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Chapter 1. Summary and outline 

1.1 Summary 

Semicrystalline polymers cover over two thirds of commercially produced polymeric 

materials, and have been widely applied to many areas of the modern society, including 

building and construction, electronics, packaging, etc. Understanding the behavior of polymer 

crystallization is of critical importance due to the significant impact of the crystallization 

process on the properties of materials. Polymorphism is the ability of a polymer, in analogy 

with low molecular mass substances, to crystallize in different modifications, characterized by 

different crystal structures (polymorphic forms). Much effort has been made to find proper 

methods to develop different crystal modifications for polymorphic polymers. However, it is 

still a challenge to control the polymorphic outcome of the crystallization process. Furthermore, 

semicrystalline polymers are composed of stacked crystalline lamellae and entangled 

amorphous polymeric chain segments in between them. The interaction between amorphous 

and crystalline phases plays an important role in determining final mechanical and transport 

properties. Despite this importance, the effect of polymorphism on the amorphous phase is not 

well clarified because of its complexity. In this thesis, one typical polymorphic polymer, 

polybutene-1 (PB-1), was selected for a detailed crystallization study. 

Polybutene-1 is one of the most investigated polymorphic polymers. It has applications in 

pipes and films with a service life up to 50-100 years due to its excellent mechanical properties. 

In practice, among all crystalline polymorphisms within PB-1, Forms I and II are the most 

relevant modifications from the processing perspective. With the goal to establish a 

comprehensive understanding of the heterogeneous nucleation between these two 

modifications (cross-nucleation), we monitor the crystallization process of Form II induced by 

Form I crystals with different type of substrate (spherulitic, hedritic and fiber-like) using a 

direct investigation technique of optical microscopy. The different cross-nucleation efficiencies 

of Form II are tentatively attributed to differences in the Form I lamellar thickness, on the basis 

of an epitaxial crystallization and heterogeneous nucleation mechanism. A quantitative analysis 

of the induction time for nucleation determined the cross-nucleation energy barrier, which 

could be reasonably described by classical models. The results revealed that the rate 

determining step for PB-1 cross-nucleation is the process of the addition of several crystalline 

layers during the formation of critical nucleus. Furthermore, the hypothesized epitaxy in PB-1 
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Form II-on-Form I cross-nucleation is probed by employing in-situ nanofocused synchrotron 

X-ray diffraction. Comparing the two-dimensional diffraction patterns at the interface between 

the two modifications, a preferred mutual orientation of the two structure, with the (200)II plane 

aligned ~8.5º apart from the (110)I plane, is revealed. This demonstrates a parallel (110) plane 

between the two polymorphs during cross-nucleation. Then, both mismatches between the 

inter-chain distances and along the chain axes within (110) plane were considered and found 

to lay well-below the accepted mismatch criterium for epitaxy. This confirms that the cross-

nucleation of Form II on Form I occurs at the (110) contact planes through epitaxial mechanism. 

Next, an in-depth study of fiber-induced nucleation ability and crystalline morphology in 

polybutene-1/fiber composites is presented. Using different fibers as substrates, we could 

unveil the difference of Form II crystalline morphology: a transcrystalline layer (TCL) induced 

by PB-1 Form I fiber and hybrid shish–calabash structure (HSC) induced by other fibers, 

namely carbon, glass, PP, PLLA homocrystal and stereocomplex. Based on a quantitative 

analysis of the nucleation kinetics, it was found that the nucleation free energy barrier is 

affected by surface roughness, surface chemistry and specific surface-polymer interactions 

(epitaxy). In view of the number of potential nucleation sites correlating with the fiber surface 

roughness, it was demonstrated that TCL can be obtained when a sufficient amount of 

nucleation sites is available, notwithstanding the height of the nucleation free energy barrier. 

Besides the phenomenon of heterogeneous nucleation, the three-phase structure is also 

influenced by crystal polymorphism. Therefore, in the last part of the thesis, we focused on the 

study of the rigid amorphous fraction (RAF) in both polymorphs, i.e., the part of amorphous 

chains constrained by direct coupling to the crystalline lamellae. Isochronous aging 

experiments with differential scanning calorimetry (DSC) on both crystalline phases are 

performed, in a wide temperature range between the glass transition of the mobile amorphous 

fraction and the onset of crystal melting. An endothermic peak above the aging temperature is 

typically observed. The trend of the recovered enthalpy calculated from the endothermic peak 

with temperature can be described by a bell-shaped curve, approaching zero recovered enthalpy 

at temperatures of 100-110 °C, and 40-50 °C for samples with Form I and Form II, respectively. 

These temperatures are thus identified as the upper limit of the glass transition of rigid 

amorphous fraction coupled with the two modifications. Overall, our results demonstrate that 

for PB-1, at least within the investigated temperature range, the endothermic peaks can be 

related to structural recovery of the RAF. 
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1.2 Outline 

The aim of this thesis is to gain a deeper understanding on several issues related to 

crystallization of polybutene-1, which include cross-nucleation, fiber induced heterogeneous 

nucleation, and the rigid amorphous fraction. In particular, by means of differential scanning 

calorimetry (DSC), polarized light optical microscope (PLOM), and nanofocused synchrotron 

wide angle X-ray scattering (WAXS) techniques, we investigated the heterogeneous nucleation 

and the enthalpy relaxation of RAF.  

The second chapter describes some general concepts on crystallization and rigid 

amorphous fraction. A brief introduction on polybutene-1 is also given. 

The third chapter describes in detail the experimental materials and techniques that were 

used throughout this thesis to perform the measurements. 

In the fourth chapter, the substrate-induced cross-nucleation behavior of PB-1 using seeds 

of Form I but possessing a different morphology (spherulitic, hedritic or fiber-like) is monitored. 

The mechanism for the differences in nucleation kinetics of different substrates toward Form 

II is discussed. The quantitative analysis of the induction time for nucleation is also proposed 

in combination with different models. 

The fifth chapter explores the possible existence of epitaxy between Forms I and II 

modifications in PB-1 cross-nucleation by nanofocused synchrotron X-ray diffraction. The 

two-dimensional diffraction patterns at the interface of Form II-on-Form I cross-nucleation are 

analyzed. The calculations of mismatches along various crystallographic directions are 

presented, to prove validity of the epitaxial crystallization mechanism of Form II on Form I 

crystals. 

The sixth chapter focuses on discussing fiber-induced nucleation ability and crystalline 

morphology in polybutene-1/fiber composites. The effect of fiber characteristics on 

heterogeneous nucleation kinetics are discussed. The density of nucleation sites along the fiber 

has been highlighted to distinguish the crystalline morphology of Form II on fibers.  

The seventh chapter is dedicated to the influence of crystal polymorphism on the three-

phase structure of PB-1, detected by calorimetry using the method of isochronous aging 

experiments. The influence of crystal modification of PB-1 on thermal properties of the RAF 

is explored. The nature of endothermic peak in aged PB-1 has been disclosed by using a 

multiple approach.  

In the final chapter, a general conclusion of the work, together with possible outlooks, are 

provided. 
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Chapter 2. General introduction 

2.1 The phenomenon of polymer crystallization  

Polymer crystallization is a challenging subject of academic research that is very 

important for the plastics industry, as approximately 75% of all commercially available 

polymers are semicrystalline and their properties depend on their crystallinity degrees, melting 

temperatures and semicrystalline morphology. Polymer crystallization has been the subject of 

many important books and reviews over its 60 years history. [1-20] 

The polymer can only partially crystallize when it is cooled below the equilibrium melting 

point, forming a two-phase structure with alternating crystalline and amorphous phases. This 

can be attributed to the presence of a large number of chain entanglements in the polymer melt, 

most of which cannot be disentangled and eliminated in the time given by the crystallization 

process and can only migrate to the amorphous zone, due to the low diffusion coefficients and 

high viscosities typical of long molecular chains’ melts. The complicated morphologies which 

arise is organized in a hierarchical structure. During crystallization, the disordered polymer 

chains first form a stable conformation, conformationally ordered chain segments then arrange 

parallel to each other to form the smallest repeating unit of a unit cell at the 10-1-100 nm length 

scale, and further form crystalline lamella with folded chains at the 101-102 nm length scale. 

Finally, the lamellae are used as structural units to further stack into micrometer or even larger 

scale spherical crystalline structures, that are spherulites, through isotropic arrangements, as 

shown in Figure 2.1.[13] 

 

 

Figure 2.1 Scheme of the hierarchical structure of semicrystalline polymer. (a) aligned chains, 

(b) crystal lamella, (c) lamellar stacking morphology, and (d) spherulitic structure.[13] 
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The morphology of polymer crystals has been an important topic in polymer science for 

more than 60 years. While single crystals grown from solution show mono or multi-lamellar 

faceted shapes, polymer crystals obtained from the quiescent melt mainly display a spherulitic 

morphology, consisting of radically arranged folded chain lamellar stack structures. When 

polymers are crystallized under flows such as elongational and/or shear flows, the so-called 

shish-kebab structure is formed, which consists of long central fiber core (shish) surrounded 

by lamellar crystalline structure (kebab) periodically attached along the shish.[21-24] 

Embedded fibers or other solid surfaces in a polymer matrix may act as heterogeneous 

substrates and crystallization occurs along the interface with a high density of nuclei. These 

large number of nuclei will further hinder the lateral growth of each site, and force crystal 

growth in one direction, namely perpendicularly to the fiber nucleating surface, resulting in a 

columnar crystalline layer, known as transcrystallinity (TC) or transcrystalline layers 

(TCL).[25-29] Figure 2.2 shows micrographs of typical morphology of single crystal, 

spherulite, shish-kebab structure, and  transcrystallinity. 

 

 

Figure 2.2 Micrograph of a typical morphology of (a) single crystal, (b) spherulite, (c) shish-

kebab structure, and (d) transcrystallinity. 

2.2 Theories of polymer crystallization 

Polymer crystallization is a first order phase transition of the supercooled liquid, and in 

order for this thermodynamically favored transformation to occur, two separate processes are 

required, i.e., the stable phase has to nucleate and then grow within the metastable phase. 

Therefore, when isothermal crystallization happens slowly at high temperatures, one can 

observe a significantly long incubation period for crystal nucleation, followed by the process 
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of crystal growth.  

2.2.1 Classical nucleation theory 

Nucleation involves the attainment of a particular molecular chain arrangement in order 

to form the new phase. In the case of polymer crystallization from the melt, the chain segments 

must approach themselves to distances commensurate to those characteristics of the crystalline 

unit cell, and must possess the right conformation, as the crystal symmetry imposes. From a 

thermodynamic point of view, the chain segments with those attributes form a crystalline 

aggregate which varies the system free energy according to: 

∆𝐺 = 𝛥𝐻 − 𝑇𝛥𝑆                                                                     (2.1) 

where ΔH and ΔS are the enthalpy and entropy of crystallization respectively. The 

thermodynamic equilibrium condition between the melt and the crystals is verified when ΔG 

is equal to zero, i.e., when the temperature of the system is the melting temperature, Tm. 

Crystallization becomes possible as soon as ΔG assumes negative values. 

Any crystal starts as a small crystal with a large specific surface area. Therefore, equation 

(2.1) can also be written by explicitly expressing the surface and volume contributions to the 

Gibbs free energy:  

∆𝐺 = 𝑉∆𝑔 + ∑ 𝐴𝑖𝜎𝑖

𝑖

                                                            (2.2) 

where V is the volume and Ai is the i-th surface of the aggregate, σi represents the (positive) 

surface free energy of the related surface, and Δg is the bulk free energy change per unit volume 

associated to the formation of a new crystal. At temperatures above Tm, crystallization is 

thermodynamically impossible, while below Tm it becomes possible, but its occurrence depends 

on the competition between these two energy terms. As such, the ΔG exhibits a maximum with 

respect to the crystalline aggregate size, as shown in Figure 2.3. The maximum in ΔG 

corresponds to the critical size that the aggregate must attain in order to become a nucleus. 

Clusters smaller than r* are called subcritical nuclei or embryos, they are unstable and tend to 

disappear from the system, since their growth is linked to an increase of ΔG. Aggregates that 

exceed r* are called supercritical nuclei as long as their ΔG is still positive: their growth to 

sizes exceeding the minimum stability requirement is thermodynamically favored. Nuclei with 

a negative ΔG are called stable nuclei or small crystals. The larger the critical nucleus size, the 

longer will be the time needed for the nucleation process.  
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Figure 2.3 Schematic representation of the change in ΔG as a function of crystalline aggregate 

size, illustrating the nucleation process. 

 

Various theories available to describe nucleation are based on phenomenological, kinetic, 

and microscopic approaches. The phenomenological models try to calculate the free energy 

formation of clusters based on macroscopic quantities. The kinetic theory of nucleation avoids 

the use of macroscopic surface tension; instead, it is based on molecular interactions.[30-32] 

Molecular approaches, which include Monte Carlo simulation and molecular dynamics 

(MD)[33-35] use first principles to calculate the free energy of cluster formation. The classical 

nucleation theory (CNT) is the first theoretical treatment based on a phenomenological 

approach to nucleation and dominated the field of nucleation studies for many years. 

