike polymers, these 

polyhedrons are single crystals in metals instead of crystal aggregates. The sheaf-like 

crystallites that are observed under electron microscope might be the cluster of single 

crystalline lamellae as shown in the schematic 6 (c). Formation of spherical aggregates 

from such ribbon-like crystallites is explained by the presence of crystals defects leading 

to the splaying of growing lamellae. Figure 1.7 shows such an initial sheaf for nylon 6 

[1]. In many cases these crystalline lamellae are not linear but exhibit some sort of 

twisting and if such a twisting is regular, it gives rise to banded spherulites, see figure 1.8 

[18]. 
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Figure 1.6 (a) A spherulite growing in a film of cis-polyisoprene. The crystal growth 

has been terminated prior to completion, through reaction of the film with osmium 

tetra oxide vapor, thereby permitting resolution of the individual lamellar crystals 

[4]. (b) Electron micrograph of the central sheaf-like part observed at an early stage 

of development of a spherulite of isotactic-PS [18]. (c) Schematic representation of 

the spherulitic structure and the arrangement of the crystals and the amorphous 

regions in the lamellar stacks forming the spherulites in polymers [19]. 
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Figure 1.7 Initial sheaves in nylon 6 [1]. 

 

 

Figure 1.8 Banded spherulites of PE (a) Cross-polar optical micrograph showing the 

regular sequence of concentrating rings (b) electron micrograph of the surface 

which cuts through a spherulite [18].  

 

In certain cases, non-spherical aggregates referred to as axialites are observed. 

These crystalline species are closer in appearance to single crystals grown from solutions 

and do not form uniform textured aggregates. Usually axialites are observed for low 

molecular weight polymers at low undercoolings [12]. Crystallization of polymers under 
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sufficient strain generates rod-like crystalline aggregates as shown in figure 1.9. 

Application of flow orients the polymer chains in the flow direction and gives rise to 

row-nucleated structures, also referred to as shish-kebabs [4]. 

 

 

Figure 1.9 Row-nucleated (shish-kebabs) growth in cis-polyisoprene [4]. 

1.3 Dissertation Overview 

Structure-property relations for thermoplastic semicrystalline polymers are not 

only critical in terms of establishing them for the final product, but it is important to 

understand the relationship between properties (mechanical, optical, electrical) and the 

underlying structure during their development. Film blowing of semicrystalline 

thermoplastics is an appropriate example, where polymer melt is blown as it passes 

through the frost line. Application of shear and elongational flows is one of the frequently 

encountered approach to change the underlying structure and hence the final properties. 

In case of blown films of semicrystalline polymers, these properties are primarily the 

mechanical strength and the optical clarity. The process of film blowing can be looked at 

in three stages. After the frost line where material is solid, before the frost line where it is 

fluid and somewhere in between while passing through the frost line it crystallizes and 

goes through a fluid-to-solid transition. In the molten state, it is easy to change the 
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structure, but the flow effects are forgotten due to the quick melt relaxation and once the 

material is solidified, it is difficult to manipulate the properties. It is advantageous to 

apply mild enough flow (low energy cost) and have the desired impact on the structure. 

In order for the flow to be most effective, the structure of the film should be soft enough 

to alter, and it should have enough strength and connectivity so that it can sustain its 

weight once it is blown beyond the frost line. Thus the flow will be most effective, in 

terms of changing the structure, when the material is still soft and has a longer relaxation 

time i.e. around the fluid-to-solid transition. The material should also be networked 

before it is blown for structural integrity. This makes it necessary to estimate the time for 

fluid-to-solid transition, the properties at this transition and the mechanism by which 

material goes from fluid-to-solid. We have reported these aspects in Chapter 2 for 

isotropically crystallizing isotactic poly-1-butene under isothermal conditions. 

Crystallinity using DSC and the morphology using cross-polar microscopy are followed 

as structural parameters. Evolution in mechanical and optical properties is measured by 

rheometry, and simultaneous transmission and scattering experiments, respectively. The 

objective is to understand the mechanism of fluid-to-solid transition and the properties at 

this transition. An attempt is made to understand the nucleation kinetics experimentally 

and to obtain an analytical expression for growing volume fraction of spherulites for the 

early stages of crystallization. A very small amount of crystal 7-8 % by volume results in 

fluid-to-solid transition. Connectivity among spherulites and the crystal lamellae by 

bridge molecules is proposed as the possible mechanisms for fluid-to-solid transition. 

 

Chapter 3 deals with the flow effects on rate of crystallization and the 

morphology for the same polymer. Effect of shear strain, Weissenberg number (We) and 
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specific mechanical work is examined in an effort to search for criteria that govern the 

shear-induced crystallization. Transmission intensity and the light scattering experiments 

provide us with a measure for characteristic crystallization time scales. A leveling off in 

the rate of crystallization (inverse of characteristic crystallization time) is found for a 

critical value of shear strain. The critical strains are Weissenberg number dependent and 

are larger compared to the strains needed to reach steady state for the shear flow. The 

morphological transition from spherulitic growth to oriented growth is attained at smaller 

strains for larger We. 

 

In Chapter 4, we present the detailed description and the validation of a house-

built optical train. The train combines the transmission and the scattering measurements, 

and incorporates automated control, data acquisition and analysis in real time. A liquid 

crystal based device is the most novel addition to the instrument. The voltage controlled 

device controls the polarization direction of the outgoing linearly polarized laser beam 

and has a response time of about 25-30 ms. The device substitutes a bulky quarter wave 

plate which is a mechanical component with significantly larger response time. 

 

Lastly Chapter 5 presents the final comments and a few suggestions for the future 

experiments. 
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CHAPTER 2 

NETWORK FORMATION IN A SEMICRYSTALLINE POLYMER AT THE 

EARLY CRYSTALLIZATION STAGES: FROM NUCLEATION TO 

PERCOLATION 

2.1 Abstract 

Isothermal crystallization experiments on isotactic poly-1-butene at early stages 

of spherulite growth provide quantitative information about nucleation density, volume 

fraction of spherulites and their crystallinity, and the mechanism of connecting into a 

sample spanning structure. An attempt is made to relate the crystal fraction inside 

spherulites, which is very small initially, to the overall crystallinity in the sample. 

Experiments include optical microscopy, DSC, SALS, and rheology. Optical microscopy 

near the fluid-to-solid transition suggests that the transition, as determined by time-

resolved mechanical spectroscopy, is not caused by packing/jamming of spherulites but 

by the formation of a percolating network structure. Impingement of pairs of spherulites 

starts to occur long before percolation. This makes it difficult to predict crystal growth 

and define spherulitic impingement for the whole sample. At percolation, the absolute 

crystallinity is about 7-8 vol%. The transition material can be understood as a soft 

physical gel with an out-of-equilibrium structure. 

2.2 Introduction 

The spherulitic growth of crystals in a semicrystalline polymer is initiated by 

lowering the temperature from the melt stage. Below a polymer-specific temperature 

level, nuclei begin to appear. On these nuclei, lamellar crystals grow to form spherulitic 

structures [1-5]. Early stages of crystal growth serve as templates for further growth and 
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thus control the processing behavior as well as the final morphology, which determines 

mechanical and optical end-use properties of semicrystalline polymers. This experimental 

study focuses on the post-nucleation, early stages of crystallization. Our aim is to 

understand the kinetics of early crystal growth and the nature of the fluid-to-solid 

transition during crystallization. 

Crystallization processes have been argued to start long before the appearance of 

nuclei. SAXS and WAXD experiments at the early stages in polymer crystallization 

pinpoint the presence of preorder in the melt before nucleation [6-11]. The observations 

of these pre-nucleation studies have been explained with the presence of a long-range 

order and liquid-liquid phase separation before nucleation. However, many questions 

remain which require detailed experiments before further conclusions can be drawn. 

More accessible to experimentation are the early stages after nucleation. A deeper 

understanding of the structure-property evolution during such post-nucleation stages is 

expected to lead to a better predictive model for polymer melt crystallization [12-14]. 

A crystal nucleus is envisioned as an ordered aggregate of polymer chain 

segments. A critical aggregate size is required to make the nucleus stable by locally 

lowering the free energy nuc i iE eV Aσ∆ = −∆ + Σ  [15]. E∆ , e∆ , nucV , iσ  and iA  are the free 

energy change during nucleation, free energy of melting for a unit volume (emelt-ecryt), 

volume of the nucleus, surface energy, and area of newly formed surfaces, respectively. 

Chain-folded lamellae grow from the spatially distributed nuclei to form supramolecular 

structures in the shape of spherulites, in the absence of flow, and with radial gradients in 

crystallinity and density [3, 4, 16, 17]. These semicrystalline spherulites can be viewed as 

suspended particles that grow in an amorphous fluid (polymer melt). Kinetic crystal 
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growth theories of Lauritzen-Hoffmann [1] and Sadler-Gilmer [2] for polymers predict a 

constant growth rate for spherulites under isothermal conditions as, ( )exp
cry

R K T T∝ − ∆ɺ

, where Rɺ , K, Tcry , and T∆ are the spherulite radial growth rate, growth rate constant, 

crystallization temperature, and degree of undercooling, respectively. These models were 

developed for the isolated growth of a single spherulite and do not describe the sample 

volume filling by multiple spherulites. 

The empirical Weibull function, ( ){ }( ) 1 exp /
W

y t t t
β

= − −
 

, has often been 

employed to describe the volume fraction of spherulites, ( )
sph

tφ , and/or the total relative 

crystallinity, ( ) / ( )
cry cry

tφ φ ∞ , during crystal growth (Avarami and Ozawa type functions) 

[15, 18] . The sigmoidal Weibull function features an incubation time followed by an 

accelerated growth and the final saturation (for t → ∞ ). It contains two fitting 

parameters, a characteristic crystallization time, tW, and an exponent, β. The characteristic 

time corresponds to ( ) 0.63Wy t t= = . It is expected that the fitting parameters will depend 

on experimental conditions. 

As a consequence of crystallization, the material undergoes a liquid-to-solid 

transition, which can be captured by rheological gel point measurements. Dynamic 

mechanical spectroscopy (DMS) is a very sensitive tool to locate the gel point which 

expresses itself in a self-similar relaxation modulus, G(t) = St
-n 

for t>1/ωc  [19-24]. In 

case of dynamic mechanical measurements, the gel point structure results in complex 

moduli ( ) ( )'
'' tan 1 cos 2

n
G G S n nδ π ω= = Γ − for ω <ωc, and a frequency independent 

loss tangent, tanδ = tan(nπ/2) ≠  f(ω) for ω<ωc, in the terminal region. S is the gel-

stiffness and n is the relaxation exponent for the critical gel. For crystallizing 
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homopolymers, the mechanism that causes the fluid-to-solid transition is not well-

understood [25-28]. One of the objectives of this work is to identify the connectivity 

mechanism and, specifically, to identify the structure at the gel point. 

Another objective is to describe the sample volume filling by spherulites in an 

analytical expression that is based on experimental information such as growth rate and 

birth time of spherulites [29-31]. A fundamental experimental study was needed to 

generate the data that can answer the above questions. 

2.3 Experimental 

2.3.1 Material and Sample Preparation 

Isotactic poly-1-butene (iPB), from Basell, with Mw = 176000 g/mol and Mw/Mn 

of 5.7, served as test material. Pellets of iPB (as obtained from Basell) were compression 

molded into thick sheets, from which samples were cut for Differential Scanning 

Calorimetry (DSC), rheometry and optical measurements. The iPB was used without a 

nucleating agent. 

Differential scanning calorimetry (DSC) was carried out under nitrogen in a DSC 

Q1000 (TA Instruments) using standard aluminum pans (from TA instruments) 6 mm in 

diameter and weighing about 24 mg. A thin sample (about 12 mg) was pressed into a 

DSC pan and heated above melting temperature to establish uniform contact between 

polymer and pan. For the DSC measurements, samples were heated as well as cooled at 

10K/min. First melting, second melting, and crystallization peaks were observed at 120 

o
C (100-130

 o
C), 110 

o
C (100-120

 o
C), and 54 

o
C, respectively (Fig. 2.1). First melting 

belongs to the crystal FormI of iPB, which has a density of 950 Kg/m
3
 and is a 
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thermodynamically stable form. Second melting belongs to FormII that is less dense (907 

Kg/m
3
) than FormI and is a kinetically favored crystal form. FormII transforms into 

FormI within 7-12 days at room temperature and atmospheric pressure [32-35]. 

 

Figure 2.1 Differential scanning calorimetry for iPB for heating and cooling rates of 

10 K/min. Two polymorphs of iPB, FormI and FormII, were observed during first 

and second heating, respectively. 
 

For rheology, a 2mm thick disk-shaped sample was inserted between the parallel 

disk fixtures (diameter 25 mm) of a torque-controlled rheometer (Stresstech of ATS 

Rheosystems). It was heated above melting point and then compressed to a thickness of 

about 0.9 mm to establish uniform contact between the sample and rheometer plates. G’-

G’’ data from isothermal frequency sweeps at T = 88.9, 100.8, 110.9, 121.4, 131.5, 141.5, 

151.8, and 174 
o
C were merged into a set of master curves at 88.9 

o
C (Fig. 2.2). The shear 

measurements were performed in the linear viscoelastic region. 
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Figure 2.2 Master curve of iPB melt at crystallization temperature 88.9 
o
C (from 

isothermal frequency sweeps at T = 88.9, 100.8, 110.9, 121.4, 131.5, 141.5, 151.8, and 

174 
o
C). 

 

For optical measurements, a 2 mm thick disk shaped sample was placed between 

the parallel plates of an optical device (CSS 450 from Linkam Scientific). There, it was 

heated above melting and then compressed to a thickness of about 300 µm. The parallel 

disk optical device (R = 15 mm), with quartz windows, was alternatively mounted in an 

optical train for light scattering and transmission intensity measurements and in an optical 

microscope (Carl Zeiss Universal (ZPU01) under transmission mode) with cross-polars. 

For a detailed description of the device and the instrument, refer to the publications by 

Pogodina et al. 