As the most common theoretical model, CNT is used to understand nucleation of a new 

thermodynamic phase such as a liquid or solid. The CNT stems from the work of Volmer and 

Weber, Becker and Döring, and Frenkel.[36, 37] It originally described the condensation of 

vapor to a liquid, under the assumption that fluctuations in the supercooled phase can overcome 

the nucleation barrier caused by the surface of the liquid. The theory can be extended to other 

equilibrium systems such as crystallization from melts and solutions. The probability of the 

presence of a nucleus of given size at constant volume and energy is, according to Boltzmann’

s law, a function of the change in entropy, proportional to exp(ΔS/k). At constant pressure and 

temperature, the probability for the presence of a nucleus of given size is proportional to exp(-

ΔG/kT). The theory is approximate and gives reasonable prediction of nucleation rates, I*:  

𝐼∗ = (𝑁𝑘𝑇 ℎ⁄ )𝑒𝑥𝑝[− (𝛥𝐺∗ + 𝛥𝑈) 𝑘𝑇⁄ ]                                            (2.3) 

where h is Plank constant, N is the amount of uncrystallized units that can participate in the 

nucleation process, k is Boltzmann constant, 𝛥𝐺∗ is the critical free energy barrier for crystal 
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nucleation and 𝛥𝑈 is the activation energy for the diffusion of crystallizing elements across the 

phase boundary 

Some of the simplifying assumptions of CNT are (a) the nucleus can be described with 

the same macroscopic properties (density, structure, composition) of the stable phase, (b) the 

nucleus is spherical and the interface between the nucleus and the solution is a sharp boundary, 

and (c) solid–liquid interface is approximated as planar, regardless of critical cluster size. This 

is known as capillary approximation and may be reasonable for large clusters, but for small 

clusters the surface is highly curved, and the approximation leads to large discrepancies. The 

assumption of spherical shape is also not generally valid, as for instance in the case of NaCl, 

which produces cubic-shaped nuclei. Also, if polymorphism is expected for a system, this may 

not necessarily nucleate in the stable form, but it can pass through a path by which the free 

energy barrier is minimized. This is not taken into account by CNT. Even though the theory is 

able to capture the underlying physics of the phenomenon and provide good qualitative 

interpretation of nucleation data, its failure to provide a correct quantitative description led to 

the unsuitability of CNT for a variety of systems. Another shortcoming of the theory is that it 

is unable to explain the vanishing nucleation barrier at high supercooling. In spite of various 

extensions and developments in theoretical approaches, CNT still serves as a platform to 

describe nucleation, since it is based on experimentally accessible information.  

2.2.2 Primary nucleation 

Primary nucleation, the first step of crystallization, can include two types of nucleation:  

homogeneous and heterogeneous nucleation. Homogeneous nucleation [38, 39] is a 

significantly studied phenomenon that occurs, when a system initially in a state of stable 

thermal equilibrium, becomes metastable as a result of thermal fluctuations, and there is no 

role of foreign surfaces. This type of nucleation is the dominant mechanism in the formation 

of microcrystalline ceramics, explosions occurring when a cold fluid contacts a hotter fluid, 

condensation on supersonic nozzles, and many other systems.[40-42] Usually large 

supersaturations or supercoolings are needed to initiate this type of nucleation.  

Instead, nuclei induced at the interface of vessel walls, dust particles, and impurities are 

considered examples of heterogeneous nucleation, [5, 9, 43-46] which can occur at a lower 

supersaturation (or supercooling) compared to homogeneous nucleation. A more specific 

example of heterogeneous nucleation is the case of cross-nucleation, where a faster growing 

polymorph can nucleate heterogeneously on the surface of another one, without requiring any 

phase transition between them. 
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With respect to the formation of the spherical nucleus with a radius of r during the 

homogeneous nucleation process, the Gibbs free energy change ΔG after the formation of the 

spherical nucleus is given by 

∆𝐺 = −
4

3
𝜋𝑟3∆𝑔 + 4𝜋𝑟2𝜎                                                    (2.4) 

where 𝛥𝑔 and 𝜎 are the bulk free energy difference and the surface free energy between the 

nucleus and surrounding liquid, respectively. The surface and volumetric terms as well as ΔG 

versus radius of the nucleus are schematically illustrated in Figure 2.3, where the volumetric 

and surface terms in equation (2.4) show opposite trends. The radius r* of the critical nucleus 

can be obtained when dΔG/dr = 0: 

𝑟∗ =
2𝜎

∆𝑔
=

2𝜎𝑇𝑚

∆ℎ𝑜∆𝑇
                                                          (2.5) 

where Δh0 is the enthalpy of crystallization at the equilibrium melting point Tm and ΔT is the 

supercooling degree (ΔT = Tm - T). The related value of the critical free energy variation, ΔG(r*), 

the free energy of the critical nucleus, can be computed as: 

∆𝐺∗ =
16

3
𝜋

𝜎3

∆𝑔2
=

16

3
𝜋

𝜎3𝑇𝑚
2

(∆ℎ𝑜)2(∆𝑇)2
                                         (2.6) 

In the case of polymers, we must consider a different geometry for the nucleating crystal, 

given the fact that this is built by the successive addition of adjacent segments of polymer 

chains. The simplest choice is that of a prismatic nucleus with quadratic cross section. For this 

geometry, and taking into account chain folding, we have to use two different surface free-

energies: that of the bases (σe) and of the lateral surfaces (σ) of the parallelepiped. Then, the 

equation for the change in the free energy of crystallization becomes: 

∆𝐺 = 4𝑎𝑙𝜎 + 2𝑎2𝜎𝑒 − 𝑎2𝑙∆𝑔                                                       (2.7) 

where a and l are the cluster dimensions. In general, σe is 5 to 20 times the value of σ. Also, 

this function has a maximum (G*) in correspondence of the critical dimensions a* and l*: 

𝑎∗ =
4𝜎𝑇𝑚

∆𝑇∆ℎ𝑜
                                                                        (2.8) 

𝑙∗ =
4𝜎𝑒𝑇𝑚

∆𝑇∆ℎ𝑜
                                                                        (2.9) 

∆𝐺∗ =
32𝜎𝜎𝑒𝑇𝑚

2

(∆ℎ𝑜)2(∆𝑇)2
                                                            (2.10) 
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Building upon earlier work of Volmer,[47] an extension of CNT to heterogeneous 

nucleation was proposed by Turnbull.[48, 49] In Turnbull’s model, the nucleating cluster is 

assumed to be a hemispherical cap intersecting the substrate surface with a contact angle θ (see 

Figure 2.4). The equation for the work required to form the nucleating cluster within CNT is 

∆𝐺ℎ𝑒𝑡 = 𝑉(𝑅, 𝜃)∆𝑔 + 𝐴1(𝑅, 𝜃)(𝜎𝑠,𝑠𝑢𝑏 − 𝜎𝑙,𝑠𝑢𝑏) + 𝐴2(𝑅, 𝜃)𝜎𝑠𝑙                  (2.11) 

where V(R, θ) is the volume of the cap, A1(R, θ) and A2(R, θ) are the areas of the cap-liquid and 

cap-substrate boundaries, respectively. The quantities 𝜎𝑠,𝑠𝑢𝑏 and 𝜎𝑙,𝑠𝑢𝑏 are the crystal-substrate 

and liquid-substrate surface free energies, respectively. Therefore, the heterogeneous 

nucleation barrier within Turnbull’s CNT can be expressed as a fraction of the homogeneous 

nucleation barrier, but the radius r* of the critical nucleus is the same of that of homogeneous 

nucleation, 

∆𝐺ℎ𝑒𝑡
∗ = ∆𝐺∗𝑓(𝜃) = ∆𝐺∗

(2 + cos 𝜃)(1 − cos 𝜃)2

4
                       (2.12) 

𝑟ℎ𝑒𝑡
∗ = 𝑟∗ =

2𝜎𝑠𝑙

∆𝑔
                                                             (2.13) 

where ΔG* and r* are the energy barrier and critical size for the homogeneous nucleation case 

and f (θ) is the shape factor. 

 

 

Figure 2.4 Hemispherical cap geometry for classical heterogeneous nucleation theory. 

 

Another classical approach for polymers assumes the formation of prismatic embryos with 

rectangular cross section and height in the direction of the chain axis on a flat surface, as 

showed in Figure 2.5. 
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Figure 2.5 Prismatic geometry for classical heterogeneous nucleation theory. The blue lines 

represent the surface of the heterogeneous nucleus on which the embryo is formed. 

 

The equation that describes this nucleation modality is simply a modification of the 

homogeneous nucleation case. The change in the Gibbs energy has the form: 

∆𝐺ℎ𝑒𝑡 = −𝑎𝑏𝑙∆𝑔 + 2𝑏𝑙𝜎 + 𝑎𝑙∆𝜎 + 2𝑎𝑏𝜎𝑒                                     (2.14) 

where σ is the free energy of the lateral surfaces in contact with the supercooled melt, σe is the 

free energy of the surfaces perpendicular to the chain direction and Δσ is the interfacial free 

energy difference, given by: 

∆𝜎 = 𝜎 + 𝜎𝑠/𝑐 − 𝜎𝑠/𝑚                                                           (2.15) 

In which σs/c is the crystal-substrate interfacial energy and σs/m is the melt-substrate 

interfacial energy. Therefore, Δσ can be brought down to the surface tension properties of the 

substrate, polymer crystal and polymer melt. Thus, Δσ is a convenient way to define the 

nucleating ability of the substrate toward the polymer melt. In fact, this parameter is related to 

the critical dimensions of the heterogeneous nucleus and the associated free energy barrier: 

2.2.3 Crystal growth theory 

In the last decades, polymer crystallization models have been investigated intensively 

since the discovery of the chain folding in polyethylene single crystal in 1957 by Till, Keller, 

and Fischer.[50-53] Up to now, the most successful and widely accepted theory to describe 

crystal growth was proposed by Hoffman and Lauritzen, now known as Hoffman–Lauritzen 

(HL) theory or the Lauritzen–Hoffman (LH) theory. This theory is based on the secondary 

nucleation at the lateral growth front of lamellar polymer crystals.[54-56] However, Sadler-

Gilmer argued that the nucleation barrier is completely an “entropy barrier” without enthalpic 

contribution.[57, 58] Furthermore, other comprehensive approaches have been continuously 
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proposed to understand the polymer crystallization, such as the fine-grained model,[59] Point’s 

multipath model,[60, 61] Sadler−Gilmer’s model,[62] Hikosaka’s sliding diffusion model,[63] 

Wunderlich’s molecular nucleation model,[5] Hu’s intramolecular nucleation model,[64] and 

Muthukumar’s continuum model,[65] just to name a few.  

As the polymer community is familiar with HL theory, we still want to highlight the key 

characteristics of this theory to be compared with the above theories. The HL theory is mainly 

based on the following assumptions: (1) the growth front is smooth; (2) the length of chain-

folded crystal stems keeps constant during crystal growth. The energy barrier is gradually 

compensated by the free energy gain upon depositing neighbouring stems with a length slightly 

beyond a minimum lamellar thickness. The crystal grows in size involving two key processes: 

a molecular stem firstly lays down on the pre-existing surface provided by stable nuclei, 

secondly, other chain segments attach next to the first stem resulting in the lateral growth of 

the crystal, as shown in Figure 2.6. 

 

 

Figure 2.6 Model of secondary nucleation and growth proposed in the HL theory.[96] 

 

HL theory describes the crystal growth by employing a surface nucleation rate Isn and a 

substrate completion rate Isg. During surface nucleation, the first chain stem, with length l 

corresponding to the thickness of the crystal substrate, deposits onto an atomically smooth 

growth front with a bulk energy gain of a0b0lΔg and a penalty of 2b0lσ due to the creation of 

two lateral surfaces, where a0 and b0 are the width and thickness of the stem, respectively, Δg 

is the free energy difference between crystal and polymer melt, and σ is the free energy of the 

lateral surface. The further deposition of other stems requires chains to fold back and forth with 

the same energy gain of a0b0lΔg and a penalty of 2a0b0σe due to chain folding, with σe being 

the free energy of the folded-chain surface. This process eventually leads to the formation of 
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secondary nuclei on the surface with a nucleation rate of Isn. Afterward, the rest of the growth 

front is covered by the following deposited polymer stems until it is fully covered with a 

substrate completion rate Isg. Repeating this process leads to the growth of crystal layer by layer 

with a growth rate of G: 

𝐺 = 𝐺0exp (−
𝑈∗

𝑅(𝑇 − 𝑇∞)
)exp (−

𝐾𝑔

𝑇∆𝑇𝑓
)                                       (2.16) 

𝐾𝑔 =
𝑛𝑏𝜎𝜎𝑒𝑇𝑚

∆ℎ𝑓𝑘𝐵
                                                               (2.17) 

where G0 is the preexponential factor, U* is the activation energy of the segmental jump, 

∆T=Tm –T is the undercooling, f=2T/(Tm+T) is a correction factor, T∞ is a hypothetical 

temperature where motion associated with viscous flow ceases and is usually taken 30 K below 

the glass transition temperature, Tg. Kg is the nucleation kinetics constant, b is the surface 

nucleus thickness, Tm is the equilibrium melting temperature, ∆hf is the heat of fusion per unit 

volume of crystal, kB is the Boltzmann constant, and n takes the value 4 for crystallization 

regime I and III, and 2 for regime II. 