For small angle light scattering (SALS) and transmission intensity measurements, 

a 5 mW, linearly polarized, He-Ne (632.8 nm) LASER beam (around 1 mm in diameter) 

was sent through the sample. Scattered and transmitted intensities under parallel and 

cross polars were measured simultaneously using an analyzer sheet and photodiodes, 

respectively. 
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The transmission intensity under parallel-polars (IHH) defines the evolving 

turbidity, 0(1/ )ln( / )HHh I Iµ = − , of the sample due to crystallization. h and I0 are sample 

thickness and laser source intensity, respectively [12, 13]. 

Two-dimensional light scattering invariants were calculated from intensity 

measurements according to Stein-Wilson theory for random orientation correlations [36],  

2

1

2 2( )

q

HV

q

Q I q q dqδ δ= ∝∫ ,
2

1

2 24
( ) ( )

3

q

VV HV

q

Q I q I q q dqη η
 

= − ∝ 
 
∫  and 

4
sin

2
q

π θ

λ
=  (1). 

Qδ , Qη , q, δ, η, θ, and λ are the orientation fluctuation invariant, density 

fluctuation invariant, wave vector, orientation fluctuations, density fluctuations, 

scattering angle and wavelength of the light source, respectively. These invariants are the 

measure of mean square fluctuations. 

Mean square density fluctuations, 2η , are related to the volume fraction of 

anisotropic aggregates (φA) as,  

2 2(1 )( )
A A A s

η φ φ α α= − −      (2).  

Aα  and sα  are the average polarizability of the aggregate and the surrounding, 

respectively. For a crystallizing polymer, spherulites can be treated as anisotropic 

aggregates of crystals in an isotropic melt. Mean square orientation fluctuations, 2δ , 

offer an estimate of the crystal volume fraction in the sample. 

2 2 2(1 )
A A A s

δ φ δ φ δ= + −     (3)
 

δA and δs define the anisotropy of the aggregate and surrounding, respectively. For 

a melt, δs can be assumed to be zero. For semicrystalline aggregates, their anisotropy can 

be expressed as a function of their crystal content, eq. 4. 
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0 0

, , , ,(1 )
A cry A cry cry A cry A amo amo A F

f fδ φ δ φ δ δ= + − +    (4) 

,cry A
φ ,

0

cry
δ ,

0

amoδ , Fδ , ,cry A
f  , and ,amo A

f , are the volume fraction of the crystal in the 

aggregate, intrinsic anisotropy of the crystal, anisotropy of the amorphous region, form 

anisotropy, orientation function for the crystals in aggregate and orientation function for 

the amorphous regions in the aggregate, respectively. The assumptions are that all 

crystals reside within the aggregates, 

,cry A cry A
φ φ φ=        (5),  

, and that form and amorphous anisotropies can be neglected. Then, eqs. 3, 4 and 5 

combined predict the mean square anisotropy for a volume-filling sample, 

2 2 0 2 2

,cry cry cry A
f Qδδ φ δ= ∝      (6). 

The crystal volume fraction in the sample is predicted to be proportional to the 

square root of the mean square orientation fluctuation invariant 

( ) ( )cry t Q tδφ ∝      (7)
  

under the assumption that 
0

cry
δ  and ,cry A

f remain constant during crystallization. 

2.3.2 Experimental Protocol 

For all the experiments, samples were heated to 174.5 
o
C, kept there for about 15 

minutes. Such a high temperature (about 50 K above melting) was used to erase the 

thermo-mechanical history and to melt all the crystallites present in the sample as 

recommended by Hadinata et al. [37]. Then the sample was cooled down to Tx = 88.9 
o
C, 

the temperature for isothermal crystallization. Time t = 0 was assigned to the instant at 

which the experimental temperature Tx was reached. Optical measurements were 
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performed in air unlike thermal and mechanical measurements, which were done under 

dry heated nitrogen. Temperature calibration was performed for all the devices including 

optical cell, rheometer, and DSC; see the Appendix for details. 

2.4 Results 

2.4.1 Rheology 

The purpose of the rheological experiments is to find the gel point so that the 

structural properties can be measured at that transition. Figure 2.3 shows the respective 

development of the storage (G’) and loss (G’’) moduli. Both moduli grow with time and 

level off at longer times. It was surprising to observe the frequency independence of 

plateau values at longer times for both the moduli. However, this trend is not unique, 

glassy materials demonstrate similar behavior [38]. 

The gel point as marked by a loss tangent that is independent of frequency [39, 

40] can be measured with time-resolved oscillatory shear [41] at frequencies between 0.1 

and 0.8 rad/s. The loss tangent was found to intersect at tgel =1180-1192 s (Fig. 2.3). Gel 

stiffness and relaxation exponent are S=1.85-2.54 *10
4
 Pa s

n
 and n=0.5-0.54, 

respectively. A low mutation number, Nmu =d log(G’)/d log t, is a measure of the quality 

of the data [41]. The highest mutation number Nmu (for the smallest frequency 0.1 rad/s) 

was 0.105, establishing the quasi-stable nature of the crystallizing sample. [22, 42]. The 

knowledge of the gel point, in combination with structural observations, allows us to 

answer questions about the structural state that causes the transition. The structure will be 

characterized in the following. 
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Figure 2.3 Growth of G’(t) and G”(t) during crystallization of iPB at 88.9
o
C. The 

fluid-to-solid transition is marked by the frequency-independent loss tangent. At 

long times, the loss tangent becomes less accurate when G’ and G” differ by too 

much, after the gel point (lack of sensitivity). The dip in the loss tangent after the gel 

point is due to the noisy G’’ data, region marked by a circle. 

2.2 Differential Scanning Calorimetry (DSC) 

Samples were crystallized isothermally at 88.9 
o
C and the evolved heat served as 

a measure of developing crystallinity. A single baseline was not able to describe the heat 

evolution during crystallization, so multiple baselines were used to obtain running 

integrals of evolved heat. The absolute crystal weight fraction was calculated as 

 
( ) ( )

cry ideal crystal
w t H t H= , where H(t) and Hideal crystal are the specific heat evolved up to 

time ‘t’ for a crystallizing sample and the specific heat required to melt an ideal crystal. 

We used 146 J/g as heat of melting for an ideal crystal of FormII [32]. It is reasonable to 
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assume that the initial crystallization always leads to FormII, since polymorphic 

transformations from FormII to FormI take 7-12 days [35]. 

In order to compare amorphous and crystalline domains in the sample, we convert 

DSC crystal weight fractions (wcry) into crystal volume fractions, . /
cry cry sam cry

wφ ρ ρ= . 

We approximate the average sample density, ( )
sam cry amo cry amo

wρ ρ ρ ρ= − + , as linear 

function of the crystal fraction; 
cry

ρ (907 Kg/m
3
) and amoρ (868 Kg/m

3
) are densities of 

the ideal crystal and the amorphous melt, respectively. The crystal weight fraction (wcry) 

of iPB is slightly higher than the corresponding crystal volume fraction (φcry), see Fig. 

2.15 in the Appendix. 

The crystal volume fraction (Fig. 2.4) increases quickly in the first 2500 s, 

followed by a much slower growth at longer times. The absolute crystallinity (φcry) is 

normalized with its maximum value (φcry,∞). The crystal fraction reaches a value of about 

18 vol% at the end of 2500s and further grows slowly to 20 vol%. The Weibull time (

cryW
t φ− ) obtained from these measurements is 1500 s, corresponding to a relative 

crystallinity of 63 vol% (inset in Fig. 2.4). The absolute crystal volume fraction at the gel 

point is 7-8 % which is about 1/3 of final crystallinity. It should be noted that the Avrami-

type stretched exponential function is not able to describe the growing crystal fraction 

(φcry/φcry,∞) in the sample for the first 500 s, Fig. 2.16 in the Appendix.  
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Figure 2.4 Relative (φφφφcry/φφφφcry,∞) and absolute (φφφφcry) crystal volume fraction in the 

entire sample from DSC for isothermal crystallization of iPB at 88.9 
o
C. The 

micrograph shows that the sample is already completely filled with spherulites at 

t=4000 s and that further crystal growth has to occur within the primary crystal 

structure. 

2.4.3 Optical Microscopy 

2.4.3.1 Fluid-to-Solid Transition 

The optical micrograph, Fig. 2.5, at the gel point shows spherulites of different 

sizes that are not jammed or packed. Most of them have already impinged whereas others 

are still away from impingement. In the micrograph, we observe impingement between 

pairs of spherulites, though it is hard to define an instant of spherulitic impingement for 

the whole sample. We find that a percolated structure gives rise to the fluid-to-solid 

transition rather than jamming or close packing of spherulites. Crystal volume fraction at 

this instant, from DSC, is 7-8 vol% indicating the amorphous nature of spherulites. 
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2.4.3.2 Kinetics of Nucleation 

The distribution in size implies that the spherulites are born at different times. 

With optical microscopy (Fig. 2.5) we observed that most spherulites appear early after 

cooling followed by a small number of gradually appearing new spherulites. 

 

Figure 2.5 Cross-polar micrographs for crystallizing iPB at 88.9oC (observation 

window is not perfectly circular). The dotted circle in the optical micrograph at 800 

s is 1 mm in diameter and represents the size and location of the laser beam used for 

scattering and transmission measurements of Fig. 2.10 and 2.11. 
 

• Size Tracking of Spherulites  

 An optical tracking procedure is used to follow the radial growth of individual 

spherulites, R(t), as plotted in Fig. 2.6. The linear R(t) data are extrapolated backwards to 

R=0 for estimating the “time of birth”, tbirth, at which lamellae begin to grow radially 

from a nucleus. In this way, the data define the instant of nucleation and the spherulite 

growth rate, Rɺ . All spherulites, present in the observation window, were labeled and 

tracked. For example, R1, R12 and R19 refer to the (arbitrarily chosen) spherulites labeled 
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1, 12 and 19; see the cross-polar micrograph in Fig. 2.6. It is assumed that each imaged 

area is the cross sectional area of a spherulite equaling πR
2
. The extrapolation procedure 

also includes spherulites that were already “born” during cooling i.e. before having 

reached the experimental temperature, Tx. Spherulites entering from outside into the field 

of view were not counted and radius tracking was continued as long as a spherulite 

remained in the observation window. 

Noticeable is the upper time limit for microscopy experiments. In the beginning, 

spherulites grow freely in all three dimensions but, once their size exceeds the sample 

thickness, they continue to grow two dimensionally. Since the sample thickness is about 

300 µm, spherulites were tracked until they had reached a size of 300 µm in diameter or 

until they impinged with neighboring spherulites. It should be noted that, apart from the 

sample thickness, the 3D to 2D transition in growth pattern depends on the nucleation 

density in the neighborhood of individual spherulites.  
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Figure 2.6 Spherulite tracking by marking individual spherulites, measuring their 

size R(t), and extrapolating backwards in time. R(t) plots are linearly fitted and 

shown for arbitrarily chosen spherulites, labeled 1, 12 and 19. Insert: cross-polar 

image of early crystallization with labeled spherulites. 

 

Spherulites grow by 0.1- 0.35 µm/s as shown in Fig. 2.7(a). This results in a 

number average growth rate n i i iR N R N=∑ ∑ɺ ɺ  of about 0.16 µm/s and a volume average 

growth rate ( )
1/ 3

3

v i i iR N R N= ∑ ∑ɺ  of about 0.22 µm/s. In search of a more meaningful 

average growth rate, we also looked at the time-averaged growth rate 

( )
1/3

3 3 3( ) ( )t i i iR R t t t t= ∑ − ∑ −ɺ . 
t

Rɺ  varies with time and interestingly, reaches a steady 

value that is close to the volume average growth rate, 0.22 µm/s, see Fig. 2.17 in the 

Appendix. Most of the spherulites grow at a rate between 0.1 and 0.2 µm/s. Here we take 

notice that Ostwald ripening studies frequently use a volume-average growth rate to 
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describe growing droplet radius [43] and we would employ this growth rate to model 

volume fraction of spherulites in the sample. 

 

Figure 2.7 (a) Measured growth rates of all spherulites along with number and 

volume average growth rates. (b) Temperature protocol and measured population 

of nuclei using the protocol in Fig. 2.6. The nucleation density, N(t), is defined as the 

number of nuclei per unit volume of sample. t=0 refers to the instant during cooling 

when the sample has reached the temperature for isothermal crystallization (Tx). 
 

Figure 2.7 (b) shows the calculated nucleation density along with the applied 

temperature protocol. Nuclei already appear during cooling before having reached the 

experimental temperature of Tx=88.9 
o
C. Further nucleation takes place under isothermal 

conditions, however, at decreasing rate. Because of this, we use two different regimes for 

modeling the appearance of nuclei, see Fig. 2.8: instantaneous nucleation during cooling (

0rt t≤ ≤ ; tr is the reference time when nucleation starts during cooling) and nucleation as 

a rate process under isothermal conditions ( 0t ≥ ).  
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Figure 2.8 Different nucleation regimes: nucleation density during cooling, 

Ncooling(∆T), is a function of the varying depth of undercooling, ∆T= Tr-T(t), and 

nucleation density at crystallization temperature (Tx), Nisothermal(t, Tx), is a 

function of Tx and time, t. The solid line, on the nucleation data, is a fit for the 

nuclei appearing at Tx. The inset shows the fit for the nucleation during cooling as a 

function of dimensionless undercooling. 

 

• Appearance of Nuclei during Cooling  

 Nuclei appear instantaneously when lowering the temperature. The nucleation 

density is assumed to depend on the increasing depth of undercooling, ∆T= Tr-T(t), Tr 

being the polymer characteristic reference temperature at which nucleation starts. 

Potentially, nuclei can grow at any temperature below the melting point. In this study, we 

take the DSC peak melting temperature (110 
o
C) as the reference temperature (Tr) for the 

nucleation to start.  

Experimental data in the inset of Fig. 2.8 were found to follow a parabola, 
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{ }
2

( ) ( ) /
r r

N T a T T T= −      (8) 

with a = 2841.7 #/mm
3 

. When cooling the sample at a constant rate,Tɺ , each temperature 

‘T’ is related to a corresponding time ‘t’ by ( )
r r

T T T t t− = −ɺ . This assigns the reference 

temperature, Tr, to a corresponding reference time, tr. It introduces a time-dependence 

into eq. 8, and transforms it into, 

{ }
2

( ) ( ) /
r r

N t a T t t T= −ɺ  for 0rt t≤ ≤   (9) 

This can be expressed as a rate (as needed in the model further below) 

2( ) 2 ( / ) ( )
r r

N t a T T t t= −ɺ ɺ  for 0rt t≤ ≤   (10) 

with Tɺ =9.7 K/min, Tr = 383.1 K, and tr = -120 s, see Fig. 2.18 in the Appendix for the 

cooling rate, which was obtained from temperature calibration. When reaching the 

experimental temperature at t=0, this accumulates in a density of already existing nuclei 

2 2 2

0
/

r r
N aT t T= ɺ      (11) 

at the beginning of the isothermal crystallization process. 

 

• Isothermal Nucleation  

 Many more nuclei appear after having reached Tx and while maintaining the 

crystallization temperature Tx over an extended period, 0t ≥ . An exponential rate-

function, eq. 12, describes the measured nucleation density for this isothermal nucleation 

process, see Fig. 2.8. 

/( ) tN t ke λ−=ɺ    for 0t ≥   (12) 



 

34 

k =0.21 ± 0.01 #/(mm
3
s) and λ = 105.4± 4.2 s are the specific rate of nucleation 

(nucleation rate per unit volume) at t=0 and a characteristic time associated with the 

slow-down of the rate of nucleation, respectively.  

Equation 12 integrates to the nucleation density at time‘t’, 

/

0
( ) (1 )tN t N k e λλ −= + −  for 0t ≥   (13), 

with N0 = N(t=0) from eq. 11. 

 

• Volume Fraction of Spherulites at Early Stages of Crystallization  

 Measurements of tbirth ( )it≡ and individual growth rate,
iRɺ , of spherulites as shown 

above provide the volume fraction occupied by growing spherulites (φsph),  

3

1 1

1 4

3

n n
sph

sph i i

i isample sample sample

V
V R

V V V

π
φ

= =

= = =∑ ∑  with ( )
i i i

R R t t= −ɺ  (14). 

Equation 14 for the volume fraction of spherulites does not account for the 

spherulitic impingement and is valid only at the early stages of crystallization. Instead of 

summing over all individual spherulites, we can use the nucleation density as described 

by eq. 10 and 12 for 0rt t≤ ≤  and 0t ≥ , respectively.  

 

The rate of nucleation and the crystal growth rate define the growing volume 

fraction that the spherulites occupy φsph(t). This can be expressed as time-integral over the 

crystallization history 

' 3 ' 3 '4
( ) ( ) ( )

3
r

t

sph

t

t dt R t t N tφ π= −∫ ɺ ɺ    (15). 
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Based on the experimental observation, Fig. 2.7, the growth rate ( )Rɺ  is expressed 

by its average value. A more general expression is shown in the Appendix. For our 

experiment, the time-integral gets split into two regions for which the nucleation rate had 

been determined earlier:  

0

' 3 ' 3 ' ' 3 ' 3 '

0

4 4
( ) ( ) ( ) ( ) ( )

3 3
r

t

sph

t

t dt R t t N t dt R t t N tφ π π= − + −∫ ∫ɺ ɺ ɺ ɺ   (16) 

Using eq. 10 and 12 for nucleation rate, eq. 16 integrates to 

( )
2

53 4 3 3 2 2 3 /2 4
( ) ( 5 ) 3 6 6 (1 )

15 3

t

sph r r

r

T
t a R t t t t t R k t t t e

T

λφ π π λ λ λ λ −     = − − − + − + − −     

ɺ
ɺ ɺ  

         (17) 

This analytical model expression for the volume fraction compares well with the 

numerically interpolated volume fraction, eq. 14, in Fig. 2.9. It should be noted that eq. 

14 makes use of individually measured growth rates whereas eq. 17 employs an average 

growth rate. The volume-averaged growth rate gives a better agreement with eq. 14 than 

the number-averaged growth rate. 

 

An Avrami-type stretched exponential function, the so called Weibull Function, 

eq. 18, can be used to fit the interpolated spherulite volume fraction (eq. 14) beyond the 

spherical growth. It agrees quite well with the analytical volume fraction for the early 

stages up to ≈800 s, Fig. 2.9. 

( ) 1 exp

sph

sph

sph

W

t
t

t

φβ

φ

φ
−

   
 = − −     

 ;
sphW

t φ− = 932.5 s,
sphφβ =3.78   (18) 
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In addition, the Weibull function introduces an upper limit to the growth. Whereas 

interpolated as well as analytical volume fractions, obtained from nucleation kinetics, 

over predict the volume fractions due to lack of impingement considerations and thus, fail 

at longer times. It should be noted that the Avrami-type stretched exponential function 

can be used to describe crystal volume fraction in the sample (φcry) as well as volume 

fraction of spherulites in the sample (φsph). In this study, we find that such a function does 

not describe the φcry very well (Fig. 2.16 in The Appendix), especially during the early 

stages of crystallization, but it works well for φσph (Fig. 2.9). 

 

Figure 2.9 volume fraction of spherulites: dotted curve represents the volume 

fraction obtained from eq. 14. Smooth curve is the analytical expression, eq. 17, 

obtained using nucleation density information from Fig. 2.8. Dashed curve is the 

extrapolation on interpolated data using a Weibull function, eq. 18, with 
sphW

t φ− = 

932.5 s,
sphφβ =3.78. 
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Figure 2.10 Small angle light scattering (SALS) images under cross-polars and 

parallel-polars for crystallizing isotactic poly-1-butene at 88.9 oC (beam size and 

position used for these measurements is shown in Fig. 2.5). 

2.4.4 Light Transmission and SALS 

The development of four-clover light scattering patterns (HV images), a 

characteristic of spherulitic morphology, is presented in Fig. 2.10. Scattering images 

under parallel-polars are shown as well. Images are corrected for the excess scattering 

(due to melt and stage windows) as well as the fluctuations in source intensity. The 

scattering and transmission measurements are done with a laser beam which is about 1 

mm in diameter. The circular ring in Fig. 2.5 (optical micrograph at t = 800s) shows the 

relative size and the position of the laser beam with respect to the observation window 

and the spherulites. Such measurements are very sensitive to the location and count of the 

scatterers (spherulites) under the laser beam, in particular, when the nucleation density is 

not very high. 
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Light scattering invariants were calculated according to the areal integrals of eq. 

1. The measured density fluctuation invariant goes through a maximum at about t = 250-

400 s for six different measurements (Fig. 2.11). For a system consisting of anisotropic 

scatterers in an isotropic matrix with random orientation fluctuations, this maximum 

characterizes the instant when half of the sample volume is occupied by the scattering 

aggregates [36]. From optical microscopy, spherulites occupy about half of the sample 

volume at 800s, see Figs. 2.5 and 2.9. Spherulites are anisotropic aggregates of crystals in 

an isotropic melt, but orientation fluctuations in spherulites are nonrandom [36] due to 

the radial lamellar growth. This might be the origin of the mismatch between light 

scattering and optical microscopy measurements. Corresponding scattering images under 

cross-polar (Fig. 2.10) show a weak four clover pattern. Spherulites are far away from 

impingement at this characteristic time, see micrograph in Fig. 2.5. The four clover 

pattern diminishes as spherulites impinge and lose their spherical shape. The gel point 

comes much later when spherulites impinge more frequently. The cross-polar pattern 

further loses its four clover nature further confirming the significant impingement at the 

gel point. The normalized orientation fluctuation invariant ( ( ) /Q t Qδ δ −∞ ) grows with time 

and reaches a steady value within about 1600-2400 s. Due to growing inhomogeneities, 

the normalized parallel polar transmission intensity ( ( ) /HH HHI t I −∞ ) decreases and 

reaches a plateau in about 1600-1700 s. The HV pattern loses its four clover shape and 

becomes isotropic after this. 
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Figure 2.11 SALS and transmission measurements for crystallizing isotactic poly-1-

butene and comparison to the instant of gelation. All measurements were performed 

at 88.9 
o
C. Invariants were calculated according to Stein-Wilson theory[36] for 

scattering from anisotropic aggregates with random orientation correlations. 
 

A relative crystal volume fraction is calculated from SALS data as 

0.886 ( ) /Q t Qδ δ −∞  and is compared with the relative crystal fraction obtain from DSC, 

Fig. 2.12 [36, 44]. Light scattering data is captured until 5000 s and relative crystallinity 

at that time, from DSC, is 0.886. Light scattering over-predicts the crystallinity for the 

early stages of crystallization. The formulation by Koberstein et al.[36] applies to ideal 

spherulites with perfect radial alignment of crystal optical axes and spherical boundaries. 

In real spherulites, the spherical boundaries are imperfect and crystal optical axes are not 

perfectly aligned. This might be the cause for the disagreement between crystallinity 

measurements by DSC and and by SALS, using the orientation fluctuation invariant. 
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Figure 2.12 Relative crystal volume fraction from SALS ( ) and DSC ( ) for 

isothermal quiescent crystallization of iPB at 88.9 
o
C. 

2.5 Discussion 

2.5.1 Fluid-to-Solid Transition 

Dynamic mechanical spectroscopy combined with optical microscopy and light 

scattering confirm the percolated nature of structure at fluid-to-solid transition for 

crystallizing isotactic poly-1-butene. At the microscopic level, the percolated structure is 

built by spherulites. The volume fraction of spherulites in the sample is clearly above 

50% at the gel point, Fig. 2.5, though we only found 7-8 vol% crystal that gives rise to 

sample connectivity. Similar observations were made earlier for crystallizing polymers 

where fluid-to-solid transition was observed at very low crystal contents ranging from 1-5 

vol% [21, 42, 45, 46]. This indicates that spherulites are certainly not equivalent to hard 

spheres and are mostly amorphous. In addition, due to their growth dynamics, spherulites 

are expected to be softer at the leading edge than in the interior. Secondary crystallization 
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within a growing spherulite furthers the crystallinity beyond primary crystallization. Thus 

spherulites are entities with a radial crystal gradient with highest crystallinity in the 

middle. Crystallization is an exothermic process. This might give rise to higher 

temperatures locally at the leading edge of spherulites and further softens the leading 

growth front. 

 
Figure 2.13 A schematic for a plausible mechanism for crystal connectivity at the 

interface between two impinging spherulites during crystallization of a 

semicrystalline polymer- contact and crossing among spherulites, network 

percolation by crystal lamellae and bridging by molecules. 

 

Network percolation can also be viewed at the length scale of the spherulite- 

spherulites contact and its effect on the fluid-to-solid transition. When two neighboring 

spherulites are about to impinge, they compete for the same polymer chains and might 

end up sharing a macromolecular chain, thus forming a bridge molecule for network 

connectivity at molecular length scale, Fig. 2.13. Due to their soft nature at the leading 

growth front, chain-folded sheaf-like crystal lamellae, which are essentially 2D 
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nanosheets, might also cross into each other at the sperulite contact interface as shown 

schematically in Fig. 2.13. We anticipate that a combination of such phenomena, namely 

spherulite contact/ crossing, percolation among crystal lamellae and bridging molecules 

between spherulites, leads to network connectivity as required for solidification. 

In comparison, a particle volume fraction of 3-4 % is sufficient to enable fluid-to-

solid transition in aggregating suspensions [26]. It is interesting to find the same order of 

magnitude for the crystal volume fraction that enables the fluid-to-solid transition in the 

semicrystalline polymer. 

It is worthwhile to notice the distinct behavior of tanδ, G’ , and G’’ before and 

after the gel point (Fig. 2.3). In the beginning, before having reached the gel point, tanδ 

stays constant while G’’ and G’ are growing with time. As is typical for fluids, the 

measured tanδ decreased at increased frequencies, but had values above unity due to the 

fluid (lossy) nature of the material. Small frequencies are probing the larger length scales, 

and for the mobile structure at this length scale, G’’ is much higher than G’. The 

difference in G’’ and G’ reduces at higher frequencies, corresponding to the smaller 

length scales that govern the experiment. 

At the gel point, where tanδ  becomes independent of frequency (at low probing 

frequencies), the tanδ value is close to unity implying that material is as lossy as it is 

elastic. Having tanδ near 1 at the gel point is exceptional, but it is a permitted value since 

δ=nπ/2 depends on the relaxation exponent n which might adopt values in the range 

0<n<1 (depending on the specific material of observation). Moduli are in the order of 10
4
 

Pa.  
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Across the gel point there is a drastic change in properties and soon after gel point 

(after t ~ 1300 s) G’ and G’’ become independent of frequency. Both the moduli increase 

and reach plateau values at t ~ 3000 s. Frequency independence of G’(t) and G’’(t) 

suggests the presence of a structure that has the same response at all the length scales that 

are being probed. All these late-stage values of tanδ are < 1, which is typical for solids. 

2.5.2 Crystallinity of Spherulites 

The crystal volume fraction in the sample measured by DSC (φcry) and the volume 

fraction of spherulites in the sample (φsph), from optical microscopy, provide an estimate 

for the crystallinity inside spherulites, given by φcry/φsph. All the crystals are assumed to 

have formed inside the spherulites. Different expressions for the spherulite volume 

fraction (φsph) (eqs. 14, 17 and 18) are used to calculate the crystal volume fraction inside 

spherulites (φcry/φsph) and are compared in Fig. 2.14. There is a good agreement between 

calculated spherulite crystallinity values for interpolated, model and Weibull equations of 

volume fractions of spherulites, until ≈800 s. Interpolated and model values of φsph do 

not account for the impingement of spherulites and are expected to be suitable only at 

early stages. 

Figure 2.14 compares the crystal volume fractions in sample (φcry) and in 

spherulites (φcry/φsph). Since all the crystals reside inside spherulites, the crystal fraction in 

spherulites is higher than the average crystal fraction in the entire sample before 

spherulites become volume filling. Once the whole sample is occupied by impinged 

spherulites, the average crystal fraction inside spherulites is the same as the sample 

crystallinity, Fig. 2.14. 
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Figure 2.14 Crystal volume fraction inside spherulites (φφφφcry/φφφφsph) obtained from 

different expressions, dotted ( ) curve is from eq. 14, solid curve is from eq. 17 and 

the dashed line is from eq. 18. Crystal volume fraction (φφφφcry) measured from DSC is 

also included for comparing sample crystallinity with spherulite crystallinity. 
 