2.3 Rigid amorphous fraction 

Semicrystalline polymers have a metastable nanophase structure, which is determined by 

a competition among crystallization and vitrification. Early investigations of semicrystalline 

polymers based their description on a two-phase model, where the two phases, an amorphous 

and a crystalline one, have nanometer dimensions in one or more directions. More detailed 

analyses revealed that an intermediate fraction is present at the interface between the crystals 

and the surrounding amorphous phase. The intermediate fraction is non-crystalline, and 

includes portions of macromolecules whose mobility is hindered by the nearby crystalline 

structures. Thus, the amorphous parts can be subdivided into rigid amorphous fraction (RAF) 

and mobile amorphous fraction (MAF), depending on the degree of coupling with the crystal 

phase, which in turn affects chain mobility.[66] The MAF and RAF terms were first coined by 

Wunderlich while investigating the glass transition of poly(oxymethylene).[67] The mobile 

amorphous fraction is made of polymer chains that are decoupled from the crystals and 

mobilize at the glass transition temperature (Tg). The rigid amorphous fraction, instead, is 

highly coupled with the crystals, as it arises from the continuation of the partially crystallized 

macromolecules across the phase boundaries, being the polymer molecules much longer than 

the crystal nanophases. 
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A simplified and schematic representation of the arrangement of crystalline, rigid 

amorphous, and mobile amorphous fractions is shown in Figure 2.7. Crystalline domains made 

of ordered lamellae are surrounded by amorphous regions made of entangled chain segments. 

Amorphous and crystalline domains are connected by tie molecules, which link two nearby 

crystalline domains, and loose loops, which originate from the crystalline phase but protrude 

into the amorphous fraction. The RAF refers to the amorphous domains adjacent to the 

crystalline lamellae, where the covalent linkage of the crystalline and amorphous phases at the 

crystal surfaces results in a decrease in the number of micro-conformations that can be adopted 

by the amorphous segments, due to their progressive immobilization. The dimensions of the 

crystalline-amorphous transition layer, and the magnitude of immobilization of the amorphous 

phase, are controlled by the chain architecture, that is, by the inherent flexibility of the 

macromolecule, and by the structure of the crystal surfaces, which can be varied with thermal 

history. 

 

 

Figure 2.7 Schematic representation of the arrangement of crystalline, rigid amorphous, and 

mobile amorphous fractions.  

 

The RAF has been discovered in almost all semicrystalline polymers,[66] as well as in a 

large array of interfacially-rich polymeric systems that exhibit alterations in dynamics and glass 

formation behavior.[68, 69] The rigid amorphous fraction has deep impact on properties of 

semicrystalline polymers, like mechanical response and gas permeability.[70-76] Considering 

that most large-volume commodity polymers are semicrystalline, improved understanding of 

the mechanism and rational control of the rigid amorphous fraction has the potential to yield 

enormous technological and economic benefits. 
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2.4 The crystallization behavior of polybutene-1 

Polybutene-1 (PB-1) was first synthesized in 1954,[77] one year after polypropylene. It 

took another 10 years until Chemische Werke HU ̈LS, Germany, started the first industrial 

production in 1964 (capacity: ca. 3 kt/a). With the commercial name of Vestolen BT, it was 

introduced to the market soon afterward.  

Polybutene exists in two isomeric forms depending on where the carbon-carbon double 

bond is positioned in the monomer molecule. If it is between the first and second carbon atoms 

in a linear molecule (butene-1), then the name of the resulting polymer is “polybutene-1” (PB-

1). If it is a branched monomer molecule (i.e., the double bond is between the second and third 

carbon), then the resulting polymer is called polyisobutylene (PIB).  

 

  

Figure 2.8 Polybutene-1 chemical structure. 

 

The polymer we are concerned with is PB-1. In the past this polymer has been also referred 

to as polybutylene, PB, PB-1, and polybutene. PB-1 is obtained by polymerization of butene-

1 with a stereo-specific Ziegler-Natta catalyst to create a linear, high molar mass, isotactic, 

semicrystalline polymer. PB-1 combines the typical properties of conventional polyolefins with 

some characteristics of technical polymers. In the chemical structure, PB-1 differs from 

polyethylene and polypropylene only by the number of carbon atoms in the monomer molecule 

(Figure 2.8).  

PB-1 is a typical polymorphic semicrystalline polymer, which can form various helical 

conformations and pack into different types of unit cells depending on the solidification 

conditions. The known crystalline modifications are Forms I/I’, II, and III, respectively. 
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Figure 2.9 Crystal structure of PB-1 Form I. 

 

The crystal structure of Form I is the stable crystal modification with the lowest free 

energy, exhibiting excellent mechanical properties over a wide temperature range between 

glass transition temperature and melting point, and it was analyzed by several research 

groups.[78-81] On the basis of the X-ray diffraction data, Natta et al. proposed a trigonal 

(hexagonal-type) unit cell in which the right-handed (3/1) helix (R) and the left-handed (3/1) 

helix (L) form a pair, and these pairs are packed together around the 3-fold rotation axis.[77] 

Two possibilities for the space group remained: R3c and R3̅c. The number of monomeric units 

in the cell is 18, and the cell parameters are a = b = 17.7 Å, c = 6.5 Å. This has been continuously 

revised by later scholars. For example, recently Tashiro et al. used two-dimensional X-ray 

diffraction to measure a highly oriented sample of Form I and found that the molecular chains 

take the (3/1) helical conformation (see Figure 2.9). These chains were proposed to be packed 

in the trigonal unit cell with the parameters a = b = 17.53 Å and c = 6.48 Å in the space group 

P 3̅ .[82] Form I' has the same crystal structure as Form I but it is obtained by direct 

crystallization from melt or solution and contains more defects. On the other hand, Form I is 

obtained by phase transition from the metastable Form II crystal. Hollland et al. found different 

diffraction patterns of Form I obtained by the two pathways, and concluded that the crystals 

obtained by phase transformation are a twinned form, while those obtained by direct 

crystallization are untwined.[83] 

The crystal Form II is thermodynamically metastable and transforms spontaneously into 

the more stable crystal Form I when the sample is left at room temperature. Natta et al. analyzed 

the crystal structure of Form II for the first time and found a tetragonal structure with a 4/1 

helical conformation of molecular chains, where the unit cell parameters are a = b = 7.49 Å 

and c  = 6.85 Å. Further studies by Jones et al. revealed that the chain conformation of Form II 

is 11/3 helix in the tetragonal unit cell with parameters a = b = 14.85 Å and c = 20.6 Å.[84] 
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Recently, Tashiro et al. analysed the X-ray diffraction patterns of highly oriented Form II 

crystal at -140°C and found that the molecular chains take an (11/3) helical conformation and 

are packed in the tetragonal unit cell (a = b = 14.9 Å and c = 21.3 Å) within the space group 

P4̅ b2. The right-handed (or left-handed) chains are positioned at one site with statistical 

disorder of upward and downward directionality along the chain axis.[82] 

The crystal Form III is mainly obtained from solution crystallization. Cojazzi et al first 

studied the crystal structure of Form III using debye-Scherrer powder diffraction. It was found 

that the molecular chains take the 4/1 helical conformation and are packed in an orthorhombic 

unit cell (space group P212121) with parameters a = 12.38  0.08 Å, b = 8.88  0.06 Å and c = 

7.56  0.06 Å.[85] 

In practice, among these structures, Forms I and II are the most processing-relevant 

modifications. The phase transition from Form II to Form I is completed in several days to 

weeks depending on the sample conditions and temperatures. This phase transition is also 

industrially important and many works on the topic were reported.[86-95] Once PB-1 sample 

is melted and made to a commercial product of a certain shape, the crystal Form II is 

crystallized at first in the product, as mentioned above. Since the unit cell size and shape 

between Forms I and II are different, a significantly large volume change or deformation of the 

product occurs after being stored at room temperature, as a consequence of the phase transition. 

In order to resolve such a practical problem, various solutions were proposed. One method is 

to introduce a comonomer into PB-1 chain, which accelerates the transition From II to I and 

stabilizes the shape of the product as quickly as possible. Other ideas to accelerate this 

transformation include for example, the use of high pressure,[86, 87] mechanical 

deformation,[88-91] shear,[92] or additives (nucleating agents).[93-95] 
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Chapter 3. Materials and techniques 

3.1 Materials 

Two commercial grade isotactic PB-1 samples with different molar mass were kindly 

provided by LyondellBasell. The details of the polymer samples are listed in Table 3.1. 

 

Table 3.1 Characterization of the polybutene-1 (PB-1) samples 

Trade name 
melt flow rate (MFR) 

(190 °C/2.16) 

Mw  

(kg/mol) 
Mw/Mn 

PB0110M 0.4 850 6.8 

PB0300M 4 295 4.6 

 

3.2 Experimental techniques 

3.2.1 Polarized light optical microscopy 

When light enters an isotropic medium, it is refracted at a constant angle and passes 

through the medium at a single velocity. However, when light enters an anisotropic crystal, it 

is refracted into two rays, each polarized with the vibration directions oriented at right angles 

(mutually perpendicular) to one another and traveling at different velocities. This phenomenon 

is termed double refraction or birefringence, and is exhibited to a greater or lesser degree in all 

anisotropic crystals. 

Polarized light optical microscopy (PLOM) provides a unique window into the internal 

structure of crystals of crystalline polymers. With the orthogonal field of two polarizing filters 

(“crossed polars”), many properties can be deduced: shape, size and number of crystals, 

extinction angle, sign of the birefringence/degree of birefringence, among others. 

In this thesis, the morphology and the nucleation behavior were observed in situ by a Leica 

DMLP optical microscope under crossed polarizers, equipped with a computer-controlled 

digital camera (Optika B5). The thermal treatments were applied by a calibrated Mettler Toledo 

FP-82HT hot-stage. 



Chapter 3. Materials and techniques 

25 

 

3.2.2 Wide-angle X-ray diffraction 

The Wide-angle X-ray diffraction (WAXD) or Wide-angle X-ray scattering (WAXS) is an x-

ray technique that is often used to determine the crystalline structure of different materials. This 

technique specifically refers to the analysis of Bragg peaks scattered to wide angles (2θ > 1º), which 

implies by Bragg’s law that they are caused by subnanometer–sized structures. 

The law states that when the X-ray is incident onto a crystal surface, its angle of incidence, θ, 

will reflect back with a same angle of scattering, θ. And, when the path difference, d is equal to an 

integer number, n, of the wavelength , a constructive interference will occur. In other words, 

Bragg’s law provides the condition for a plane wave to be diffracted by a family of lattice planes, 

as is show in equation (3.1)  

2𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆                                                                         (3.1) 

where d is the interplanar spacing (path difference), θ the angle between the wave vector of the 

incident plane wave and the lattice planes (the angle between incident ray and the scatter plane), λ 

is the wavelength and n is an integer, the order of the diffraction. 

Classical small-angle X-ray scattering (SAXS) and X-ray diffraction (XRD) studies are 

well established tools for the characterization of crystalline structure of polymers. High signal 

levels are achieved in particular with synchrotron radiation, but still largely rely on 

macroscopic ensemble-averaging. Local distributions of structural properties cannot be 

accessed with such an approach. Thus, the drive towards smaller beam sizes for diffraction 

experiments is mainly motivated by the possibility of probing the structure of hierarchically 

organized materials at increasingly smaller scales. Under the practical aspects having a smaller 

beam allows smaller sample volumes to be studied with better signal-to-noise statistics. It also 

supports scanning studies at higher spatial resolutions, allowing diffraction to be employed 

much like other scanning-based imaging tools (e.g. SEM, STM). 

In Chapter 5, scanning nano-diffraction measurements were performed at beamline ID13 

of the European Synchrotron Radiation Facility. The measurements were performed in 

transmission geometry with the sample surface normal to the X-ray beam. The region of 

interest was selected with help of a retractable on-axis optical microscope. The focal point of 

this microscope is pre-aligned with the focal point of the beam, and thus allows the accurate 

positioning of the desired sample locations in the working point of the nano-diffraction setup. 

The focal spot size of the beam at a sample position of 200 × 200 nm² (full width at half-

maximum, FWHM) was achieved by focusing the monochromatic X-ray beam with a set of 

silicon-based compound refractive lenses optimized for a photon energy of 14.85 keV. The 

wavelength of the beam used in this experiment was 0.83491 Å. 2D diffractograms were 
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collected using a hybrid photon counting area detector (EigerX 4M, Dectris) with a pixel size 

of 75 µm. The detector was placed approximately 25.3 cm downstream the sample position. To 

reduce parasitic scattering from the air, a flight tube filled with Helium was placed in between 

the sample and the detector. The diffraction geometry including the sample detector distance 

and orientation was calibrated using Fit2D and α-alumina as a reference standard.  

 Finally, an area of 30 × 60 m2  for a cross-nucleated sample, in the form of a free-

standing polymer film, was in situ mapped, using a step size of 0.5 m between each collected 

pattern. As a compromise between the optimal diffraction signal and minimal beam damage of 

the polymer film, an acquisition time of 500 ms per frame was used. 

3.2.3 Atomic force microscopy 

Atomic force microscopy (AFM) is a high-resolution scanning probe microscope with a 

resolution of fractions of nanometers, which has more than 1000 times higher resolution 

compared to the classical optical microscope. AFM contains a micro- and nanoscale cantilever 

with a silicon or silicon nitride sharp tip (probe) at its end, that enables us to perceive the shape 

of a surface in three-dimensional detail down to the nanometer scale. CNTs can be attached to 

the tip of the cantilever to make a sharper tip to increase the image resolution of the surfaces at 

the Angstrom level. Usually, three different AFM modes can be employed in an AFM unit, 

including contact mode, non-contact mode, and tapping mode.  

In Chapter 6, the tapping mode has been employed using ICON AFM from Bruker 

equipped with Nanoscope V controller for the quantitative analysis of investigated fibers’ 

topography. TESP-V2 tip (nominal radius: 10 nm and cantilever length: 125 μm) with 

frequency of ~320 kHz was used to carry out 512 scan lines at scan rates of 0.4-0.7 Hz. A 

second-order flatten function was employed for the extraction of each AFM height profile. 

Additionally, the root mean square roughness (rms or Rq) has been determined using 10 

independent zones from 5 μm × 5 μm AFM height images of fiber surface. The AFM images 

were analyzed by NanoScope Analysis software version 1.90. 

3.2.4 Differential scanning calorimetry 

Differential scanning calorimetry (DSC) is a thermal analysis technique in which the 

difference in the amount of heat required to vary the temperature of a sample and that of a 

reference is measured as a function of temperature or time, while the sample is exposed to a 

controlled temperature program. Both the sample and reference are maintained at nearly the 

same temperature throughout the experiment. It is a very powerful technique to evaluate 
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material properties such as glass transition temperature, melting, crystallization, specific heat 

capacity, cure process, purity, oxidation behavior, and thermal stability. 

In Chapter 7, thermal analyses of the samples were carried out by means of a differential 

scanning calorimeter (DSC-250) equipped with a refrigerating cooling system RCS90 from TA 

Instruments. Dry nitrogen was used as purge gas at a rate of 50 mL/min. The temperature was 

calibrated with the onset of the melting transition peak for high purity indium, which was used 

also for energy calibration. 
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Chapter 4. Cross-nucleation in seeded crystallization of isotactic 

polybutene-1 

4.1 Introduction 

It is well known that many semicrystalline polymers exhibit pronounced 

polymorphisms,[1-3] which show a strong influence on their properties. For example, isotactic 

polypropylene (iPP) exhibits at least three different crystal modifications, designated as α, β, 

and γ forms depending on the processing conditions, the chemical structure of the 

macromolecule and the presence of specific additives.[4-6] An earlier-nucleating crystalline 

polymorph can nucleate another crystalline polymorph of higher or lower thermodynamic 

stability, without undergoing any polymorphic transformation. This phenomenon has been 

named cross-nucleation and occurs on crystals sharing the same composition (although with 

different structure) rather than on foreign particles.[7-12] Cross-nucleation between 

polymorphs is important for the industrial control of polymorphism and the fundamental 

understanding of nucleation, and it has been mainly described as a particular case of 

heterogeneous nucleation.  

Particular attention has been paid in the past decades to heterogeneous nucleation of 

polymer crystals on foreign surfaces of nucleating agents (NAs) or fiber composites. An 

interfacial free energy difference parameter, Δσ, resulting from the formation of the crystalline 

layer onto the heterogeneous substrate, is often used for comparing the nucleating ability of 

different substrates and understanding the nucleation process on the surfaces of the 

heterogeneities. For example, Wang et al. studied the nucleation kinetic of iPP on the surface 

of different kinds of fiber and determined different values of Δσ for each system.[13-15] 

Kawamoto et al. investigated the effect of the epitaxy of a NA on nucleation of polypropylene 

based on kinetic study. It was found that nucleation rate at constant undercooling increased by 

60 times with decreasing Δσ/σ from 0.23 to 0.13, which confirms that Δσ is extremely sensitive 

for detecting the nucleating ability of a substrate.[16] For what concerns cross-nucleation, 

although the kinetics of the process has already been studied for several systems,[17-20] a 

detailed description based on Δσ calculation was not extensively applied.  

Moreover, the effect of the substrate morphology on cross-nucleation is still poorly 

understood. Chen et al. studied cross-nucleation between the polymorph of “ROY” molecule, 

finding a meaningful effect of the nature of the seed surface on cross-nucleation rate, by 
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comparing baked and unbaked samples. [8] Tao et al. revealed that different faces of a single-

crystalline seed differed in their ability to cross-nucleate. In particular, using an elongated -

phase crystal of D-Mannitol in contact with the undercooled melt, cross-nucleation of the -

phase occurred immediately if the seeds was placed side-on, while the parent -polymorph 

could grow to some extent before cross-nucleation happened, in case of end-on seed 

orientation.[11] 

For such a study in polymorphic polymers, PB-1 is an ideal system because it exhibits 

several polymorphs of known structures and known thermodynamic relations. In fact, this 

polymer can crystallize in Forms I/I’, II, and III.[21, 22] It is well established that the Form II, 

commonly produced by melt crystallization, is the kinetically favored modification, but it is 

metastable from the thermodynamic point of view. Form II has a tetragonal unit cell with 11/3 

helical conformations.[23-26] Since the nucleation of the stable Form I occurs much more 

rarely in bulk crystallization than that of the predominant Form II, it can only be obtained 

through solid-solid transition from Form II. However, Form I’, described as a defective Form 

I with lower melting temperature, can be formed through special crystallization procedures, 

such as solution crystallization,[27] blending with isotactic polypropylene,[28] or 

copolymerization with other monomers.[29-31] Actually, quiescent aging at room temperature 

of Form II samples is generally used for generating trigonal Form I, where the molecular 

conformation of the chains is that of a 3/1 helix.[32-37]  

Given that the spherulitic seed of Form I in contact with PB-1 melt has proven to 

efficiently cross-nucleate the metastable polymorph,[18, 38] in this chapter we aim at gaining 

some insights on the role of the substrate type on cross-nucleation. For this purpose, a polarized 

optical microscopy measurement is employed to achieve a time resolution sufficient to resolve 

the phenomena studied. 

4.2 Experimental 

4.2.1 Sample preparation 

The polymer studied in the present work is a butene-1 homopolymer (PB-1) with 

commercial-grade name of PB0110M. The details of this polymer were listed in Table 3.1. 

Granules of PB-1 were used without any further treatment to make thin films, 30-50 m thick, 

by compression-molding at a temperature of 180 °C. PB-1 fibers used in this chapter were lab-

spun using a capillary rheometer (RH7, Bohlin) at the Institute of Chemistry of the Chinese 
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Academy of Science in Beijing, by the group of Prof. Dujin Wang. The temperature of the 

barrel was 180 °C and the rotation speed of the collector was set to 200 rpm.  

To prepare the substrates of interest characterized by different morphologies, the thin film 

samples were heated up to 180 °C in a Mettler FP90 hot-stage, kept at this temperature for 5 

minutes to erase the previous processing history, and further cooled to the crystallization 

temperature. Temperatures of 90 and 108 °C were selected, in order to obtain a spherulitic and 

a hedritic morphology, respectively.[39] After an appropriate crystallization time of 

approximately 4 and 270 min at low and high temperature, respectively, morphologies of 

similar size were reached in the two cases. Then the samples were quickly cooled down to 

room temperature and aged for more than one month to completely transform the original Form 

II crystals into Form I. It should be noted that, according to previously adopted procedures for 

cross-nucleation studies in PB-1, a dual morphology is produced.[18, 38, 40] Indeed, low 

melting temperature crystals of Form I, formed during quenching to room temperature, are 

essential for having molten PB-1 in contact with crystalline Form I seeds (with higher melting 

temperature).[17, 18] 

4.2.2 PLOM analysis 

For the in-situ PLOM characterization during isothermal crystallization, the employed 

technique was described in section 3.2.1. To investigate the nucleation on the substrates of 

spherulite and hedrite, the Form I films were heated to different melting temperatures (Th) at 

20 °C/min, and kept for 5 minutes to melt completely Form II crystals or Form I crystals with 

lower thermal stability, and subsequently quenched to Tc for performing the isothermal 

crystallization (Figure 4.1a). 

For the experiments with the fiber substrate, these thin PB-1 films were first heated to 

180 °C and kept at this temperature for 5 minutes to erase the previous processing history, then 

they were cooled down to different melting temperatures (Th). The PB-1 fibers, containing 

Form I crystals, were then manually introduced in the film at this temperature. After a second 

annealing step at Th, to relax the induced stresses, the samples were cooled down to the selected 

crystallization temperature (Tc) (Figure 4.1b). The described thermal protocols are presented in 

Figure 4.1.  
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Figure 4.1 Thermal programs applied for (a) obtaining the spherulite and the hedrite substrates 

and performing the cross-nucleation experiments on them, and for (b) executing cross-

nucleation on the PB-1 fibers. 

4.3 Results  

4.3.1 Determination of nucleation induction time via light intensity measurements  

Figure 4.2 shows an example of the time-resolved images obtained during isothermal 

crystallization, and explains the method used for induction time determination. Nucleation of 

Form II crystals occurs at every place on the side of the original Form I spherulite, forming a 

sort of crystalline “corona” around it (Figure 4.2a). In order to accurately detect the induction 

time, that is, the time at which the Form II cross-nuclei have reached a critical size and the 

crystalline growth proceeds, the increase of the light intensity in the sample due to the 

formation of birefringent Form II crystals is exploited. A circular “Region of Interest”, centered 

in the middle of the nucleating spherulite, is selected on the image analysis software, and the 

mean light intensity in the selected area is then calculated for each acquired frame. By plotting 

this intensity as a function of time (Figure 4.2b), it is possible to unambiguously determine the 

time at which it starts to increase from its initial value, that is, the induction time. Further details 

on the analysis method can be found in our recent work.[41] The exact value of the induction 

time is determined by the intersection point between two fitting lines: one in the time region of 

the initial plateau value and the second in the first growth step part. An example of the analyzed 

data is reported in Figure 4.2b. 
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Figure 4.2 (a) Polarized optical micrographs of PB-1 nucleated on the surface of the spherulitic 

seed of Form I, at different times during crystallization at 110 °C. (b) Corresponding evolution 

of light intensity in the selected area (highlighted with a red circle in (a)), as a function of time. 

 

4.3.2 Cross-nucleation of PB-1 Form II on Form I seeds with different morphology 

Figure 4.3 shows some representative optical micrographs of PB-1 crystallized on the 

surface of Form I substrates with different morphologies: spherulite, hedrite and fiber. All the 

samples were crystallized isothermally at 105 °C, after melting the original Form II/Form I 

crystals at 124 °C. The thermal treatment at relatively high temperature ensures that the 

remaining seeds are composed of Form I only, while any crystalline memory of possible 

residual Form II crystals (i.e., self-nucleation) is erased.[40] In all the three morphologies, a 

clear transcrystalline layer (TCL), indicative of a very high “linear density” of nucleation sites, 

develops with time. The TCL[13, 14, 42, 43] is a consequence of lack of lateral separation 

between the individual growing spherulites on the nucleating surface, causing the crystals to 

grow exclusively perpendicularly to it. It is apparent that the nucleating efficiency of the three 

substrates is particularly high, however, some subtle difference among the three can be 

captured. In fact, while individual splaying spherulites can be somehow recognized in Figures 

4.3a,b (with spherulitic or hedritic Form I seeds), this is not the case for the crystals nucleating 

on the fiber surface, due to the extremely high nucleation density. 

However, the different cross-nucleating ability of the various substrates can be more 

clearly deduced by comparing the time evolution of the morphology, at the same crystallization 

temperature. The second column of Figure 4.3 reports for each case the time at which the first 

cross-nucleation event could be observed (highlighted by the red circles). It can be seen that a 
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substantially shorter time is required for cross-nucleation to occur on the fiber substrate, with 

respect to the spherulitic or hedritic ones. In the last images of Figures 4.3a-c, the TCL has 

grown to a similar thickness in all the three morphologies, being the growth rate the same in 

the three experiments, the earlier onset of growth, that is, shorter induction time, for the fiber 

sample is confirmed. 

 

 

Figure 4.3 Polarized optical micrographs of PB-1Form II nucleated on the surface of (a) 

spherulitic, (b) hedritic and (c) fibrous Form I substrates for different indicated crystallization 

times at 105°C. 

 

During primary nucleation, a particular molecular arrangement must be fulfilled to allow 

the formation of the new phase. In the case of polymer crystallization from the melt, the chain 

segments must approach themselves to distances commensurate to those characteristics of the 

crystalline unit cell and must possess the right conformation, as the crystal symmetry imposes. 

The chain segments with those attributes form a crystalline aggregate which varies the system 

free energy ΔG. Considering for the sake of simplicity a spherical nucleus of radius r, a 

maximum in ΔG(r) exists which corresponds to the critical size (r*) that the new crystal must 

attain in order to be able to spontaneously grow into a crystal. Clusters smaller than r* are 

called subcritical nuclei or embryos, they are unstable and tend to disappear from the system. 