Crystal volume fraction in the sample (φcry) increases to 18% in the first 2500s 

and the entire sample fills with spherulites within 4000s, Fig. 2.4. Additional crystal 

growth beyond is due to the secondary crystallization [47, 48]. During the first 4000 s, 

crystal growth takes place by primary and secondary crystallization events [4, 44]. Such 

simple experiments combined with other structural tools such as X-ray scattering can 

provide us with knowledge to separate the effects of primary and secondary 

crystallization quantitatively. 

It would be interesting to investigate the trends among various characteristic 

crystallization times obtained from rheology and optical measurements and correlate 

them with the corresponding morphologies. The correlation between crystallinity 

measurements from light scattering and DSC for quiescent crystallization at different 
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temperatures can provide a tool to measure insitu crystallinity for flow-induced 

crystallization. 

2.6 Conclusions  

Time-resolved mechanical and optical property measurements along with 

crystallinity and morphology help us understand the structure-property relations for 

crystallizing polymers. It was established that the fluid-to-solid transition takes place due 

to a percolating network structure, which is constituted of mostly amorphous spherulites. 

The crossing of crystal lamellae across spherulite interfaces and the presence of bridging 

chains between two spherulites is attributed to the network formation. An analytical 

expression for the growing volume fraction of spherulites was obtained from 

experimental measurements on nucleation density. The result agrees well with the 

empirical Avrami function for the early stages during crystallization. 

2.7 Appendix 

2.7.1 Time-Dependent Spherulite Growth 

The spherulite growth rate is constant, at first, as shown by the isothermal 

crystallization experiments. However, nonisothermal conditions and variations between 

nuclei may cause the growth rate to vary, 
'( , )R t tɺ , which needs to be accounted for in the 

spherulite volume fraction, φsph. 

'

3

' ' '' '' '4
( ) ( ) ( , )

3
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t t

sph

t t

t dt N t dt R t t
π

φ
 

=   
 

∫ ∫ɺ ɺ  
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This expression can be simplified if the instantaneous growth rate depends on 

temperature only, 
'( , ) ( ( ))R t t R T t=ɺ ɺ , 

'

3

' ' '' ''4
( ) ( ) ( ( ))

3
r

t t

sph

t t

t dt N t dt R T t
π

φ
 

=   
 

∫ ∫ɺ ɺ  

with Rɺ =constant, this reduces to eq. 15 in the earlier analysis. The spherulitic growth 

ends when spherulites impinge and begin to lose their spherical symmetry. 

 

 
Figure 2.15 Crystal volume fraction (φφφφcry) and crystal weight fraction (wcry) in the 

sample from DSC for isothermal crystallization of iPB at 88.9 
o
C. Crystal weight 

fraction,  ( ) ( )
cry ideal crystal

w t H t H= , was converted into crystal volume fraction in the 

sample (φφφφcry), assuming a linear increase in sample density with crystal weight 

fraction, ( )
sam cry amo cry amo

wρ ρ ρ ρ= − + . 
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Figure 2.16 Crystal volume fraction (φφφφcry) from DSC is replotted to confirm that the 

Avrami function can’t describe the crystal growth for early stages (for first 500 s) 
for isothermal crystallization of iPB at 88.9 

o
C. 

 

 

 



 

48 

 
Figure 2.17 Time average growth rate for isothermal spherulitic growth of iPB at 

88.9 
o
C. Interesting,

 t
Rɺ  levels off at values that are close to the volume average 

growth rate,
 

( )
1/ 3

3

v i i iR N R N= ∑ ∑ɺ . 

2.7.2 Temperature Calibration 

Precalibrated K-type thermocouples (diameter 0.076 mm, length 0.92 m) were used to 

calibrate the optical unit as well as the rheometer for the experimental temperature 

profile. Thermocouple readings in Millipore ice water and boiling water were 0.2 
o
C and 

100±0.2 
o
C, respectively. 

• Temperature Calibration for Optical Device  

 Two 170 µm thick disks of isotactic poly-1-butene were prepared in optical cell, 

separately. One of them was reheated above melting point to position two thermocouples 

in it. One thermocouple was inserted close to the center (2.3 mm from center) and the 

other was close to the edge (11.4 mm from center), see Fig. 2.18 in The Appendix. 

Another disk was placed on the top of the first one. Final probe thickness was about 300 
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µm. Both the thermocouple wires were encircled within the sample few times before they 

were exposed to the air. The purpose was to minimize the heat transfer from wires to the 

atmosphere due to their fin-like effect. Temperature calibration curves along with the 

Linkam settings are shown in Fig. 2.18. As expected, the temperature close to the center 

of the geometry (dashed line with circles) was higher than the temperature at the edge 

(dotted line with triangles). Temperature at 7.5 mm (dash dot line with stars) from the 

center of parallel plate geometry, which is the center of the observation window, was 

obtained by assuming a linear variation in temperature with distance. A cooling rate of 

9.7 K/min at 7.5 mm along with a gradient of 0.45 K/mm was found across the 

observation window. 
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Figure 2.18 Temperature calibration for Linkam optical device (dots ( ) in the 

detailed schematic of the optical device represent the thermocouple positions in the 

probe). Temperature at r=7.5 mm, center of the observation window, was obtained 

by linear interpolation of inner and outer thermocouple readings. Experimental 

time t=0 is shown in the plot. 

 

• Temperature Calibration for the Rheometer  

 Calibration was performed with 25 mm parallel plate disks. The probe used for 

optical cell was cut to a size of 25 mm and was thickened to about 900 µm by adding two 

layers each of 300 µm on each side. Calibration is presented in Fig. 2.19  in the 

Appendix.  

DSC was calibrated for the cooling and heating rates of 10K/min according to the 

procedure described by TA Instruments. 
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Figure 2.19 Temperature calibration for rheometer with 25 mm parallel plates. 

Inner and outer thermocouple readings are plotted and the rheometer settings are 

shown by dashed lines. Experimental time t=0 is shown in the plot. 
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CHAPTER 3 

CRITERIA FOR SHEAR-INDUCED CRYSTALLIZATION: STRAIN AND 

WEISSENBERG NUMBER 

3.1 Abstract 

The effect of strain, Weissenberg number ( matWe γλ= ɺ ) and specific mechanical 

work ( 2

s
w tηγ= ɺ ) on rate of crystallization (nucleation followed by growth) and on 

growth of anisotropy was studied for shear-induced crystallization of isotactic poly-1-

butene. Small angle light scattering (SALS), transmission intensity measurements and 

optical microscopy were the experimental techniques used. The samples were sheared for 

a finite strain at the beginning of the experiment and then crystallized without further 

flow (Janeschitz-Kriegl protocol). Shear conditions were varied as We = 0 to 12.5 and 

strains up to 200. Spherulitic growth was observed under quiescent conditions (We = 0) 

and at small strains and We. Strain requirements to attain steady state/ leveling off of the 

rate of crystallization were found to be much larger than the strain needed to achieve 

steady state of flow. Strain effects on nucleation density and so on the rate of 

crystallization were found to be tremendous even for few strain units, as far as shearing 

was performed with We >>1. For 1We ≈ , near the transition to shear thinning, even the 

large strains up to 180 could not enhance nucleation density significantly. The large strain 

and We >1 criteria were also observed for morphological transition from spherulitic 

growth to oriented growth. The strain requirements for oriented growth and the steady 

value of rate of crystallization became less and less for higher We indicating a criterion 

based on specific mechanical work. We can be interpreted as the memorized strain by the 
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material with a relaxation time of λmat. It captures the interplay between rate of molecular 

relaxation (1/λmat) and rate of producing orientation (γɺ ). 

3.2 Introduction 

Flow-induced orientation in undercooled melts controls the optical and 

mechanical properties of a polymer product and is frequently encountered in polymer 

processes such as film blowing and injection molding. The processing of semicrystalline 

polymers would greatly be helped by a quantitative relation between shear flow 

parameters such as Weissenberg number (We), Deborah number (De), stress, strain, shear 

rate, mechanical work etc. and the microstructure length scales such as shish thickness, 

shish spacing, kebab spacing etc. that ultimately govern the final product properties. Flow 

effects on crystallization are frequently investigated in terms of the rate of crystallization 

(characteristic crystallization time) and the morphological changes. Our focus is to 

investigate the effect of strain, We and specific mechanical work on the rate of 

crystallization and the morphological transition to oriented growth. 

 

Crystallization in semicrystalline polymers takes place by nucleation and growth. 

Thus rate of crystallization can be altered by affecting the nucleation density and/or the 

growth rate. Flow affects the nucleation density tremendously [1, 2] though its effect on 

growth rate, although not studied quite extensively,  is presumably insignificant [3, 4]. 

The morphological transition to oriented growth is not a requirement to fasten rate of 

crystallization which can be enhanced solely by increasing the nucleation density. On the 

other hand the morphological transition to oriented growth is a consequence of material 

relaxation/ response to the   prescribed flow conditions. 
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3.2.1 Rate of Crystallization 

Application of flow aligns the polymer chain segments in the shear direction and 

brings them closer to their final lattice configuration in a crystalline state, where chains 

are extended compared to their random coil configuration in a melt. The most stable 

thermodynamic form of a crystal would be the one with chains completely extended and 

this has been observed for small molecular weight olefins [5, 6]. In case of crystals from 

polymer melts such complete chain extension has never been observed due to the kinetic 

nature of crystallization resulting in crystals with finite thickness which is significantly 

less than the fully extended chain [6, 7]. Crystal thickening in polymers upon annealing is 

an evidence that the chains prefer to be in fully extended form upon crystallization. The 

free energy change during crystallization is, 

G H T S∆ = ∆ − ∆ .    (1) 

Assuming that the melt is in thermodynamic equilibrium with the lowest energy 

crystal form with fully extended chains, the free energy change during crystallization will 

be zero just as it is zero for equilibrium melting. The crystallization temperature in this 

case would be equal to the equilibrium melting temperature ( 0

m
T ) of the polymer. Thus 

the free energy change is, 

( ) ( )0 0
crystal melt crystal melt m crystal melt

G G H H T S S− = − − − = .  (2) 

The equilibrium melting temperature is, 

( ) ( )0

m melt crystal melt crystal
T H H S S= − − .    (3) 

The enthalpy change (Hmelt-Hcrystal) and the entropy change (Smelt-Scrystal) are 

positive terms. Flow produces orientation in the melt and thus reduces its entropy (Smelt) 

and so the entropy difference (Smelt-Scrystal). This in turn increases the equilibrium melting 
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temperature ( 0

m
T ) of the polymer and so the driving force for crystallization resulting in 

higher nucleation density and the faster crystallization rates. 

An enormous increase in nucleation density was observed by Janeschitz [1, 2, 8, 

9] even at moderate strains and shearing conditions for iPP. Nucleation density increased 

by an order of decade for a mechanical work of 1 MPa at low undercooling. An extreme 

degree of undercooling was required in order to get similar increase in nucleation density 

for the same melt. For larger works of up to 6 MPa, an increase of up to six decades was 

observed while retaining the isotropic growth. It was also monitored that the rate of 

formation of primary nuclei was proportional to the work applied per unit volume 

(specific work). Also the increase in nucleation density, with mechanical loads or 

shearing times, was highly nonlinear. 

It is well established that spherulitic growth rate (dR/dt) remains constant with 

time under isothermal conditions as far as spherulites are away from impingement [6]. 

Rate of spherulitic growth goes through a maximum with temperature [5, 10] for 

quiescent crystallization. However the flow effects on growth rate are presumably small. 

Large enough strains result in oriented row-nucleated structures. Recently Hsiao and 

coworkers [11] observed a diffusion controlled kebab growth for ultra high molecular 

weight polyethylene (UHMWPE) i. e. G(t) ~ t
-1/2 

where G(t) is growth rate of kebab, 

unlike spherulitic growth rate which remains constant with time. These studies were 

performed with a blend of UHMWPE (2 wt %) in a noncrystallizable polyethylene 

matrix. This type of growth rate dependence might appear due to the lack of 

crystallizable material as well. 
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3.2.2 Morphology and Crystal Growth Mechanism 

Spherulites are formed by growth of crystal lamellae to point like nuclei under 

quiescent or mild flow conditions. Formation of a spherulitic object from a point like 

nucleus occurs due to the branching of a growing lamella that start to grow in different 

directions while retaining the radial growth [6, 12]. Application of shear affects the 

morphology. Strong enough shearing gives rise to highly oriented shish-kebab structures 

[6, 11, 13-16]. The mechanism of formation of these oriented structures is still an 

unresolved matter. It was proposed by Keller that application of flow orients the polymer 

chains in flow direction and bundles them together giving rise to linear nuclei (linear 

crystalline structures), also termed as shish. Growth phase involves folded-chain lamellar 

growth on these linear nuclei in form of kebabs that grow epitaxially on the shish [16]. 

How does the morphological transition take place from spherulitic to shish kebab 

growth? How do morphologies evolve for intermediate shearing? These are few of the 

questions that need to be addressed to understand structure development. Janeschitz 

observed elongated structures made from coalescence of growing spherulites [2]. He also 

noticed that isotropic growth can result from oblong precursors if they are far apart under 

mild shearing [2, 17]. 

Role of high molecular weight chains in forming row nucleated structures is 

crucial and still debatable. Kimata et at. [18, 19] observed that the fraction of long chains 

in the shish crystals was same as their bulk fraction stating that shish formation does not 

include only the long chains and the process of formation of elongated structures does not 

have any propensity for long chains. It is observed that increasing long chain content 
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increases the content of shish crystals as well as enhances the rate of formation of row 

nucleated structures [11, 16, 20]. 

Whether complete chain stretch is required for shish or not, is a topic requiring 

further research. Simulations by Dukovski et al. [21] indicate that a coil-stretch transition 

is essential for shish formation. These simulations show two different populations of 

chains even for monodisperse chains under elongation flow - stretched and coiled, 

contributing to the formation of shish and kebab respectively. According to Meerveld 

[22] stretching of high molecular weight chains is required for shish-kebab growth and 

chain orientation alone is not sufficient to produce elongated structures. The recoverable 

strain-based model by Peters et al. [23] suggests that the segmental orientation of high 

molecular weight tail is considered as the driving force for flow-induced crystallization. 