Aggregates that exceed r* are called supercritical nuclei and can continue to grow because their 

growth is thermodynamically favored.[44] 

As the magnitude of the energy barrier for nucleation depends inversely on the 

undercooling, that is, on the distance between the crystallization and melting temperature, 

experiments were performed at different crystallization temperatures. Figure 4.4a reports the 

example of evolution of light intensity, extracted from the optical micrographs, as a function 
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of time during crystallization at different temperatures for the fibrous Form I substrate. The 

time of formation of the critical nuclei, represented by the light intensity induction time, gets 

shorter and shorter with decreasing Tc for any of the considered substrates. In particular while 

the differences between spherulitic and hedritic Form I seeds are relatively small (data are 

reported in Appendix A1), the high cross-nucleation efficiency of the Form I fiber is apparent 

by comparing the time scale of the x-axis (Figure 4.4a). A clearer comparison between the three 

seeds is offered in Figure 4.4b, which considers the increase in transmitted light at the same 

crystallization temperature for the three different systems. The chosen condition is the same 

reported in the micrographs of Figure 4.3. A difference of about a factor 0.8 in the induction 

time can be already appreciated between the spherulitic or hedritic seeds, while Form I fibers 

substrate can nucleate Form II about two to three times faster than Form I spherulite. 

 

 

Figure 4.4 (a) Evolution of light intensity as a function of crystallization time during isothermal 

crystallization at different temperatures for the fiber Form I substrate. (b) Comparison of light 

intensity vs time for the different Form I substrates crystallizing at 105 °C. 

 

In order to apply a model-based comparison of the cross-nucleation ability associated to 

different Form I morphologies, the values of the determined induction times as a function of 

temperature are reported in Figure 4.5. The order of efficiency deduced from Figures 4.3, 4.4 

and Appendix A1, that is, fiber > hedrite > spherulite, is confirmed in the whole range of 

explored undercooling. As expected, a strong dependence of nucleation kinetics on the 

crystallization temperature is observed, with induction times increasing exponentially 

approaching the melting point of Form II. 

It should be pointed out that both spherulitic and hedritic Form I substrates were prepared 

in-situ in the sample, by melt crystallization, while fibrous Form I seed was introduced into the 

matrix melt manually. The insertion process necessarily involved shear stresses applied to the 
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PB-1 melt. Given the fact that flow-induced nucleation in fiber-pulling experiments is well 

documented, and is known to have long-lasting effects,[45] the evaluation of its importance in 

the present case is mandatory, in order to understand whether a fiber-like Form I really 

possesses the highest cross-nucleation efficiency. 

 

 

Figure 4.5 (a) Induction time for the cross-nucleation of Form II on Form I as a function of Tc 

for Form I seeds with different morphologies. (b) Magnification of the low crystallization 

temperature region. 

 

The annealing times were varied in a wide range, according to the known long lifetime of 

PB-1 flow-induced precursors.[45] Appendix A2 reveals that the change of the induction time, 

with melt annealing time, if any, is safely negligible and cannot account for the large difference 

observed for the case between the nucleation time of Form II at the interface with the fiber and 

with the hedrite of Form I (around 140 s).  

To further confirm that nucleation of Form II on top of Form I fibers is not dominated by 

shear-induced effects, the same experiment, including the fiber introduction step, using a 

completely different fiber, made of isotactic polypropylene (iPP), was performed. Since the 

elastic moduli and size of the two fibers are not largely different, similar shear stresses are 

expected to be generated by the fiber introduction procedure in the two cases. The induction 

times observed for nucleation on iPP and Form I PB-1 fibers are compared in Appendix A3. 

Very different nucleation kinetics of Form II are observed on the two fibers. In particular 

nucleation on iPP fiber occurs more slowly than cross-nucleation on Form I PB-1 fiber. This 

observation further supports our previous conclusion: the effect of shear-induced nucleation 

due to the sample preparation procedure is not meaningful. In the opposite case, a similar 

kinetic of nucleation would be observed for the two fibers. Thus, the observed faster nucleation 

promoted by the Form I PB-1 fiber, with respect to the other PB-1 substrates made of the same 
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crystalline polymorph but possessing different morphologies, is confirmed. 

4.3.3 Crystal growth of PB-1 Form II on Form I seeds with different morphology 

In order to exclude any possible difference between the growth rates of Form II crystals 

in the different samples, and in view of obtaining surface energy data for the subsequent 

estimation of the nucleation barrier, the growth kinetics in the different samples was determined 

by following the time dependence of the TCL thickness. 

Appendix A4 shows the thickness of the TCLs of Form II growing at the interface of the 

Form I seeds with different morphologies, measured via PLOM, as a function of crystallization 

time for various crystallization temperatures. The increase in size is linear with time, which 

allows an easy calculation of the growth rate from the slope of the fitting lines. As expected, 

the crystal growth rate of PB-1 Form II increases with decreasing the isothermal crystallization 

temperature. This change is more marked in the temperature range 103 °C to 110 °C. The 

derived crystal growth rates are thus analyzed according to the classical Lauritzen-Hoffman 

theory. The growth rate (G) can be expressed by a function of the undercooling T in a 

linearized form, according to: 

ln𝐺 = ln𝐺0 −
𝑈∗

𝑅(𝑇 − 𝑇∞)
−

𝛽𝑏0𝜎𝜎𝑒𝑇𝑚

𝑘∆ℎ0

1

𝑇∆𝑇𝑓
                                        (4.1) 

The constants that appear in equation (4.1) are: G0 is a temperature-independent parameter. 

U* is the activation energy related to the transport of chain segments across the phase boundary, 

R is the gas constant, T is the temperature below which all motions associated with viscous 

flow cease, β is a constant characterizing the regime of growth , b0 is the thickness of each 

newly formed layer, σ and σe are the lateral and fold surface energies, respectively; Tm is the 

equilibrium melting temperature, k is the Boltmann constant, h0 is the melting enthalpy and f 

is a correction factor which takes into account the change of melting enthalpy with 

crystallization temperature. 

Appendix A5 shows the trend of logG+U*/R(T-T) as a function of 1/(TΔTf). The linear 

fit of the growth rate data with the L-H model with a single slope in the whole undercooling 

range implies that only one regime is active between 100 °C and 110 °C. This corresponds to 

regime I, in agreement with the results of Monasse and Haudin.[46] On the other hand, it is 

apparent that the TCL of PB-1 Form II grows in the melt with the same rate, independently 

from the exact substrate on which it nucleates. Therefore, it can be concluded that the observed 

differences in the kinetics of light intensity evolution among the different Form I seeds, are not 
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related to the growth stage, but can correctly be attributed to the cross-nucleation kinetics only. 

Muchova et.al[47] has developed a microscopic method to monitor the early stages of the 

spherulite growth of polypropylene. They found that there are two relations between the 

derivative of the light intensity (φ) with respect to the time: 

𝑑𝜑

𝑑𝑡
= 𝐾𝑍𝑣4(𝑡 − 𝑡𝑖)3                                                                 (4.2) 

𝑑𝜑

𝑑𝑡
= 𝐾𝑍𝑣2(𝑡 − 𝑡𝑖)                                                                   (4.3) 

where ν is the linear growth rate, which is constant at a given crystallization temperature, Z is 

the number of growing spherulites, K is a constant which involves the dependence of the 

transmitted light intensity on the difference in the refractive indices of the ordinary and 

extraordinary beams, t is the time and ti is the induction time. The first equation describes the 

derivative of the light intensity when the spherulites growth can be considered three-

dimensional (3D), while the second relation refers to the case of two-dimensional (2D) growth. 

Representative examples of the evolution of the time derivative of light intensity with respect 

to time for the different Form I substrates are shown in Appendix A6. In all the cases, after the 

initial transient a clear linear region of the data can be identified, confirming the adequacy of 

equation (4.3), that is, the growth of PB-1 Form II on the different substrates can be considered 

2D. Similar conclusions on this method have been recently drawn by analyzing the light 

intensity arising from the development of PP transcrystalline layers at the interface with solid 

NAs.[41]  

The relationship between the growth rate values of the TCL, calculated through the 

thickness vs. time measurements and the light intensity method, has been further explored. 

Figure 4.6 shows the growth rate values calculated at different Tc from TCL thickness analysis 

(Appendix A4), as a function of the parameter Aν, defined as the square root of the fitting slope 

of the linear part in the plot of the light intensity method (Appendix A6). From equation (4.3), 

we can derive that A is a constant equal to (KZ)1/2. If the applied model is correct, a linear 

relationship between these two independently derived quantities should be obtained. As can be 

seen in Figure 4.6, the growth rate data for all the different substrates fall on the same line. 

Therefore, we can conclude that this model for the data analysis is validated, analogously to 

our previous work on heterogeneous nucleation of polypropylene,[41] and that the parameters 

K and Z are independent from the morphology of the Form I seeds. 
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Figure 4.6 Growth rate (G) values at different Tc calculated from TCL thickness in time 

experiments as a function of the parameter Aν (see text) obtained through the light intensity 

method. Data for the different PB-1 substrates are reported and the dashed line represents the 

best linear fit to the whole data set. 

4.3.4 Model analysis for cross-nucleation of PB-1 Form II on Form I seeds 

In the presence of heterogeneous substrates in contact with the polymer melt, there is the 

availability of solid surfaces on which the embryos can form. Several different types of 

heterogeneity (extraneous solids, cavities, already formed crystal surfaces, etc.) can enhance 

the formation of stable embryos and have important implications for polymer crystallization. 

One classical approach assumes the formation of prismatic embryos with a rectangular cross-

section of size a and b, and height (l) in the direction of the chain axis on a flat surface. In this 

case, the change in the Gibbs energy has the form: 

∆𝐺ℎ𝑒𝑡 =  −𝑎𝑏𝑙∆𝑔 + 2𝑏𝑙𝜎 + 𝑎𝑙∆𝜎 + 2𝑎𝑏𝜎𝑒                                      (4.4) 

Where σ is the free energy of the lateral surfaces in contact with the undercooled melt, σe is the 

free energy of the surfaces perpendicular to the chain direction and Δσ is the interfacial free 

energy difference, given by: 

∆𝜎 = 𝜎 + 𝜎𝑠/𝑐 − 𝜎𝑠/𝑚                                                              (4.5) 

in which σs/c is the crystal-substrate interfacial energy and σs/m is the melt-substrate interfacial 

energy. Therefore, Δσ can be brought down to the surface tension properties of the substrate, 

polymer crystal, and polymer melt. Thus, Δσ is a convenient way to define the nucleating 

ability of the substrate toward the polymer melt. The lower its value, the lower the nucleation 

energy barrier, resulting in a faster nucleation.  

Ishida et al. have proposed a model according to which the formation of the first layer of 
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crystalline segments on the foreign substance is responsible of the attainment of the nucleus 

critical size, within the induction time ti.[48] Thus, Δσ can be obtained from the variation of 

the nucleation rate I with crystallization temperature by determining the product σσeΔσ: 

𝐼 = 𝐼0𝑒𝑥 𝑝 (−
𝑈∗

𝑅(𝑇 − 𝑇∞)
) 𝑒𝑥 𝑝 (−

16𝜎𝜎𝑒∆𝜎𝑇𝑚
2

𝑘𝑇𝑓2∆𝑇2∆ℎ0
2)                                  (4.6) 

where I0 is a temperature-independent frequency term, and the other symbols have been 

previously defined. 

By plotting lnI+U*/R(T-T) versus 1/T(ΔTf)2, a linear fitting can be obtained and the slope 

(Ki) of the line is proportional to σσeΔσ. In order to determine Δσ, one also needs to measure 

the growth rate at different crystallization temperatures and determine the value of the σσe 

product from its temperature variation. In fact, according to L-H growth model (equation (4.1)), 

a plot of lnG+U*/R(T-T) versus 1/TΔTf yields a straight line with a slope Kg, proportional to 

σσe. From these two separate sets of experiments, σ is obtained. Assuming from the literature 

an activation energy U* of 6.28 kJ/mol, a bulk enthalpy of fusion Δh0 of the Form II of 56 

J/cm3 and a molecular stem width b0 of 7.45×10−8 cm,[49] three very close values of the term 

σσe has been calculated for cross-nucleation on spherulitic, hedritic and fibrous Form I seeds: 

56.07, 56.63 and 53.41 erg2 cm-4, respectively. 

However, as mentioned earlier, the nucleation density could not be easily counted when 

transcrystallization was formed at the substrate boundary in composites with very high 

nucleating efficiency, as in the case of PE/PE composites.[48] Thus, nucleation induction time 

data were used, under the assumption that the product between nucleation rate and induction 

time at a given temperature is constant: 

𝐼(𝑇)𝑡𝑖(𝑇) = 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡                                                   (4.7) 

Therefore, by relating the nucleation rate and the induction time an efficient way to obtain 

σ is provided. 

In Figure 4.7 Ishida’s model is applied to the measured cross-nucleation induction times 

for PB-1 nucleated onto different Form I seeds. A good linearity of the data is observed, 

allowing us to perform a linear fitting and derive the slope Ki, that is. calculate the quantity 

σσeσ. Combining it with the σσe calculated from Kg obtained from the Lauritzen–Hoffman plot 

(Appendix A5), an estimate of σ for the spherulite, the hedrite and the fiber substrate can be 

derived: 0.294, 0.301 and 0.291 erg cm-2, respectively. 
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Figure 4.7 Plot of ln(1/ti)+U*/R(T-T) versus 1/T(ΔTf)2 for nucleation of PB-1 Form II on 

various Form I seeds. 

 

As judging from the obtained values, the model of Ishida is not capable of capturing 

significant differences between the nucleating efficiency of the different substrates. In fact, the 

lines of Figure 4.7 are practically parallel to each other, indicating that the same cross-

nucleation barrier would be obtained for the different Form I seeds. Clearly this conclusion 

cannot account for the differences experimentally observed in the induction time values of each 

system, given the negligible difference in the growth rate. 