Dimensions of shish-kebab morphology were measured by Hobbs and coworkers 

[13, 24] for a processed polyethylene using AFM. Shish thickness was around 9nm 

whereas kebabs were thicker (~ 50 nm). It was also observed that kebabs were not 

equally spaced on a backbone (shish). Presence of micro and macro shish kebab within a 

same stem is also observed [6]. From these measurements, one may speculate on the size 

of nuclei that should be a bundle of chains arranged in a cylindrical geometry with a dia 

of ~ 9nm and length of ~50 nm. It also suggests that flow-induced crystallization might 

be a good technique to measure size of nuclei or the critical size and orientation needed 

for nucleation to start. 

3.2.3 Processing Parameters for Flow-induced Crystallization 

Effect of stress (τ), shear rate (γɺ ), strain (γ), Weissenberg number (We), Deborah 

number (De) and mechanical work is frequently studied on rate of crystallization as well 
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as morphology. Weissenberg number, eq4, is the product of a material relaxation time 

(λmat) and the applied shear rate and can be interpreted as the memorized strain by the 

material. 

1 steady shear viscosty

1 shear thinning region

mat
We

We

We

γλ=

≤

>

ɺ

    (4) 

For small memorized strains polymer melts exhibit linear viscoelastic behavior 

resulting in steady viscosity. Larger memorized strains correspond to nonlinear rheology. 

Thus the We = 1 captures the transition to nonlinearity which in case of most polyolefins 

is a transition to shear thinning region. 

 

On the other hand, Deborah number, eq5, is the ratio of a material relaxation time 

(λmat) to the experimental time. Shearing duration (ts) serves as the experimental time in 

case of preshearing experiments. 

/

1 start up of flow

1 steady state for flow

mat s
De t

De

De

λ=

>

<

   (5) 

Deborah number characterizes the steady state of the flow and for λmat > ts, flow is still in 

the start up phase due to material memory. Steady state is reached for λmat << ts. 

Shear strain for a constant shear rate experiment is, 

s
s mat

mat

t We
t

De
γ γ γλ

λ
= = =ɺ ɺ    (6). 

Specific mechanical work (work per unit volume) is, 

  2

0 0 0

. . .
s s st t t

w d d dtγ τ γ ηγ ηγ= = =∫ ∫ ∫ɺ ɺ   (7). 
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For constant shear rate and steady viscosity experiments,  

2
2 2 2

2

s
s mat

mat mat

t We
w t

De

η
ηγ ηγ λ

λ λ
= = =ɺ ɺ   (8). 

It is interesting to notice how strain and specific mechanical work are related to the 

material properties and dimensionless numbers. 

Vleeshouwers [25] and Hadinata [26] observed a shear rate criterion for rate of 

crystallization. Crystallization half time reaches a plateau value for iPP for a shearing 

duration of about 4s and wall stress of 0.06 MPa [27]. Kornfield needed a critical stress to 

observe threadlike precursors for a pressure driven flow. Meerveld used a criterion based 

on We to explain the state of a polymer chain under different flow regimes and 

morphological transition to oriented growth for flow-induced crystallization [22]. Two 

different We were defined associated with reptation and stretching of a chain. Janeschitz 

[28] observed oriented morphologies at large mechanical loads in the order of 25 MPa. 

Large strains in the order of 1000 were needed to observe oriented growth in PE 

[29]. An underlying strain criterion was observed for iPP at We = 1 by Elmoumni et al [4] 

for the rate of crystallization. Crystallization rate leveled off for a very large value of 

strain of 600 at this We. It was suggested that for elongated growth We > 1. Here We was 

defined as the product of shear rate and cross over time from rheology [4, 30]. 

Importance of interplay between material relaxation time and shear rate is shown for 

poly-1-butene as well [26]. 

Here we extend this study to higher We and to another semicrystalline polymer, 

iPB. It is our objective to study the effect of strain, We and mechanical work on 

crystallization dynamics and identify the criteria for crystallization rate and 

morphological transition. 
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3.3 Experimental 

3.3.1 Material and Sample Preparation 

Isotactic poly-1-butene (iPB), from Basell, with Mw = 176000 g/mol and Mw/Mn 

of 5.7, served as test material. Pellets of iPB (as obtained from Basell) were compression 

molded into thick sheets, from which samples were cut for Differential Scanning 

Calorimetry (DSC), rheometry and optical measurements. The iPB was used without a 

nucleating agent. 

Differential scanning calorimetry (DSC) was carried out under nitrogen in a DSC 

Q1000 (TA Instruments) using standard aluminum pans (from TA instruments) 6 mm in 

diameter and weighing about 24 mg. It was calibrated using Indium (Tm = 156.60, 

standard heat = 28.71 J/g) as a standard [31]. A thin sample (about 12 mg) was pressed 

into a DSC pan and heated above melting temperature to establish uniform contact 

between polymer and pan. For the DSC measurements, samples were heated as well as 

cooled at 10K/min. First melting, second melting, and crystallization peaks were 

observed at 123 
o
C (100-130

 o
C), 111 

o
C (100-120

 o
C), and 53 

o
C, respectively (Fig. 3.1). 

First melting belongs to the crystal FormI of iPB, which has a density of 950 Kg/m
3
 and 

is a thermodynamically stable form. Second melting belongs to FormII that is less dense 

(907 Kg/m
3
) than FormI and is a kinetically favored crystal form. FormII transforms into 

FormI within 7-12 days at room temperature and atmospheric pressure [32-35]. 
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Figure 3.1 Differential scanning calorimetry of iPB.  Tm-I and Tm-II are the peak 

melting  temperatures for formI amd formII and are observed during first and 

second heating, respectively.  Tx is the crystallization temperature during cooling. 

Heating and cooling rates are 10K/min. 

For rheology, a 2mm thick disk-shaped sample was inserted between the parallel 

disk fixtures (diameter 25 mm) of a torque-controlled rheometer (Stresstech of ATS 

Rheosystems). It was calibrated for temperature using iPB, the polymer used in this 

study. For detailed description of the calibration refer to the Appendix in Arora et al. 

[36]. It was heated above melting point and then compressed to a thickness of about 1 

mm to establish uniform contact between the sample and rheometer plates. G’-G’’ data 

from isothermal frequency sweeps at T = 85, 87.1, 89.1, 90.2, 95.2, 100.4, 110.5, 120.8, 

131.2, 141.3, 151.7, and 161.5 
o
C were merged into a master curves at 98.9 

o
C (Fig. 3.2). 

The shear measurements were performed in the linear viscoelastic region. The master 

curve was used to obtain discrete relaxation modes and a continuous relaxation spectrum 

as described by Winter and Mours [37]. Figure 3.4 presents the steady viscosity Vs shear 

rate plot obtained using Cox-Merz [38]. Cross-over to shear-thinning takes place at a 
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shear rate of 0.8 s
-1

. It is argued that the Cox-Merz works only in the linear viscoelastic 

region and it predicts the transition to shear-thinning quite well. The shear-thinning 

behavior usually is more pronounced from steady viscosity measurements. Carreau-

Yasuda model, eq9, [39] describes the shear thinning behavior quite well. Corresponding 

Carreau-Yasuda parameters are shown in table3.1. 
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Figure 3.2 (a) Master curve for iPB melt at experimental temperature of 98.9 
o
C  

obtained by t-T superposition from isothermal frequency sweeps at T = 85, 87.1, 

89.1, 90.2, 95.2, 100.4, 110.5, 120.8, 131.2, 141.3, 151.7 and 161.5 
o
C. (b) Cross-over 

between G’ and G’’ at a frequency of 9 rad/s at 98.9 
o
C. 
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Figure 3.3 Discrete (gi) and continuous relaxation (hi) spectrums for iPB obtained 

from the master curve at 98.9 
o
C (seven relaxation modes were used to describe the 

G’(ωωωω),G’’(ωωωω) behavior). 

 

 

Figure 3.4 Complex viscosity (ηηηη*
) Vs frequency (ωωωω) plot for iPB at 98.9 

o
C obtained 

from the master curve. Cox-Merz relation provides the steady viscosity (ηηηη)))) Vs shear 

rate (γɺ ) curve from ηηηη* 
Vs ωωωω plot. Continuous line on the top of discrete points is the 

Carreau-Yasuda fit (parameters are shown in table3.1). The broken line shows the 

shear rate used to define a characteristic material relaxation time for the shear flow 

(λλλλmat). Shear rates employed in this work and corresponding We are shown as well. 
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Table 3.1 Carreau-Yasuda parameters for iPB at 98.9 
o
C. 

A0 1.4105x10
4
 

A1 -9.55x10
1
 

A2 7.66x10
-1

 

A3 6.56x10
-1

 

A4 6.31x10
-1

 

 

 

For optical measurements, a 2 mm thick disk shaped sample was placed between 

the parallel plates of an optical device (CSS 450 from Linkam Scientific). There, it was 

heated above melting and then compressed to a thickness of about 300 µm. The parallel 

disk optical device (R = 15 mm), with quartz windows, was alternatively mounted in an 

optical train for light scattering and transmission intensity measurements and in an optical 

microscope (Carl Zeiss Universal (ZPU01) under transmission mode) with cross-polars. 

For a detailed description of the device and the instrument, refer to the publication by 

Pogodina et al. [40]. Optical device was calibrated for the temperature using two 

thermocouples embedded in a 300 µm thick iPB sample.  

3.3.2 Shearing and Temperature Protocol 

For all the experiments, samples were heated to 174 
o
C, kept there for about 15 

minutes. Such a high temperature (about 50 K above melting) was used to erase the 

thermo-mechanical history and to melt all the crystallites present in the sample as 

recommended by Hadinata et al. [26]. Then the sample was cooled down to Tx = 98.9 
o
C, 

the temperature for isothermal crystallization. Time t = 0 was assigned to the instant at 

which the experimental temperature Tx was reached. Sample was sheared for a duration 

of ts from t=0 and then crystallized isothermally without any further shearing. Cooling 

was performed fast enough to avoid any crystallization during cooling. The main purpose 
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of adopting Janeschitz-Kriegl protocol [1, 8] was to isolate shearing action from crystal 

growth. This way dynamics of flow was governed by the melt dynamics instead of 

suspension dynamics (solid crystal suspended in melt). Optical measurements were 

performed in air unlike thermal and mechanical measurements, which were done under 

dry heated nitrogen. 

 

Figure 3.5 Shearing and temperature protocol: Sample is heated above melting 

temperature range from DSC, kept there for 15 minutes and cooled down to the 

experimental temperature. A short term shearing is provided while avoiding any 

crystal growth with shearing. 

3.3.3 Optical Measurements and the Shearing Device 

For small angle light scattering (SALS) and transmission intensity measurements, 

a 5 mW, linearly polarized, He-Ne (632.8 nm) LASER beam (diameter (dl) ≈1 mm) was 

sent through the sample. Scattered and transmitted intensities under parallel and cross 

polars were measured simultaneously using an analyzer sheet and photodiodes, 

respectively. 

The transmission intensity under parallel-polars (IHH) defines the evolving 

turbidity (µ), eq10, of the sample due to crystallization. h and I0 are sample thickness and 

laser source intensity, respectively [41, 42].  
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0(1/ )ln( / )HHh I Iµ = −    (10) 

Two-dimensional light scattering invariants were calculated from intensity 

measurements according to Stein-Wilson theory for random orientation correlations [43].
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(11) 

Qδ , Qη , q, δ, η, θ, and λ are the orientation fluctuation invariant, density 

fluctuation invariant, wave vector, orientation fluctuations, density fluctuations, 

scattering angle and wavelength of the light source, respectively. These invariants are the 

measure of mean square fluctuations and can be used to estimate evolving crystal content 

[36, 40, 44].  

A 30 mm parallel plate shearing device (fig.3.6) with quartz plates (CSS 450 from 

Linkam Scientific) was used for all optical measurements (optical microscopy as well as 

SALS). Top plate remains fixed and bottom plate is rotated to shear the polymer. Optical 

shear cell has a circular observation window (diameter (dw) = 2.8 mm) at 7.5 mm (rw) 

from the center. For detailed description of the device refer to the publication by 

Pogodina et al. [40]. 
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Figure 3.6 Schematic of a parallel plate (diameter =30 mm) optical shearing device 

(CSS 450 from Linkam Scientific). The observation window is about 2.8 mm in 

diameter and its center is 7.5 mm away from the center of parallel plate (diameter 

30 mm) geometry. Laser beam used for SALS and transmission measurements is 

about 1 mm in diameter is sent through the center of the observation window (dw = 

2.8 mm). 

The optical shearing device has a radial shear rate gradient due to the parallel 

plate geometry and shear rate increases linearly as,  

/r hγ ω=ɺ     (12) 

where r is radial distance from center of plate and plate geometry, ω is rotational 

velocity and h is sample thickness. Due to the nature of shearing geometry, we also have 

shear rate variation across the window (dw =2.8 mm), eq13, and the laser beam (dl ≈

1mm), eq14. The variation is from the prescribed values of shear rates that are for the 

center of the observation window i.e. at a distance of rw from center of the shearing 

geometry. 
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Parallel plate geometry has a shear rate gradient associated with it. A point-like 

laser would be ideal to perform measurements for a single shear rate, however a thick 

beam is required to get a good average signal (signal averaging would be better with 

more scatterers). Considering these two opposing factors, a laser beam of about 1mm in 

diameter was chosen for an observation window of 2.8 mm in diameter. 

3.4 Results 

3.4.1 Quiescent Crystallization (We =0) 

Growing spherulites were monitored under cross-polars at 98.9 
o
C for quiescent 

crystallization fig.3.7(a). Nucleation density was very small and spherulites of different 

sizes were observed. Variation in spherulite sizes indicated that they were nucleated at 

different times assuming that they would have same growth rate under isothermal 

conditions. Transmission intensity and SALS measurements were employed to follow the 

rate of crystallization. Size and position of the laser beam used for these measurements is 

presented in the optical micrograph at 7844 s by a circular dashed ring. Parallel-polar 

transmission intensity (IHH) is a measure of growing turbidity in the sample due to 

growing crystallites. It diminished with time, fig.3.7(b) and reached a low steady value 

within 15000 s. Transmission intensity under cross-polars (IHV) remained almost constant 

or increased a bit. Parallel-polar transmission intensity (IHH) is normalized by its initial 

value (IHH,0) and is plotted in fig.3.7(c). The parallel-polar transmission intensity reached 

half of its initial value at 9400s and this time served as a measure of characteristic 

crystallization time, t1/2, i.e. 

1/ 2

,0

at    0.5HH

HH

I
t t

I
= = . 
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We term this time as transmission half-time. Simultaneous SALS measurements, 

fig.3.7(d), provided us the density fluctuation invariant (Qη) and orientation fluctuation 

invariant (Qδ). Density fluctuation invariant (Qη) stayed constant for a while for melt, 

went through a maximum at t=6100 s and then declined to a low value. The time 

corresponding to the maximum in Qη, 
maxQ

t
η−

, is a characteristic of material and the 

crystallization process and served us as another measure for rate of crystallization. In the 

meanwhile, the Qδ increased and reached a plateau. Square root of Qδ can be used to 

follow the evolving crystal content in the sample [36, 43, 45]. 
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Figure 3.7 Quiescent crystallization of iPB at 98.9 
o
C (a) micrographs under cross-

polars at different times. The observation window is not perfectly circular. The 

circular dashed ring in the micrograph shows the size and position of the laser beam 

used for transmission and SALS measurements. (b) Parallel-polar (IHH) and cross-

polar transmission (IHV) intensity measurements (c) Normalized parallel-polar 

transmission intensity (IHH/IHH,0) provides us with a characteristic crystallization 

time (d) Density (Qηηηη) and orientation  (Qδδδδ) fluctuation invariants from SALS. 

Maximum in density fluctuation invariant provides us another characteristic time 

for crystallization. 

3.4.2 Shear-induced Crystallization near the Transition to Shear-thinning (near

1We ≈ ) 

For flow-induced experiments three shear rates of 1, 7 and 10 s
-1

 were used. Strain 

was varied by varying shearing duration (ts). The   Vsη γɺ plot, fig.3.4, was considered as a 

guide to select the shear rates. Shear rate of 1 s
-1

 was close to the transition to shear-

thinning whereas 7 and 10 s
-1

 were well into shear-thinning region. The same plot was 

used to define a characteristic material relaxation time (λmat) [46-52] which was 1.25 s for 

iPB melt at 98.9 
o
C . The λmat was obtained by the intersection of two tangents in steady 

viscosity plateau and the shear-thinning region, and was required for We ( matWe γλ= ɺ ) 
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calculations. The shear rates of 1, 7 and 10 s
-1

 correspond to the dimensionless We of 

1.25, 8.75 and 12.5, respectively. 

Start up of shear flow for different shear rates was calculated using the master 

curve of material, fig.3.2, with Molecular Stress Function (MSF) of Wagner [53], see 

fig.3.8. The steady state for the flow was attained within 2-3 s of shearing. It is known 

that MSF works better for elongation than for shear flow. 

 

Figure 3.8 Start up of shear flow calculated using the master curve for iPB at 98.9 
o
C. Molecular stress function was used to obtain start up curves for different shear 

rates [53]. 

Figure 3.9 shows the cross-polar micrographs for a sample of iPB that was 

sheared for a duration of 180 s at We = 1.25 (
11 sγ −=ɺ ).  Nucleation density increases 

compared to the quiescent case, but the increment is not striking even for the strains of 

180 at this We. An overlap of crystal growth with shearing was observed for higher 

strains. Parallel-polar transmission intensity measurements confirmed the faster 

crystallization (the results are not presented here). 
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Figure 3.9 Cross polar optical micrographs at different times for We = 1.25 (
11 sγ −=ɺ

) and shear strain of 180 units during crystallization of iPB at 98.8 
o
C. The circular 

dashed ring in the micrograph shows the size and position of the laser beam used for 

transmission and SALS measurements. Shear thinning plot is shown with a bold 

dashed line representing the We =1.25. 

From optical micrographs, fig.3.9, we can state that there is still sufficient 

material available to further the nucleation density even after shearing the melt for 180 

strain units at We=1.25. Steady state for the flow is reached in 2-3 strain units (fig.3.8), 

however strain effects on nucleation density and so on the rate of crystallization are 

realized for strains up to 180 and larger. 

We number is precisely 1.25 at the center of the circular ring and increases as one 

moves from left to right across the image, fig.3.9. A higher shear rate at the right end of 

the image results in higher strain (shearing duration remains same) and so the higher 
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nucleation density and more orientation than rest of the window. A few oriented 

structures were observed around the center though not a lot. A careful observation even 

reveals that the oriented structures are the collections of growing and impinged 

spherulites that are nucleated along a row in the flow direction. Arrows in the image at 

t=1772 shows the rows of spherulites. One of the rows is composed of impinged 

spherulites and the spherulitic curvature is clearly visible. For the other row, spherulites 

are still away from the impingement at 1772 s, though they impinge and form an 

elongated structure that is seen in image at 2682 s. 

For quiescent crystallization and the experiments at We=1.25, we did not have 

enough nucleation density to give us a good average signal for transmission and SALS 

measurements and variation in different runs was found due to the statistical nature of 

nucleation. 

3.4.3 Shear-induced Crystallization in Shear-thinning region ( 1We >> ) 

A set of SALS images under cross-polars (HV) and parallel-polars (VV) modes 

are shown in fig.3.10. Images were corrected for the excess scattering from the melt and 

the stage windows and correspond to the We=8.75 (
17 sγ −=ɺ ) and strain units of 210. 

Sample reached to a temperature of 98.9 
o
C (Tx) at t=0 and was sheared for a duration of 

30s. Shearing direction was at 45
o
 to both polarizer and analyzer, and is shown in 

fig.3.10. Light scattering images just after shearing (
s

t+ ) showed a very little scattering. 

An anisotropic scattering pattern, perpendicular to the flow direction, was observed at 

610 s under cross-polars. Scattering in the direction perpendicular to the flow 

corresponds to the development of oriented shish-like structure in the flow direction. 
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Cross-polar micrograph at this time, fig.3.11, confirmed the presence of oriented 

structures in the flow direction. VV image at this time also had anisotropic scattering 

perpendicular to the flow, though the development of shish-type structures was more 

clearly visible under HV mode of scattering. 

 

Figure 3.10 Cross-polar (HV) and parallel-polar (VV) images from SALS during 

crystallization of iPB at 98.9 
o
C after shearing at We = 8.75 (

17 sγ −=ɺ ) for 30 s. 

SALS HV images showed the enhanced scattering in the flow directions at the 

later stages and a transformation from anisotropic scattering to isotropic scattering. 

Enhanced scattering in the flow direction is attributed to structure growth perpendicular 

to the flow and thus it was due to the lamellar kebab growth on the existing shish. 

Crystallization in the absence of flow would give rise to mix of lamellar kebab growth on 

existing shish structures with the spherulitic growth in the relaxed melt, which would lead 

to isotropic scattering. Micrographs in fig.3.11 further confirmed this observation. 
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Micrograph at 
maxQ

t t
η−

= has distinct oriented structure with almost no spherulitic growth. 

Further crystallization, micrographs at t=t1/2 and 2t1/2, show the unoriented growth as 

well. 

 

Figure 3.11 Optical micrographs under cross-polars for crystallizing iPB at 98.9 
o
C 

for We = 8.75 (
17 sγ −=ɺ ) at different shear strains. 

Similar optical measurements were made for strains from 7 to 280 units for We 

=8.75 (
17 sγ −=ɺ ) and We =12.5 (

110 sγ −=ɺ ). Light scattering invariants along with 

parallel polar transmission intensity measurements are shown in fig.3.12 for We =8.75. A 

steady viscosity plot is added with a thick dashed line representing the We =8.75 in shear-

thinning region. Even a small strain of seven accelerated the crystallization significantly 

compared to the quiescent case. Parallel polar transmission intensity dropped off much 

faster at higher strains. Density fluctuation invariants (Qη) leveled off faster as well at 
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larger strains. Time corresponding to the maximum in density fluctuation invariant (

maxQ
t

η−
) moved to lower values at larger strains and so were in line with the parallel polar 

transmission intensity measurements. Orientation fluctuation invariants (Qδ) are a 

measure of growing crystallinity in the sample. The invariants, Qδ s, increased with time 

and leveled off at late stages during crystallization. 

 

Figure 3.12 Shear-induced crystallization of iPB at We = 8.75 (
17 sγ −=ɺ ) for varying 

strains and shearing durations (a) Normalized parallel-polar transmission intensity 

(b) density fluctuation invariants (c) orientation fluctuation invariants. A shear-

thinning plot is added with a thick dashed line representing the We = 8.75. 

Density fluctuation invariants and parallel-polar transmission intensity 

measurements provided us characteristic timescales for crystallization 
maxQ

t
η−

 and t1/2, 

respectively. These timescales are plotted in fig.3.13 for We =8.75 and 12.5 against the 
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applied strains and specific mechanical work. Both the characteristic time scales 

decreased with increasing strain and attained a steady value for a strain of 140 in the case 

of We =8.75. In addition, the difference between two characteristic time scales 

diminished with increasing strain. 

 

Figure 3.13 Characteristic crystallization time scales obtained from transmission 

intensity and SALS measurements for iPB at 98.9 
o
C. Crystallization times are 

plotted against strain and the specific mechanical work for We numbers in shear 

thinning region. 

At this juncture, it should be noted that for We =1.25, we were not able to get to a 

steady state for the rate of crystallization (by looking at nucleation density in optical 

micrographs in fig.3.9) even up to the strain of 180 units. Whereas at larger We of 8.75, 

we were able to attain steady state for strain of 140. Thus large strain requirements for 

rate of crystallization moved to lower strains at higher We numbers. Measurements at We 

=12.5 were in agreement with this trend as well. A leveling off for the rate of 

crystallization was observed at a strain of about 100 for We =12.5. 

For We =8.75 and 12.5, steady state for the flow was reached within 7-10 strain 

units, fig.3.8, though the flow effects on the rate of crystallization were observed up to 
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much larger strains. Thus the large strain requirements that were earlier observed for iPP 

[4] and PE [29] were also found for iPB. In addition, the large strain requirements 

decrease upon increasing the We number. 

Dependence of the rate of crystallization on strain and We pointed toward the 

presence of a criterion based on specific mechanical work. The characteristic 

crystallization time scales leveled off around a specific mechanical work of 3 MJ/m
3
 for 

the We numbers of 8.75 and 12.5. It was not possible to obtain such reproducible 

measurements for We =1.25 due to low nucleation density. More experiments are needed 

along these lines to reinforce the criterion of specific mechanical work for the rate of 

crystallization. 

Application of flow fastens the rate of crystallization by enhancing the nucleation 

density. Flow effects on the growth rate are presumably small to alter the rate of 

crystallization significantly. A consequence of interplay between flow and material 

relaxation process is the morphological transition to the oriented growth from spherulitic 

growth. Figure 3.11 shows the cross-polar micrographs for We = 8.75 at different strains. 

Smaller strains of 7 and 14 at this We number resulted in spherulitic growth with 

significantly higher nucleation density compared to quiescent crystallization. It was 

surprising to see a huge effect for even small strains of 7 at We =8.75 in increasing the 

nucleation density dramatically since for We =1.25, we did not observe such a striking 

increment in nucleation density even for the strains up to 180 units. The observation 

reinforces the critical role of We in influencing the nucleation density and so the rate of 

crystallization. 
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Much larger strains at We =8.75, fig.3.11, resulted in oriented structures. We did 

not observe significant oriented growth for We =1.25 up to strains of 180 units. At higher 

We number of 8.75 in the shear-thinning regime, we were able to obtain oriented growth 

at large enough strains. So We >>1 along with large enough critical strains are needed for 

morphological transition from spherulitic growth to oriented growth.  We observed a 

mixed growth for a strain of 105 at We =8.75 at 
maxQ

t t
η−

= whereas the growth was mostly 

oriented for strains of 140 and 210 at this time. For longer times a mixed growth was 

observed even for the strains of 140and 210. Certainly it is the consequence of orientation 

relaxation after melt shearing. Although we realized that a critical strain was required to 

attain oriented growth even for We>>1, it was hard to pin point the critical strain from the 

optical micrographs, fig.3.11. Strong enough flow could even result in fully oriented 

growth with minimal kebab-type lamellar growth [6, 54]. 

3.5 Discussion 

3.5.1 Criteria for Flow-induced Crystallization 

Chai [29] and Elmoumni [4]
 
found it necessary to apply very high strains (~100) 

to affect polymer crystallization to its fullest. Elmoumni et al. observed a high limiting 

strain of 700 for iPP for the We =1. The present studies on flow-induced crystallization 

(FIC) for We ranging from 1.25 to 12.5 confirmed the presence of large strain 

requirements for iPB as well. Steady state for the viscosity was reached within 3-10 strain 

units (fig. 3.8), though much larger strains in the order of 100 were required to attain the 

steady state for the rate of crystallization. We speculate that such leveling off for the rate 

of crystallization is associated with the saturation in the nucleation density with 
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increasing strain. Although the oriented growth was observed for We >>1, yet large 

strains were needed to obtain oriented morphologies. Thus large strain, compared to the 

strain units needed to attain steady state of flow, were required not only to attain a 

leveling off for the rate of crystallization but also for the morphological transition from 

spherulitic growth to elongated growth. 

The large strain requirements for the leveling off of the rate of crystallization go 

to lower strain values for higher We numbers. We is used as a criterion here since We=1 

denotes the onset of non-linear shear. Polymer chains retain their equilibrium 

conformation for We<1, but above We=1, they adopt non-equilibrium conformations. A 

distinctive behavior for We >> 1 might be due to the different chain conformations. As 

far as leveling off is concerned, we speculate that it could be achieved at large strains at 

all We numbers. Flow-induced crystallization experiments on low molecular weight 

polyolefins (linear alkanes) might be able to confirm this speculation. In such 

experiments, nucleation density can be increased without attaining any micro or macro 

oriented structures. Thus the application of the large strains is a requirement to get the 

steady state of the rate of crystallization, where as We is not a necessary criterion. 

Comparing fig.3.9 (We =1.25 and γ = 180) and fig.3.11 (We=8.75 and γ = 7) reveals the 

catalytic effect of the We in increasing the nucleation density and thus lowering the large 

strain requirements for the rate of crystallization. On the other hand, strain and We, both 

form the criteria for the morphological transition. Large strains at We >>1 are essential to 

form oriented structures. In this study, We was defined using a material relaxation time 

from plot,  Vs η γɺ , fig. 3.4. 
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The catalytic role of the We for the leveling off of the rate of crystallization and 

the required role for the oriented growth indicated the presence of a criterion based on 

specific mechanical work. The leveling off for the rate of crystallization occurred at a 

specific mechanical work of about 3 MJ/m
3
 for We numbers of 8.75 and 12.5.  