On the other hand, a more detailed model for the heterogeneous nucleation was proposed 

by Muchova et al. It consisted in the sum of two qualitatively different steps for the formation 

of critical nucleus:[47, 50] the formation of the first layer of segments on the foreign substance, 

that occurs within a time th, and the formation of further layers until the growth of a nucleus of 

critical size is completed, within a time ts. Thus, the overall induction time of the process is 

given by the sum of these two individual steps, that is, ti = th + ts. The two components of the 

induction time can be expressed by these relations: 

𝑡ℎ = 𝐴1𝑒𝑥 𝑝 (
16𝜎𝜎𝑒∆𝜎𝑇𝑚

2

𝑘𝑇𝑓2∆𝑇2∆ℎ0
2) 𝑒𝑥 𝑝 (

𝑈∗

𝑅(𝑇 − 𝑇∞)
)                                        (4.8) 

𝑡𝑠 = 𝐴2 (
2∆𝜎𝑇𝑚

∆ℎ0∆𝑇𝑏0
) 𝑒𝑥 𝑝 (

4𝜎𝜎𝑒𝑏0𝑇𝑚

𝑘𝑇∆ℎ0𝑓∆𝑇
) 𝑒𝑥 𝑝 (

𝑈∗

𝑅(𝑇 − 𝑇∞)
)                           (4.9) 

where A1 and A2 are proportionality constants. It should be noted that th describe exactly 

Ishida’s model. 

It is known that the size of the critical nuclei increases with crystallization temperature. 

At high temperatures of crystallization, the number of the folding segment layers is 

considerable, and the time of the formation of the first layer (th) becomes negligible in 
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comparison with the time in which further layers are formed. In this case, equation ti = th + ts 

for the induction time can be simplified to ti  ts, and the equation of the induction time can be 

rewritten into a logarithmic form: 

𝑙𝑛(𝑡𝑖∆𝑇) −
𝑈∗

𝑅(𝑇 − 𝑇∞)
= 𝑙𝑛 (

𝐶∆𝜎𝑇𝑚

∆ℎ0𝑏0
) +

4𝜎𝜎𝑒𝑏0𝑇𝑚

𝑘∆ℎ0

1

𝑇𝑓∆𝑇
                     (4.10) 

where the influence of the transport term is included in the constant C. According to equation 

(4.10), the dependence of ln(tiT)-U*/R(T-T) on 1/TfT is a straight line with intercept Q on 

the y-axis, equals to: 

𝑄 = 𝑙𝑛 (
𝐶∆𝜎𝑇𝑚

∆ℎ0𝑏0
)                                                              (4.11) 

As can be noticed, Q includes the interfacial free energy difference (Δσ). 

 

 

Figure 4.8 Plot of ln(tiT)-U*/R(T-T) vs 1/TΔTf, according to Muchova’s model at high 

temperatures, for cross-nucleation of PB-1 Form II on different Form I seeds. 

 

Figure 4.8 shows the evolution of ln(tiT)-U*/R(T-T) as a function of 1/TfT for PB-1 

matrix crystallized in contact with Form I seeds with different morphologies. The analysis of 

the cross-nucleation induction time data with a model which expresses the nucleation barrier 

taking into account the formation of several crystalline layers, up to the attainment of critical 

dimensions, can correctly capture the different nucleating ability of the various substrates. In 

fact, the lines display a different intercept with the y-axis, given by different Δσ. However, its 

absolute value cannot be obtained due to the unknown constant C.  

Therefore, in order to correctly quantify the nucleating activity of each substrate, a new 

approach, consisting in the use of the sum of equations (4.8) and (4.9) to fit the experimental 

induction time data, is required. In this way a better identification of the crystallization 
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temperature window in which each one of Muchova’s models (th and ts) is valid, can be 

obtained. The model describing the total induction time as the sum of the individual steps is 

referred as “detailed model” in the following. 

 

 

Figure 4.9 (a) Selected induction time data of fiber Form I substrate and corresponding fitting 

according to the detailed (total time) model. The dashed curves represent the contributions of 

the first and further layers formation (th and ts models). (b) Plot of the induction time data as a 

function of crystallization temperature for the different Form I seeds with varying morphology, 

together with the functions obtained from the fitting of the detailed model for the induction 

time. 

 

Indeed, the description of the total induction time by the detailed model allows us to 

estimate in which range of temperature each step is dominant and what is its exact contribution 

to the overall induction time at a given crystallization temperature. In Figure 4.9a and Appendix 

A7, the contributions of first and further layers models to the detailed model are shown for PB-

1 with Form I fiber seed. It is clear that the contribution of the further layer model (ts) is much 

larger than that of the first layer model (th) at higher temperatures (> 100 °C). This means that 

the data in the test temperature range follow very closely the trend described by the ts model 

alone, that is, the rate determining step in the attainment of the nucleus critical size is the 

addition of several crystalline layers. On the contrary, for lower crystallization temperatures (< 

87 °C), the formation of the first crystalline layer is enough for the nucleus to attain the critical 

size. 

Figure 4.9b shows the curves obtained by fitting the experimental induction time data with 

the detailed model equation for the three PB-1 Form I substrates. The parameter A1 from 

equation (4.8) was obtained using crystallization induction time data of bulk PB-1, given that 

nucleation is likely controlled by the formation of the first layer onto substrates of low 
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nucleation efficiency and at high undercooling.[41] A value of 0.005 s could be determined and 

used in the subsequent fit of the data of interest for all the substrates. The resulting values of 

the unknown parameters from the sum of equations (4.8) and (4.9) (A2, Δσspherulite, Δσhedrite and 

Δσfiber) are 0.002 s, 0.295 erg cm-2, 0.225 erg cm-2 and 0.105 erg cm-2, respectively. Therefore, 

the Δσ values obtained for the three substrates agree with the experimental trend of nucleation 

kinetics. 

Given the results discussed above, it can be concluded that the kinetic of nucleation cannot 

be estimated by modeling a single step only, but rather by considering the two steps 

simultaneously. Appendix A8 shows the plot of the curves relative to the first layer model (th) 

and the further layer model (ts) obtained during the fitting of the detailed model for the different 

Form I seeds with varying morphologies. Within the range of experimental temperature, the 

differences between th and ts curves at the same crystallization temperature increases in the 

order: fiber > hedrite > spherulite. This order mirrors the influence of the formation of the first 

crystalline layer on the nucleation barrier, that is, the lower the σ, the less important becomes 

the first step in determining the overall induction time. In view of interpreting the observed 

effect of seed’s morphology on cross-nucleation it is worth to briefly consider the absolute 

values of the obtained free energy difference parameters. For all the considered substrates, 

extremely low values of σ were found, in comparison to the systems for which most of the 

literature data are available, that is, polymer/fiber composites, with values ranging from 4 to 

20 erg cm-2.[42, 51] On the other hand, such low values are comparable to those obtained in 

particular cases, such as those of ultrahigh molecular weight polyethylene fibers in 

polyethylene or polycaprolactone matrices,[48, 52] for which epitaxial nucleation is obvious 

or well known.[53] Thus, particularly favorable interactions between crystallizing Form II and 

Form I seeds must be in place. It is conceivable that cross-nucleation in PB-1 is governed by 

either “true” crystallographic epitaxy between the two structures, or at least by a “soft epitaxy” 

mechanism related to a matching between the topographical details of parent and daughter 

crystals at the nanoscale. 

4.4 Discussions  

Through the above study of the cross-nucleation of PB-1 Form II on Form I substrates, it 

has been shown that the nucleation activities are significantly affected by the substrate type of 

seed. Given that all the substrates and the crystallizing polymer have exactly the same 

chemistry, the different nucleating efficiencies should be attributed to peculiar physical 
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interactions rather than chemical ones. The crystalline substrate possesses a multi length-scale 

structure ranging from molecular to mesoscopic scale. It is not yet clear which one of these 

length scales has the largest impact on cross-nucleation.  

In most cases of nucleation induced by the presence of solid fibers in composites, the fiber 

surface topography was proposed to have a determining role in nucleation kinetics. This was 

mainly attributed to two reasons. On one hand, thermal stresses from temperature change at the 

coarser fiber interface might induce local orientation of polymer chain segments, providing 

efficient seeds for nucleation. With respect to the smooth surface, such thermal stresses are 

expected to be larger at deep “valleys”.[54] On the other hand, for forming a viable nucleus, 

the free-energy barrier is always larger on a flat surface than that in a groove, due to the 

possibility of secondary or tertiary nucleation.[42] In the present case, the surface topography 

of the used seeds with different morphologies is not easily accessible, especially for spherulitic 

and hedritic seeds, since they are embedded in the crystallizing PB-1 itself. Furthermore, it is 

difficult to explain the effect of surface topography on the nucleation by considering the degree 

of roughness alone.[51] Dalnoki-Veress et al.[55] studied the role of the interface in inducing 

crystal nucleation by using isotactic polystyrene (i-PS) as a substrate for crystallizing PEO 

droplets. They found a larger surface roughness and a higher nucleation temperature for i-PS 

film isothermally crystallized at 175 °C with respect to the same film crystallized at 185 °C. 

However, these results are not in agreement with the ones presented hereby, since cross-

nucleation kinetic onto Form I spherulite, formed during isothermal crystallization at 90°C, is 

slower than that on Form I hedrite (isothermally crystallized at 108°C). Therefore, assuming a 

similar dependence of the crystalline seed roughness in the two cases, other different factors 

should be considered in order to explain the cross-nucleation efficiency of the different PB-1 

Form I substrates. 

On the other hand, the role of molecular epitaxy should not be overlooked. For instance,  

Damman et al.[56] showed that molecular epitaxy played a greater role in the enhancement of 

nucleation of a small molecule, in comparison to surface topography. In the case of cross-

nucleation between polymorphs, the role of epitaxy is controversial. For example, in the 

solution crystallization of a steroid, cross-nucleation of the metastable polymorph on the stable 

one can occur both with and without preferred mutual orientation between the two structures, 

depending on the solvent mixture.[57, 58] In polymers, cross-nucleation of the monoclinic 

phase on trigonal crystals via epitaxial mechanism has been highlighted in single crystals,[59] 

but not in melt-crystallization.[60, 61] Focusing on the cross-nucleation of PB-1 Form II on 

Form I, the existence of a specific epitaxial relationship between the two polymorphs has not 
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been disclosed yet.  

 

 

Figure 4.10 Induction time for Form II on Form I cross-nucleation as a function of Tc for the 

spherulitic Form I seeds crystallized at different temperatures.  

 

For the sake of the following discussion, we assume that a preferred mutual orientation of 

the chains in the two structures (PB-1 Form I and Form II) must exist at the cross-nucleation 

point. This can result from a strict crystallographic epitaxy or from a more general “soft epitaxy” 

mechanism. Several cases of epitaxy between semicrystalline polymers have been studied in 

the literature.[62, 63] It has been recognized that, since the crystalline substrate has itself a 

lamellar morphology, the requirement of lattice match between the two structures is not enough 

to allow the occurrence of epitaxy. In fact, because of the limited dimensions of the substrate 

crystals, a matching between the lamellar sizes of the two polymers must also exist.[64] A 

paradigmatic example of this constraint is found in the system isotactic 

polypropylene/polyethylene. Epitaxy of the crystallizing polyethylene onto the semicrystalline 

polypropylene substrate can only occur for crystallization temperatures below 123 °C.[65, 66] 

Therefore, it is of interest to test the possible dependence of PB-1 Form II cross-nucleation 

kinetics on the lamellar thickness of Form I seeds. Figure 4.10 shows the induction time of 

cross-nucleation for Form II on spherulitic Form I seeds originally crystallized at different 

temperatures, as a function of the cross-nucleation temperature. Data for the hedritic 

morphology (sample crystallized at 108 °C) are included as well. As can be seen, the induction 

time clearly decreases, and thus the efficiency of cross-nucleation increases, with increasing 

the spherulite substrate preparation temperature, in the whole range of explored supercooling. 

Since it is generally known that lamellar thickness is proportional to the crystallization 

temperature, it can be deduced that the nucleating ability of the substrates depends on the Form 

I seed’s lamellar thickness, rather than on the specific orientation of the Form I lamellae (edge 
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on vs. flat on in spherulitic or hedritic seeds, respectively). 

Given the above findings and the apparent analogy between polymer-polymer epitaxy and 

cross-nucleation, we can tentatively interpret the effect of seed morphology on nucleation on 

the basis of the “template model” proposed by Philips and colleagues to link epitaxy and 

secondary nucleation.[64] In this model, the author recognized that for the epitaxial deposition 

of a polymer onto another one, the crystal dimension of the substrate in the direction 

characteristic of the lattice match must be larger than the critical stem length of the crystallizing 

polymer’s secondary nucleus. The proposed scheme is adapted to the present case of PB-1, as 

sketched in Figure 4.11. 

 

 

Figure 4.11 Schematic illustration of the cross-nucleation of PB-1 Form II on the surface of (a) 

hedritic, (b) spherulitic and (c) fibrous Form I substrates. For the sake of clarity, the flat-on 

(hedrite) and edge-on (spehrulite) lamellae are both represented with the chain axis in the 

vertical direction. 𝑙𝑐
′   and 𝑙𝑎

′   represent the thicknesses of the crystalline lamella and of the 

amorphous layer, respectively. 