Dependence of crystallization rate was highly nonlinear with mechanical work, fig.3.13. 

Parallel trends were observed for iPP by Janeschitz-Kriegl’s group at Linz. They 

observed nonlinear dependence of rate of nucleation with mechanical work and also a 

transition to shish-kebab morphology at ~ 7 MPa [2]. More experiments in the range of 

1.25 12.5We≤ ≤ would be helpful in establishing this criterion. Thus the nucleation 

density which depends on the applied strain and specific mechanical work would govern 

the leveling off of the rate of crystallization and a combination of strain and We would 

control the morphological transition to oriented growth. 

Crystallization rate leveled off at very large values of strains and optical 

microscopy indicated that morphological transition from spherulitic growth to elongated 

growth is dependent on strain as well as the We. Both these phenomena can be explained 

using the fact that strain accelerates the crystallization by increasing nucleation density as 

well as by inducing orientation by stretching the polymer chain/ chain segments and 

bringing them closer to their lattice conformation. Orientated stretched molecules have 

low entropy and so the low free energy that in turn speeds up the crystallization. Thus, 

the rate of crystallization can be enhanced by increasing the nucleation density or by 

inducing order or by combining both. On the other hand, for morphological transition 

ordering/stretching seems to be a necessary criterion. 
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3.5.2 Mechanism for the Oriented Growth 

In the optical micrographs at We =1.25 and strain of 180, fig.3.8, we observed 

aligned growing crystals in the flow direction which eventually impinge and form an 

oriented structure. The elongated structures grew laterally as well as at the ends. Growth 

at the ends was more like spherulitic and had a curvature to it. We speculate that it’s due 

to the unobstructed nature of the growth at the ends compared to the highly hindered 

growth within an elongated structure due to large number of nuclei arranged on a row. 

The aligned crystals and the lateral curvature of the oriented structures are shown by an 

arrow in the image at t = 1772 s. The curvature on the sides of an oriented structure 

indicates that the crystal growth is not strictly perpendicular to the flow; rather it is more 

like spherulitic radial growth on nucleation sites that are aligned in a row and are far 

apart, fig. 3.14(a). Whether the connectivity exist among such aligned nuclei, is not clear 

from the images. However possible connectivity mechanisms of spherulite-crossing and 

tie molecules that are described for spherulites might as well exist for oriented structures 

[36]. Janeschitz observed [2, 8] when the distance between the spherulites was shorter 

than the size of spherulites, they combined together to give rise to an elongated structure. 

Han and coworkers [55] also saw similar elongated structures for iPP, fig.3.15 (a) and 

(b). For iPP such structures were obtained with a shear rate of 0.5 s
-1

 for duration of 5 s. 
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Figure 3.14 Flow dependent mechanisms for oriented growth (a) Proposed 

mechanism: impingement of aligned and connected spherulites (b) Classical 

mechanism: formation of Shish-kebabs by lamellar growth perpendicular to the 

core (Shish). 



 

88 

 

 

Figure 3.15 (a) and (b) Optical micrographs of Isothermally crystallized iPP at 140 
o
C for shear rate of 0.5 s

-1
 and shearing duration of 5 s [55] (c) Electron micrograph 

of shish-kebabs of polyethylene grown in an agitated xylene solution at 100 
o
C [56]. 

Classical work by Keller [6]  and Pennings [56] on solution crystallization 

showed highly oriented structures (shish) with strictly perpendicular growth (lamellar 

kebab) on them, fig. 3.15 (c). It was shown conclusively that the core (shish) was most 

stable towards melting, following by micro and macro kebabs. Micro kebabs were 

exposed by treating shish-kebab structures with fuming nitric acid. 

Based on these observations, we propose that the nature of oriented morphologies 

and so the mechanism to form them depends on the flow conditions. Mild shearing will 

give rise to oriented structures that are formed by impingement of spherulites that grow 
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from aligned nuclei. Application of flow aligns the polymer chain segments in the flow 

direction and brings them together. This gives rise to oriented bundles of chain segments 

in the flow direction. When the size of these bundles reaches a critical size, they act as 

nuclei as is the case for spherulitic growth as well. Thus the nucleation event 

encompasses point nuclei instead of linear nuclei. Features that differ in oriented growth 

compared to spherulitic growth are the alignment of these nuclei in a row due to the chain 

orientation and their dense population along the row. Growth from these nuclei is 

spherulitic until they touch each other. After the impingement of spherulites, they tend to 

grow faster in the lateral direction (direction perpendicular to the flow) than the flow 

direction and this leads to elongated structures that look like row-nucleated structures. 

Mild shearing would orient the tubes/ chains followed by radial lamellar growth by 

relaxed chains in the melt. Strong flow would give rise to highly oriented core formed of 

highly strained chains and the growth of strictly perpendicular lamellar kebabs from 

mildly strained chains, fig.3.14 (b). 

3.6 Conclusion 

Flow-induced crystallization studies for We ranging from 1.25 to 12.5 at varying 

strains up to 280 confirmed the presence of large strain requirements for iPB for the rate 

of crystallization as well as the morphological transition. Similar observations were made 

earlier for iPP [4] and PE [29]. Large strain requirements for the rate of crystallization go 

to lower strain values for higher We. Weissenberg number plays a catalytic role in 

increasing nucleation density and thus lowering the large strain requirements for the rate 

of crystallization. Strain and specific mechanical work seem to govern the leveling off of 

the rate of crystallization whereas We >>1 seems to be a necessary criterion to obtain 
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oriented growth. Atleast two different mechanisms exist for row nucleated growth – 

shish-kebab mechanism and coalescence of spherulites. An alternative mechanism based 

on coalescence of spherulites is proposed. 
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CHAPTER 4 

A NEW GENERATION OF LIGHT SCATTERING DEVICE WITH REAL TIME 

DATA ANALYSIS FOR RHEO-OPTICAL MEASUREMENTS 

 

4.1 Summary  

An apparatus for small angle light scattering (SALS) and light transmission 

measurements under shear was built and tested at the University of Massachusetts 

Amherst.  As a new development, the polarization direction can be rotated by a liquid 

crystal polarization rotator (LCPR) with a short response time of 20 ms. The experiments 

were controlled and analyzed with a LabVIEW
TM

 based code (LabVIEW
TM

 7.1) in real 

time. Quiescent and flow-induced crystallization experiments on isotactic poly-1-butene 

(iPB) were conducted to demonstrate the instrument and software capabilities. Software 

was designed with a modular approach, so that further modules can be added to 

investigate other systems such as polymer blends, colloidal suspensions, solutions with 

droplets etc. The SALS apparatus was custom built for ExxonMobil Research in Clinton 

NJ. 

4.2 Introduction 

Small angle light scattering (SALS) is gaining ample popularity in material 

industries as a preferred technique to perform real time structural analysis especially as a 

combinatorial tool with rheometry [1-5]. The fast data acquisition, easy handling, 

robustness and the ease of integrating with variety of other techniques such as X-ray, 

optical microscopy (OM) and differential scanning calorimetry (DSC) make SALS an 

attractive sensor [6, 7] even for incorporating with industrial film extruders and  injection 
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molding machines. Here we present a house-built device that can perform light scattering 

and transmission intensity measurements simultaneously while analyzing the data in real 

time. The device grew out of an earlier apparatus at the University of Massachusetts 

Amherst [8, 9] and incorporated a liquid crystal based device to control the polarization 

direction of a linearly polarized laser beam Crystallization of isotactic poly-1-butene with 

and without flow was studied to validate the device [10, 11]. The material response was 

captured under cross and parallel polars while unpolarized light did not provide any 

characteristic scattering for polyethylene films. 

In their seminal work in light scattering of polymers, Stein and coworkers laid the 

theoretical foundation for relating structure to the measured SALS [12]. The analysis was 

further extended to polymer films with orientation fluctuations [13], random assembly of 

truncated spherulites [14] and oriented films [15]. The Stein-Wilson theory provides the 

light scattering invariants for random orientation correlations [16]. 
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Qδ , Qη , q, δ, η, θ, and λ are the orientation fluctuation invariant, density fluctuation 

invariant, wave vector, orientation fluctuations, density fluctuations, scattering angle and 

wavelength of the light source, respectively. These invariants are the measure of mean 

square fluctuations. 

Mean square density fluctuations, 2η , are related to the volume fraction of 

anisotropic aggregates (φA) as,  

2 2(1 )( )
A A A s

η φ φ α α= − −      (2).  
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Aα  and sα  are the average polarizability of the aggregate and the surrounding, 

respectively. For a crystallizing polymer, spherulites can be treated as anisotropic 

aggregates of crystals in an isotropic melt. Mean square orientation fluctuations, 2δ , 

offer an estimate of the crystal volume fraction in the sample. 

2 2 2(1 )
A A A s

δ φ δ φ δ= + −     (3)
 

δA and δs define the anisotropy of the aggregate and surrounding, respectively. For a melt, 

δs can be assumed to be zero. For semicrystalline aggregates, their anisotropy can be 

expressed as a function of their crystal content, eq. 4. 

  
0 0

, , , ,(1 )
A cry A cry cry A cry A amo amo A F

f fδ φ δ φ δ δ= + − +    (4) 

,cry A
φ ,

0

cry
δ ,

0

amoδ , Fδ , ,cry A
f  , and ,amo A

f , are the volume fraction of the crystal in the 

aggregate, intrinsic anisotropy of the crystal, anisotropy of the amorphous region, form 

anisotropy, orientation function for the crystals in aggregate and orientation function for 

the amorphous regions in the aggregate, respectively. The assumptions are that all 

crystals reside within the aggregates, 

,cry A cry A
φ φ φ=        (5),  

that form and amorphous anisotropies can be neglected. Then, eqs. 3, 4 and 5 combined 

predict the mean square anisotropy for a volume-filling sample, 

2 2 0 2 2

,cry cry cry A
f Qδδ φ δ= ∝      (6). 

The crystal volume fraction in the sample is predicted to be proportional to the 

square root of the mean square orientation fluctuation invariant 

( ) ( )cry t Q tδφ ∝      (7)
  



 

98 

under the assumption that 
0

cry
δ  and ,cry A

f remain constant during crystallization. 

The transmission intensity under parallel-polars (IHH) defines the evolving 

turbidity, 0(1/ )ln( / )HHh I Iµ = − , of the sample due to crystallization. h and I0 are sample 

thickness and laser source intensity, respectively [8, 17]. 

4.3 Instrument Description 

In the SALS experiment, linearly polarized light from a 5 mW He-Ne laser (632.8 

nm wave length) passes through a linear polarizer followed by a beam splitter where the 

source intensity, I0, is measured by a photodiode, Fig.4.1. The transmitted beam then 

passes through a liquid crystal polarization rotator (LCPR). The polymer sample, held in 

a shearing device, is placed in the path of the polarized light to obtain the scattering 

pattern. Scattered light from the polymer sample generates an image on a polarizing 

screen under a CCD camera.  HV and VV patterns are recorded, digitized, and analyzed 

during the experiment. The scattering patterns are corrected for image distortions, which 

arise from the distance and angle of the camera. The main beam of the transmitted light 

passes through the center hole in the screen and gets split for cross polar and parallel 

polar transmission intensity measurements. 



 

99 

 

Figure 4.1 Schematic for the small angle light scattering device. Transmission 

measurements are performed along with scattering measurements. Double sided 

arrows represent the direction of polarization. 

The experimental set-up is shown in Fig.4.1. Its components are: 

• A 5 mW linearly polarized Helium-Neon (He-Ne) laser is held vertically on an 

optical bench that passes through a linear polarizer followed by a beam splitter. 

The polarization of the laser beam and the linear polarizer are inside-out and are 

termed as V (Vertical). The beam diameter is ≈ 1mm. 

• About half of the beam is used to measure the source intensity in order to track 

the fluctuations in laser intensity and the other half is transmitted through the 

beam splitter for scattering and further transmission measurements. 

• For control of the polarization direction, the beam passes through a liquid-crystal 

polarization rotator (LCPR) driven by a dedicated low-voltage controller. Depending on the 
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applied voltage across the LCPR, the incoming linearly polarized beam can be 

rotated by a fixed angle from 0 to 180 
o
. 

• A sample holder is placed on the bench that can be moved vertically to change the 

scattering angle range and the distance between sample and screen (L).  

• A polarization screen (analyzer) with an opaque background is placed below the 

sample holder to obtain the scattered image. The analyzer has the same 

polarization as the source i.e. V. The analyzing screen has a hole in the center to 

measure transmitted intensities. 

• A CCD camera is placed at an angle above the polarization screen to capture the 

images. CCD camera is placed on a different optical bench in order to keep the 

optical alignment undisturbed from the camera adjustments. 

• A beam splitter is placed below the analyzing screen and two photodiodes 

measure the transmitted intensities at orthogonal polarization directions 

simultaneously. The photodiode 2 and photodiode 3 have linear polarizers in front 

of them with V and H orientations, respectively. 

4.4 Liquid Crystal Polarization Rotator (LCPR) 

The LCPR device (meadowlark optics) is designed for an input wavelength of 

632.8 nm. It combines a liquid crystal variable retarder with a zero-order polymer quarter 

wave retarder. It can rotate the polarization direction of the incoming monochromatic 

linearly polarized beam from 0 to 180
o
 depending on the applied voltage. The retarder 

material is a birefringent nematic liquid crystal polymer which is sandwiched between 

two optically flat fused silica windows coated with transparent indium tin oxide (ITO). 