 

Considering a given crystallization temperature, the critical stem length of the Form II 

secondary nucleus is indicated as 𝑙 , while the generic Form I seed is characterized by a 

crystalline lamellar thickness and amorphous layer thickness 𝑙𝑐
′   and 𝑙𝑎

′  , respectively. The 

deposition of Form II stems occurs at an angle θ with respect to the lamellar normal of the 

Form I substrate crystal, as dictated by the epitaxial lattice matching (unknown at present). 

Therefore, it is possible to infer variations in the free energy barrier for cross-nucleation on 

different substrates, by comparing the magnitude of 𝑙𝑐
′  and 𝑙 in the lattice matching direction, 

depending on seed’s formation temperature and actual crystallization temperature. 

Given the defined angle between the polymorphs’ chain directions, the maximum parent 

crystal dimension available is 𝑙𝑐
′ /cos (𝜃) . If the critical stem length of Form II at the 
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crystallization temperature is shorter than 𝑙𝑐
′ /cos (𝜃), a nucleus is easily generated onto the 

surfaces of Form I crystalline substrate. This is certainly valid for the hedritic morphology 

(Figure 4.11a), since the seed is originally crystallized at 108 °C, at the high end of the 

investigated cross-nucleation temperature range (100-110 °C). Thus, the lamellar thickness of 

the Form I seed is expected to be typically larger than the critical stem length of the cross-

nucleating Form II.  

On the contrary, when 𝑙  is larger than  𝑙𝑐
′ /cos (𝜃) , a portion of the deposited 

macromolecular chain segment will lay on the amorphous phase. For that part of the nucleus, 

no decrease in free energy associated with the formation of the related crystal volume is 

expected, while a lateral surface free energy penalty is still generated. This implies that the 

nucleation energy barrier will be increased by an amount proportional to (𝑙 − 𝑙𝑐
′ / cos(𝜃)), and 

up to a maximum value proportional to (𝑙 − 𝑙𝑎
′ / cos(𝜃)) when the secondary nucleus is formed 

on two adjacent lamellae of the seed.[64] This condition is likely to be encountered in the case 

of the spherulitic Form I seed, since the parent polymorph lamellar thickness is smaller than 

that of cross-nucleating Form II crystals (Figure 4.11b). This is because the temperature used 

to prepare the spherulitic substrates ranges between 75 and 90 °C, at least from 10 to 20 °C 

lower than the temperatures used for the cross-nucleation experiments. Therefore, the kinetics 

of cross-nucleation on the surface of spherulitic Form I substrate is slower with respect to the 

one on the hedrite, due to the higher nucleation energy barrier., Furthermore, within the 

spherulitic seeds crystallized at different temperatures, the increase in nucleation barrier due to 

mismatch between From II and Form I lamellae will be the highest for the lowest seed’s 

lamellar thickness. 

While this model is rather intuitively applicable when both the parent and daughter 

polymorphs exhibit a lamellar structure, such as in the case of PB-1 Form II spherulites 

nucleating on Form I spherulites or hedrites, the situation is not straightforward for the cross-

nucleation on the Form I fibrous seeds. In fact, semicrystalline fibers are composed of several 

long fibrils constituted of smaller oriented crystallites interconnected via tie-chain in the 

amorphous phase (Figure 4.11c). The size of these crystalline blocks along the polymer chain 

direction might be comparable to the lamellar thickness of the hedrite sample, as judged by the 

similar melting temperatures recorded by differential scanning calorimetry (see Appendix A9). 

However, under the assumption that the same cross-nucleation model would indifferently apply 

to both morphologies, it must be deduced that the specific arrangement of crystalline and 

amorphous Form I chains at the nanoscale in the fiber sample is more favorable to cross-
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nucleation. We can speculate that the very similar lamellar thickness between the crystallizing 

Form II and the hedritic Form I seed would still result in a certain energy penalty to the nucleus 

formation, due to the high probability of Form II stem deposition onto the chain folding region. 

On the other hand, the lack of perfect lateral correlation between the crystallite position in the 

fibers likely ensue the availability of a larger Form I crystalline substrate along the matching 

direction with the cross-nucleating Form II (as schematized in Figure 4.11c). Moreover, the 

preferential extended chain polymer conformation in the fibrillar crystals, with a reduced 

presence of chain folds at the lamellar edges, might possibly cause a less severe energy penalty 

for the depositing Form II stem, with respect to the hedritic chain folded morphology.  

In conclusion, the cross-nucleation of PB-1 Form II onto Form I substrates must involve 

the necessary requirements for the formation of a Form II secondary nucleus of critical size. 

The differences in cross-nucleation rate among the seeds with different morphologies can be 

ascribed to the different crystal dimensions of the Form I substrates in comparison to the 

lamellar thickness of the nucleated Form II, projected along a certain direction. This 

mechanism has been rigorously applied in the literature[65, 66] to the epitaxy between different 

polymer pairs. This result suggests that it might also describe the case of PB-1 cross-nucleation, 

although a detailed epitaxial relationship between Form I and Form II is still not known. 

4.5 Conclusion  

In the present work, the cross-nucleation behavior of Form II on seeds of Form I 

possessing different morphologies was investigated. It was found that the cross-nucleation 

ability of Form I seeds toward Form II varies with substrates. In particular, the cross-nucleation 

efficiency decreases in the order: fiber > hedrite > spherulite. Based on a quantitative analysis 

of the induction time, the cross-nucleation energy barrier was successfully determined, 

revealing that the rate determining step in the attainment of the nucleus critical size for cross-

nucleation is the addition of several crystalline layers, rather than the formation of the first 

crystalline layer on the substrate. The observed different cross-nucleation efficiencies of the 

seeds are attributed to differences in the Form I lamellar thickness, and to its mismatch with 

the Form II cross-nucleus critical size. This is in agreement with a previously developed model 

which describes polymer-polymer epitaxy and suggests that a defined mutual orientation 

between the two polymorphs’ structures might be required at the cross-nucleation point. 
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Chapter 5. Evidence of epitaxy for polybutene-1 cross-nucleation 

in seeded crystallization 

5.1 Introduction 

Crystallization, both in small molecules and polymers, generally proceeds by two 

consecutive events, that is, nucleation and crystal growth.[1-4] The nucleation is the process of 

generation of a new phase, and it can be categorized as homogeneous, when it occurs in the 

bulk of the mother phase, or heterogeneous in the presence of foreign surfaces.[5-7] Epitaxy, a 

special form of heterogeneous nucleation, occurs when a crystal nucleates on top of the surface 

of another crystal, according to strictly defined mutual crystallographic orientations.[3, 8, 9] 

When restrictive relationships of the crystallographic arrangement between the substrate and 

the depositing molecule exist, the epitaxially nucleated crystal will show some specific crystal 

structure and orientation,[8] resulting in particular properties and crystalline morphologies.[10-

15] In polymers, epitaxial crystallization is extensively documented both on solid substrates 

and between two polymers with different chemical structures, and it is used in order to obtain 

desired modifications or molecular chain orientations.[3, 12, 13, 16-23]   

Most of the small organic molecules are likely to form polymorphs, whose crystallization 

is often not easy to control due to the relatively weak and nondirectional intermolecular 

interactions in the solid state.[24] Thus, cross-nucleation, that is, the nucleation of one 

polymorph on another (thus occurring within the same substance), is quite frequently 

encountered in these systems. Epitaxy has been shown to play a role in cross-nucleation of 

several, but not all, molecular crystal polymorphs.[8, 25-29] For example, Park et al. 

discovered that a new metastable packing polymorph (K) of donepezil can be obtained by 

epitaxial growth on substrate crystals of the more stable form F.[29]  

Although cross-nucleation is encountered in several polymorphic polymers as well,[30-

36] whether epitaxy plays a prominent part in it is still unclear. The case of isotactic 

polypropylene is emblematic, because an epitaxial relationship for -phase single crystals 

nucleating at the surface of a -phase crystal has been proposed by Lotz,[37] but it has been 

shown not to hold in bulk samples.[38]  

Of particular interest, also for its cross-nucleation behavior, is polybutene-1, which 

exhibits pronounced polymorphism that can be distinguished by the chain conformation and 
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packing mode of chain stems.[39] Different helical conformations, that is, the 3/1, 11/3, and 

4/1 helixes, can pack into trigonal (Form I), tetragonal (Form II), and orthorhombic (Form III) 

unit cells.[40, 41] Among them, the Form I unit cell parameters are a = b = 17.5 Å, c (chain 

axis) = 6.477 Å, and γ = 120° (with space group P3̅), while Form II exhibits a tetragonal unit 

cell with the parameters a = b = 14.9 Å and c = 21.3 Å (with space group P4̅b2).[42-44]  

Our previous work (see Chapter 4) has revealed that the cross-nucleation efficiency of 

Form II on Form I substrates increases with the thickening of Form I lamellae, a fact that was 

interpreted as a possible hint of an epitaxial relationship between the two structures.[35] 

Therefore, we now aim to further explore and resolve this issue by employing a nanofocused 

synchrotron X-ray beam on a cross-nucleated PB-1 sample. 

5.2 Experimental 

5.2.1 Sample preparation 

A commercial isotactic polybutene-1, PB0110M, was employed in this work and its 

molecular characteristics were given in Table 3.1. The PB-1 pellets were first compressed into 

films with a thickness of about 0.30 mm in the melt state. Then, the thin film was heated to 

180 °C in a Mettler hot-stage, kept at this temperature for 5 min to erase thermal history, and 

further cooled to 108 °C for isothermal crystallization for 4 h to obtain an hedrite of Form 

II.[35] The sample was then quickly quenched to room temperature causing the formation of 

numerous smaller crystals with low melting temperature. Finally, the sample was stored at 

room temperature for more than 1 month to completely transform the original Form II hedritic 

crystals into Form I. Before the synchrotron X-ray experiments, the sample was treated in a 

hot-stage: the small crystals of Form I were molten, keeping intact the large hedrite, and cross-

nucleation was carried out at 90 °C. The final sample to be measured at the synchrotron 

consisted of Form II spherulites nucleated at the edges of the Form I hedrite. The choice of the 

two crystallization temperatures (108 °C for the substrate and 90 °C for the cross-nucleated 

morphology) ensured that the lamellar thickness of the resulting Form I is larger than that of 

the cross-nucleated Form II. 

5.2.2 WAXD analysis 

To access the local distributions of structural properties on the interface between the parent 

and daughter polymorphs, nanofocused synchrotron X-ray diffraction was employed (see 

section 3.2.2). 
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5.3 Results and discussions 

5.3.1 Morphology after cross-nucleation 

At first, the appearance of cross-nucleated spherulitic Form II (daughter polymorph) on 

the Form I hedritic substrate (parent polymorph) after isothermal crystallization at 90 °C is 

shown in Figure 5.1. The two polymorphs can be easily distinguished by optical microscopy 

due to their different morphologies. The square-shaped Form I crystal (hedrite) has a polygonal 

appearance, where the chain axis stands perpendicularly to the hedrite surface. During its 

crystallization in Form II, the a/b directions were found to be parallel to the edges of the 

hedrite.[42] Thus, the hedrite in Form I exhibited a single-crystal-like texture, where all the 

lamellar crystals are oriented uniformly in the same direction, however, without exhibiting a 

long-range order across the lamellar stacks as it was shown for the case of banded polymer 

spherulites for crystals, with high and low lattice symmetry, using X-ray nano-diffraction.[45, 

46]  

After the solid-state phase transition into the more stable Form I, the (110)I reflection 

shows a 12-fold symmetry indicating the coexistence and/or twinning of a hexagonal crystal 

lattice where the (110)I reflections are offset by ±15 and ±45° with respect to the normal of the 

hedrite growth face.[43] 

 

 

Figure 5.1 Optical micrograph (a) and a partially enlarged micrograph (b) of cross-nucleation 

of Form II on the Form I substrate at 90 °C.  

 

At temperatures below 98 °C, PB-1 tends to crystallize into spherulites of Form II. The 

partial magnification of panel (a) of Figure 5.1 reveals that the origin of Form II nuclei around 

the parent polymorph occurs on the lateral surface of the Form I crystal. Form II further 

branches and grows until collision of adjacent crystals, eventually leading to a transcrystalline 

https://pubs.acs.org/doi/10.1021/acs.cgd.7b00872#fig1
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layer near the interface, due to the relatively high number of nucleation sites. 

After cross-nucleation was finished, the sample was probed by nanofocused X-ray WAXD. 

The two-dimensional (2D) diffraction pattern and the corresponding one-dimensional (1D) 

WAXD curve of the whole region of Figure 5.1b, obtained from the sum of each individual 

WAXD in the different spots, are reported in Figure 5.2. The purpose is structural identification 

and demonstrating the presence of the different polymorphs, as well as detecting possible 

overall orientation. The X-ray beam was incident perpendicularly to the sample’s wide surface.  

 

 

Figure 5.2 (a) One-dimensional (1D) WAXD curve and (b) corresponding two-dimensional 

(2D) diffraction pattern of the cross-nucleated PB-1 sample for the whole scanned area. 