The working principle of the device is explained in the schematic, Fig.4.2. The incoming 
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laser beam to the LCPR is linearly polarized with a polarization of V. The polarization 

direction of the output beam changes as different voltages are applied in the increments 

of 0.01 volts across the LCPR. The voltage increment and the range of applied voltage 

are controlled via a LabVIEW
TM

 written code. The changed state of polarization is 

detected using a photodiode with a linear polarizer (V) in front of it, Fig.4.2 (a). If the 

polarization direction of the output beam is same as input i.e. V, then the photodiode 

measures maximum intensity and provides us a voltage necessary for 0
o
 rotation of input 

beam. The intensity measured by the photodiode is minimum (close to zero) for a rotation 

of 90
o
, Fig.4.2 (b). The schematic shown in Fig.4.2 (a) is a part of the whole light 

scattering train, Fig.4.1. The intensities measured by the photodiodes are normalized by 

the source intensity to correct of fluctuating laser intensity. 
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Figure 4.2 (a) Working principle of LCPR. A dedicated low voltage 

controller applies different voltages across the LCPR and the intensity of the output 

beam is measured using a photodiode. (b) A characteristic LCPR curve. Maximum 

and the minimum intensities correspond to the voltages for VV and HV scattering. 

4.5 Nomenclature for Scattering Images and Transmission Intensities 

The polarization direction for the analyzing screen and the source is chosen to be 

always V. When the leaving beam from LCPR has same polarization direction as the 

source and the analyzing screen i.e. V, we obtain a VV scattering pattern with 

transmission intensities being VV (photodiode 2) and VH (photodiode 3). When the 

leaving beam has a polarization direction of H, we get a HV scattering pattern with 

transmission intensities being HV (photodiode 2) and HH (photodiode 3). 

4.6 Image Correction for CCD Camera Tilt 

The analyzing screen for the SALS images is aligned normal to the incident beam 

while the detector, a charge-coupled device (CCD) camera, records these images at an 

angle to the analyzing screen, see Fig.4.1. The angular position of the CCD results in 
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perspective distortion of the captured images. An example of such distortion is shown in 

Fig.4.3 (a). For Calibration, a reference image with a regular pattern of equal size circular 

dots was placed on the screen and its image was taken using the CCD camera. The laser 

was switched off for this part of the experiment and a white light source was used to 

illuminate the pattern. The captured image, Fig 4.3(a), shows dots that are distorted from 

their true shape. The image was then corrected using a mathematical scheme in 

LabVIEW
TM

, Fig.4.3 (b). The correction parameters were saved and used for following 

SALS experiments. 

 

Figure 4.3 Image correction for CCD camera tilt: An image with equally 

spaced circular dots was printed on a piece of paper and was used as a template to 

correct for the image distortion from camera angle and distance (a) image captured 

from the CCD camera before correction shows distorted circular dots. The 

distortion is along the X-axis as well as the Y-axis. (b) Corrected image after 

applying the necessary mathematical scheme. 
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4.7 Scattering Wave Vector (q) Calculations 

The momentum change upon elastic scattering is described by the wave vector, q, 

which is related to the length scales (d) that scatter light of wavelength, λ at scattering 

angle of θ,  see Fig.4.4. The wave vector is given as (4 / ) sin( / 2) 2 /q dπ λ θ π= = . The 

Scattering angle depends on the camera length (L), the distance between sample and 

analyzing screen, and the distance of an image point from the center of the screen, x, as

tan /x Lθ = . The q- range can be altered by varying L or the size of the screen. 

 

Figure 4.4 Scattering wave vector (q) calculation: Scattering angle from camera 

length L and distance of a point on the scattering image, x. 

4.8 Software for Real Time Data Acquisition and Analysis 

The input parameters to the SALS analysis software are the sample distance from 

the analyzing screen (L), angle of analyzing screen, Image size in pixels, HV and VV 

voltages to the LCPR, number of samples and sampling interval. The tilt angle for 

analyzing screen was zero for the experimental data presented in Figs.4.6, 4.7 and 4.8. 

Users can add multiple images for HV and VV patterns to improve the signal quality for 
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slowly varying structures. Software combines source intensity (photodiode1) and 

transmission intensities (photodiodes 2 and 3) measurements and calculates the light 

scattering invariants in real time. Line integrals (1-Dimentional) as well as areal integrals 

(2-Dimentional) are obtained by analyzing HV and VV patterns in real time according to 

eq.1. For the line integrals, user can control the initial and final pixel coordinates of a line 

during the experiments and can precisely center it with the acquired images. Intensity (I) 

Vs q and Iq
2
 Vs q curves are also plotted in real time during the experiment. 

4.9 Example: Crystallization of Isotactic Poly-1-Butene 

4.9.1 Material and Sample Preparation 

Isotactic poly-1-butene (iPB), from Basell, with Mw = 176000 g/mol and Mw/Mn 

of 5.7, served as test material. Pellets of iPB (as obtained from Basell) were compression 

molded into thick sheets, from which samples were cut for Differential Scanning 

Calorimetry (DSC) and optical measurements. The iPB was used without a nucleating 

agent. 

Differential scanning calorimetry (DSC) was carried out under nitrogen in a DSC 

Q1000 (TA Instruments) using standard aluminum pans (from TA instruments) 6 mm in 

diameter and weighing about 24 mg. A thin sample (about 12 mg) was pressed into a 

DSC pan and heated above melting temperature to establish uniform contact between 

polymer and pan. For the DSC measurements, samples were heated as well as cooled at 

10K/min. First melting, second melting, and crystallization peaks were observed at 120 

o
C (100-130

 o
C), 110 

o
C (100-120

 o
C), and 54 

o
C, respectively (Fig. 4.5). First melting 

belongs to the crystal FormI of iPB, which has a density of 950 Kg/m
3
 and is a 



 

106 

thermodynamically stable form. Second melting belongs to FormII that is less dense (907 

Kg/m
3
) than FormI and is a kinetically favored crystal form. FormII transforms into 

FormI within 7-12 days at room temperature and atmospheric pressure [18-21]. 

 

Figure 4.5 Differential scanning calorimetry for iPB for heating and cooling rates of 

10 K/min. Two polymorphs of iPB, FormI and FormII, were observed during first 

and second heating, respectively. 

4.9.2 Temperature and Shearing Protocol 

For all experiments, samples were heated to 174 
o
C, kept there for about 15 

minutes. Such a high temperature (about 50 K above melting) was used to erase the 

thermo-mechanical history and to melt all the crystallites present in the sample as 

recommended by Hadinata et al. [22]. Then the sample was cooled down to Tx, the 

temperature for isothermal crystallization. Time t = 0 was assigned to the instant at which 

the experimental temperature Tx was reached. Sample was sheared for a duration of ts 

from t=0 and then crystallized isothermally without any further shearing. Cooling was 

performed fast enough to avoid any crystallization during cooling. The main purpose of 
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adopting Janeschitz-Kriegl protocol [23, 24] was to isolate shearing action from crystal 

growth. This way dynamics of flow was governed by the melt dynamics instead of 

suspension dynamics (solid crystal suspended in melt). 

4.9.3 Quiescent Crystallization of iPB 

The development of four-clover light scattering patterns (HV images), a 

characteristic of spherulitic morphology, is presented in Fig. 4.6. Crystallization was 

performed isothermally at 88.9 
o
C without any preshearing. The maximum scattering 

angle was 5.8 
o
, corresponding to a maximum q value of 1 µm

-1
 and the minimum length 

scale of 6.3 µm. Scattering images under parallel-polars are shown as well. Images are 

corrected for the excess scattering (due to melt and stage windows) as well as the 

fluctuations in source intensity. Light scattering invariants were calculated according to 

the areal integrals of eq. 1. The measured density fluctuation invariant goes through a 

maximum at about t = 250-400 s for six different measurements (Fig. 4.7). For a system 

consisting of anisotropic scatterers in an isotropic matrix with random orientation 

fluctuations, this maximum characterizes the instant when half of the sample volume is 

occupied by the scattering aggregates [16]. The normalized orientation fluctuation 

invariant ( ( ) /Q t Qδ δ −∞ ) grows with time and reaches a steady value within about 1600-

2400 s. Due to growing inhomogeneities, the normalized parallel polar transmission 

intensity ( ( ) /HH HHI t I −∞ ) decreases and reaches a plateau in about 1600-1700 s. The HV 

pattern loses its four clover shape and becomes isotropic after this. 
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Figure 4.6 Small angle light scattering (SALS) images under cross-polars and 

parallel-polars for crystallizing isotactic poly-1-butene at 88.9 
o
C. Crystallization 

was performed without applying any flow. 

 

Figure 4.7 SALS and transmission measurements for crystallizing isotactic poly-1-

butene at 88.9 
o
C. Invariants were obtained by analyzing the images in Fig.4.6. 

4.9.4 Shear-induced Crystallization of iPB 

Figure 4.8 shows a set of SALS images under cross-polars (HV) and parallel-

polars (VV) modes for crystallization of iPB at 98.9 
o
C with 

17 sγ −=ɺ  and strain units of 
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210. Sample reached to a temperature of 98.9 
o
C (Tx) at t=0 and was sheared for a 

duration of 30s. Shearing direction was at 45
o
 to both polarizer and analyzer, and is 

shown in Fig.4.8. Light scattering images just after shearing (
s

t+ ) showed a very little 

scattering. An anisotropic scattering pattern, perpendicular to the flow direction, was 

observed at 610 s under cross-polars. Scattering in the direction perpendicular to the flow 

corresponds to the development of oriented shish-like structure in the flow direction. VV 

image at this time also had anisotropic scattering perpendicular to the flow, though the 

development of shish-type structures was more clearly visible under HV mode of 

scattering. HV images showed the enhanced scattering in the flow directions at the later 

stages and a transformation from anisotropic scattering to isotropic scattering. Enhanced 

scattering in the flow direction is attributed to structure growth perpendicular to the flow 

and thus it was due to the lamellar kebab growth on the existing shish. Crystallization in 

the absence of flow would give rise to mix of lamellar kebab growth on existing shish 

structures with the spherulitic growth in the relaxed melt, which would lead to isotropic 

scattering. 
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Figure 4.8 Cross-polar (HV) and parallel-polar (VV) images from SALS during 

crystallization of iPB at 98.9 
o
C after shearing with 

17 sγ −=ɺ for 30 s. 

4.10 Linear Rheometer with an Inverted Light Scattering Set-up 

The SALS apparatus described above has a vertical configuration with the laser 

source being at the top. The similar set-up has been combined with a house-built linear 

parallel plate rheometer and a customized optical microscope, Fig.4.7. A program is 

being developed in LabVIEW
TM

 to synchronize rheometry with image acquisition in 

optical microscopy and SALS. 
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Figure 4.9 An inverted SALS set-up combined with a rheometer and an optical 

microscope to follow the evolution of mechanical and optical properties 

simultaneously along with the morphology from scattering and optical microscopy 

images. 

4.11 Conclusions 

The device at UMass Amherst was developed to investigate the crystallization of 

thermoplastic semicrystalline polymers though it can readily be extended to polymer 

blends, concentrated suspensions, micellar solutions, crude oil and to variety of other 

materials [1, 25-28]. A LabVIEW
TM

 based platform provides flexibility to add new 

modules to the existing code. The house-built small angle light scattering apparatus is 

able to perform following in real time: 

• Transmission intensity measurements under cross and parallel polars 

• Record scattering images under cross and parallel polars and their real time 

analysis to obtain light scattering invariants 
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• Source intensity measurements  

• Controlling polarization direction using a liquid crystal based device for fast 

response time 

As a novel addition a liquid crystal based device is incorporated as a superior 

substitute of quarter wave plate to control the polarization direction of a linearly 

polarized laser. The LCPR unit not only provides faster rotation of light but also is less 

bulky than the traditional quarter wave plate set-up which requires a motor to rotate the 

plate. The set-up is being combined with a rheometer and an optical microscope. 
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CHAPTER 5  

FINAL COMMENTS AND FUTURE WORK 

We have investigated the structure-property evolution in real-time during 

crystallization of a commercial semicrystalline thermoplastic polyolefin, isotactic poly-1-

butene. The polymer was chosen due to its slow crystallization dynamics and the lower 

tendency for surface induced crystallization compared to polypropylene and polyethylene 

[1-3]. Variety of techniques including rheometry, small angle light scattering, 

transmission intensity measurements, differential scanning calorimetry and optical 

microscopy were implemented to follow the mechanical and optical properties along with 

the crystallinity and the morphology. Synchronization among various techniques was 

achieved by using the same probe for temperature calibration for different instruments. 

However different instruments have different degree of surface induced crystallization 

due to varying surfaces as well as variation in the overall applied temperature profiles. It 

would be valuable to combine these techniques into a single apparatus where when can 

perform optical microscopy, DSC, light scattering, transmission intensity measurements 

and rheology simultaneously. It will eliminate any concerns regarding the variation in 

crystallization conditions. 

For quiescent crystallization, it will be useful to perform such experiments in a 

closed device with a blanket of heated nitrogen. An apparatus like this will be 

instrumental in extending such studies to variety of other semicrystalline polymers such 

as PET, PEO and PLA that are more sensitive to thermal degradation than iPB. A closed 

set up will have uniform temperature profile as well. 



 

116 

In Chapter 2, we have reported on the mechanism of network formation for 

crystallizing isotactic poly-1-butene and have performed detailed studies capturing 

evolution in mechanical and optical properties along with the crystallinity. Complex 

moduli from rheometry, orientation fluctuation invariants from light scattering and 

crystallinity from DSC grow in a sigmoidal fashion and can be described by Weibull 

functions with different exponents and characteristic times. It would be interesting to 

carry out such measurements for varying temperatures and establish a correlation among 

such exponents and time scales. Such correlations will help up predict one property from 

another and build predictive tools for structure-property relations.  

In the same Chapter 2, an initiative is taken to model the process of sample 

volume filling by spherulites based on experimental information of kinetics of nucleation. 

A simple set of experiments and data analysis provide us with an analytical expression 

for the growing volume fraction of spherulites. The randomness of nucleation is not 

addressed adequately in the literature. Some of the earlier work was initiated by Stein and 

coworkers [4]. A set of experiments performed isothermally at different temperatures 

with above mentioned approach will give us wealth of information. Such experiments 

will also help us understand the effect of spherulite size distribution and grain boundaries 

on mechanical properties. 

Flow effects on crystallization are reported in Chapter 3. Optical measurements 

are carried out in a quest to establish criteria that govern flow-induced crystallization. 

The shear rates chosen were too large to perform rheometry in the existing instruments. A 

set of experiments can be designed based on the current work to perform mechanical 
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measurements at small shear rates along with the optical measurements. It would be 

interesting to learn the flow effects on gelation and crystallization. 
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