 

Taking into account the used wavelength, the distinct diffraction peaks observed at 2θ = 

5.4, 9.4, and 10.9° correspond to the crystallographic planes of (110)I, (300)I, and (220)I of 

Form I, respectively. On the other hand, the diffraction signals of Form II characteristic (200)II, 

(220)II, and (213)II reflections are at 2θ = 6.5, 9.1, and 9.9°, respectively. From the diffraction 

peaks presented in Figure 5.2a, the crystals obtained through cross-nucleation can be identified 

as the Form II, due to the corresponding d-spacings identical to previous literature.[31, 32, 35] 

Moreover we could also neglect a meaningful extent of phase transition from Form II to Form 

I either during cross-nucleation or synchrotron measurement at room temperature. Besides 

being expected by the inherently slow transition kinetics, this is also deduced from the 2D 

WAXD pattern in Figure 5.2b. In fact, the azimuthal distributions of the diffraction intensity 

from the whole scanned area are almost isotropic for Form II, but they concentrated in relatively 

narrow arcs for Form I, indicating that Form II crystals are isotropically oriented on average, 

and the Form I substrate shows an anisotropic structure. The 2D patterns agree with the 

morphology observed by optical microscopy, in particular they confirm the single-crystal-like 

texture of the Form I hedrite and the spherulitic structure of Form II, with lamellar stacks 
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oriented in different directions. We address the two polymorphs as parent (Form I) and daughter 

(Form II) phases, respectively, to indicate the direction of cross-nucleation.  

5.3.2 Space-resolved diffraction analysis 

After having examined the overall WAXD of the selected area, thanks to the nanofocused 

WAXD scans, we can turn to the spatially resolved diffraction results. Figures 5.3a, b shows 

the optical micrograph and a map of the integrated intensity of the (110)I plane of Form I in the 

same area of the sample, respectively. Therewith, it is easy to judge the correspondence 

between the different morphology and the location of the two polymorphs. In fact, the intensity 

of Form I characteristic peaks displays a sudden drop at the interface with Form II spherulites, 

resulting in a clearly defined and relatively sharp boundary between the parent and daughter 

polymorphs. Hence, four locations across the interface are selected, as indicated by the black 

circles in panels a and b of Figure 5.3, for comparing the crystalline orientation of both 

polymorphs. 

 

 

Figure 5.3 Cross-nucleated morphology between the parent and daughter phases showed in (a) 

the optical micrograph and (b) in the map of the diffraction intensity of the (110)I plane of Form 

I. A line scan across the interface of cross-nucleation is also shown. (c) WAXD curves of PB-

1 obtained at the locations indicated in the line scan; (d) Corresponding two-dimensional (2D) 

diffraction patterns at the different positions. 

 

For each indicated measurement position, the collected corresponding 1D and 2D WAXD 
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signals are presented in Figures 5.3c, d. The morphology at position 1 is exclusively composed 

of Form I (Figure 5.3c). This is in line with the expectation for cross-nucleation of PB-1 with 

the tetragonal modification nucleating on the surface of the pre-existing trigonal modification. 

At positions 2 and 3, both Form I and Form II shows distinct diffraction peaks, with Form I 

being the minority phase. This allows identifying a narrow region of the interface in which the 

two structures coexist, which possibly corresponds to the region where the nucleation event 

occurred. At position 4, well away from the interface, only Form II can be found. 

 

 

 Figure 5.4 Map of the orientation in the analyzed area of the planes (a) (110)I, (b) (220)II, and 

(c) (200)II, where various colors represent different orientation angles with respect to the 

horizontal direction in the detector plane. Gray areas indicate the absence of the diffraction 

from the specific plane, due to the polymorphic composition. 

 

The lamellar orientation at different positions across the interface can be determined by 

the 2D patterns presented in Figure 5.4. It should be noted that the hedritic trigonal modification 

consists of flat-on lamellae with a single-crystal-like arrangement, as previously discussed in a 

similar microbeam diffraction study.[42] In Figures 5.2b and 5.3d, all the reflections belong to 

the hk0 diffractions, corresponding to the [001]-zone X-ray diffraction pattern, which is typical 

for the Form I hedrite as the same diffraction pattern was obtained in Ref. [42]. The patterns 

exhibit a 12-fold symmetry. This is because the trigonal Form I was obtained by solid-state 

transformation of tetragonal Form II with a common diagonal (110) direction. Therefore, the 

12 arcs pattern of the (110)I peak of Form I can be attributed to the twinned structure caused 

by the perpendicular deformation of Form II unit cells along the (110) or (11̅0) planes during 

the phase transition. Based on the analysis of the Form I unit cell proposed by Tashiro et al., 

the 𝑎∗ and 𝑏∗ axes could be labeled as the (110)I reflection and they are separated by an angle 

of 60, as shown by the red and blue lines in Figure 5.3d. Moreover, the (110)I planes of Form 
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I show an angle of ±15° with respect to the normal of the Form II hedrite growth face. 

Regarding the daughter Form II crystal, the 𝑏2
∗ axis is perpendicular to the 𝑎2

∗  axis as deduced 

by the position of the (200)II reflection (position 3 in Figure 5.3d) although it shows azimuthal 

broadening in the quadrant.[42]  

Next, the orientations of Form I and Form II crystals were spatially resolved by 

considering the azimuthal distribution of the reflections. Figure 5.4 reports the azimuthal angles 

at which the first maximum in intensity is recorded for a specific plane, with 0° being the 

horizontal direction in the detector plane. In Figure 5.4a, the color of the area at different 

positions is very homogeneous, indicating that the orientation of Form I crystals within the 

hedrite exhibits an extremely narrow distribution with a FWHM of about 5°. On the other hand, 

the Form II crystals possess a spherulitic morphology, where the lamellar crystals grow along 

the radial direction synchronously with branching. The various orientations of (220)II and 

(200)II of Form II planes at different positions, as shown in Figures 5.4b, c, mean that by 

proceeding further away from the interface, the crystallites orient into various directions, which 

complies with the nature of spherulites. Checking carefully the map of (200)II and (220)II 

orientations, we notice that some parts near the nucleating interface show a similar orientation, 

with either the same or complementary azimuth according to the azimuthal symmetry of the 

particular diffraction peak. In order to look for a nucleation site, we combine the optical 

micrograph and the orientation map, and select positions 1-4 because they are located along 

the same radial direction of the Form II lamellae. Therefore, the part between positions 2 and 

3 should be representative of one or few nucleation sites. Under this assumption, a possible 

epitaxial relationship between the two polymorphs can be then investigated, by considering the 

mutual orientations of the lattices in the area. 

Figure 5.5a displays the 2D diffraction pattern of a small area of 0.5  4 m2 between 

positions 2 and 3. Compared to the diffraction of the (110)I plane at position 1 for Form I, the 

azimuthal distribution of the (110)I reflection at the interface is the same, meaning that the 

orientation of lamellae inside and at the interface of the Form I hedrite remains consistent. For 

Form II, the orientation has not changed largely, but the diffraction signal is enhanced due to 

the averaging of multiple patterns, at the expenses of a slight azimuthal broadening. The 

corresponding azimuthal intensity plots of (110)I and (200)II planes are shown in Figure 5.5b. 

The (200)II reflection displays 4 maxima spaced by 90°, with the first one located at a 45.7° 

angle. For Form I, the positions of the (110)I maxima correspond to 12 azimuthal angles, where 

the difference of the adjacent peaks is 30°. The first maximum is located at about 5°, while the 
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one nearest to the first peak of (200)II is found at ca. 35.7°.  

 

 

Figure 5.5 (a) Average two-dimensional diffraction pattern of the area (8 patterns, 0.5  4 m2) 

between positions 2 and 3. (b) Azimuthal intensity distribution of the characteristic diffractions 

of (110)I and (200)II. The red lines represent a Gaussian fitting of the original data. 

 

5.3.3 Proof of epitaxial relationship between the two polymorphs in PB-1 

To show that the orientation of the planes of the parent Form I and daughter Form II 

crystals is a general observation, the orientation of the accumulated pattern, which corresponds 

to the sum of the patterns of the whole scanned area as shown in Figure 5.2b, was also analyzed. 

As shown in Appendix B1, the (110)I reflection of Form I shows a perfect 12-fold symmetry. 

Interestingly, the (200)II reflection of Form II exhibits a notable 4-fold symmetry (Appendix 

B2). The azimuthal of maxima (y) and sequence (x) of the peaks have the relationship (see 

Appendix B3 and B4): 

𝑦 = 30 ∗ 𝑥 − 23.6      (110)I 

𝑦 = 90 ∗ 𝑥 − 45.1      (200)II 

The angle between the nearest maximum of (200)II and (110)I is ~8.5º. Considering the 

unit cell symmetry relationships, the angle between (110)II and (200)II of Form II is 45. 

Therefore, it can be calculated that the (110)II plane of Form II has an average angle of ~6.5 

with the (110)I plane of Form I, i.e., 45-8.5-30 (12-fold symmetry of Form I). In other words, 

the planes are practically parallel with each other. This indicates that the daughter Form II 

crystal exhibits a preferred orientation when nucleated at the Form I interface.  

It is now interesting to discuss the potential epitaxial relationship between the two 

polymorphs. As stated above, during the Form II-to-I transformation, the (110) plane is in 
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common between the two structures. A schematic of the two structures and of the possible 

epitaxial arrangement is shown in Figure 5.6. The interchain distances within the (110) plane 

for the two polymorphs are almost identical: 10.1 Å for Form I and 10.5 Å for Form II. The 

mismatch is: 

𝑑form II − 𝑑form I

𝑑form I
=

10.5 − 10.1

10.1
× 100% = 3.9% 

This value is well below the accepted mismatch criterium for epitaxial crystallization 

(15%). As a comparison, the mismatch in the a or b axis between Form I and Form II is larger 

than 15%.  

𝑎form II − 𝑎form I

𝑎form I
=

17.5 − 14.9

14.9
× 100% = 17.4% 

Therefore, epitaxy is unlikely to occur along these directions. 

After having considered the spacing matching perpendicular to the chain direction, we 

now turn the attention to the one along the chain axes. Both Form II and Form I possess helical 

chain conformations, 11/3 and 3/1, respectively. As such, the matching along the chain 

direction can be regarded as the fitting of two screws along the respective threads. The crest of 

the Form II screw should fit in the root of the Form I screw. Therefore, the dimension of interest 

is the distance between one helical turn, which can be calculated dividing the c-axis by the 

number of turns of the helix in the unit cell 

𝑐Form II/3 − 𝑐Form I/1

𝑐Form I/1
=

7.1 − 6.47

6.47
× 100% = 9.7% 

In view of the above reasoning, it is highly probable that cross-nucleation of Form II on 

Form I occurs at the (110) contact planes. 

The scheme of Figure 5.6 represents the epitaxial relationship at the molecular level, 

without taking into account the actual surface state, that is, roughness of Form I crystals, which 

might have been generated in the hedrite during Form II to Form I transformation. For the sake 

of simplicity, a reasonable assumption is that the surface can be considered molecularly flat, at 

least on the length scale of the nucleus size. 
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Figure 5.6 Schematic of the unit cells of Form II and Form I and the possible epitaxial 

relationship between them. 

 

5.4 Conclusion  

In summary, the cross-nucleation behavior of Form II on the surface of Form I in PB-1 

has been studied by nanofocused synchrotron X-ray diffraction. A clearly defined boundary 

between the parent and daughter polymorphs and specific nucleation sites were found, through 

determining the content and orientation of both modifications with WAXD. The lattice 

orientation of the Form II lamellae formed on the interface is fixed, with their (200)II plane 

aligned ~8.5 apart from the (110)I plane of Form I. These results suggest that the two structures 

are in contact, in the cross-nucleation region, via their (110) planes, in which the mismatch of 

the interchain distances between the two modifications is about 4% only, and the one along the 

chain axes is less than 10%. Notably, this plane is the same as the (110)I plane generated during 

the solid-state Form II to Form I transition. The obtained results confirmed the capacity of PB-

1 Form I hedrites to induce epitaxial crystallization of Form II. 
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Chapter 6. Nucleation of polybutene-1 on the surface of different 

fibers 

6.1 Introduction 

Polymer/fiber composites have attracted much attention in the past few decades, as a way 

to improve mechanical properties of plastic materials for specific applications. These 

composites have been extensively used in a wide range of fields, from packaging to aerospace 

applications.[1-8] The performance improvements of polymer/fiber composites are attributed 

actually to excellent properties of the used fiber but depend strongly on the interfacial 

interaction between the rigid fiber and the soft matrix. Fiber-induced interfacial crystallization 

is recognized as a promising method to improve polymer/fiber interfacial interactions.[6, 9, 10] 

It effectively accelerates the nucleation kinetics of the matrix by providing more nucleation 

sites. A special heterogeneous nucleation morphology, termed transcrystalline layer (TCL), is 

produced as a result of the most important kind of interfacial interactions and has been widely 

reported and under focus recently.[3, 10-18] The formation of TCL is associated with an 

extremely high nucleating ability of the fibers, causing the crystals to grow perpendicular to 

the fiber axis. Many factors, such as surface chemistry[19-23] and roughness of the fiber,[3, 

14, 16, 24-27] molecular weight, chain conformation and functional groups of the polymer 

matrix,[28-38] are believed to affect surface-induced nucleation in composites. The dominant 

factor is still debated.  

Fiber-induced nucleation has been studied in detail in many works.[11-15, 18, 19, 25, 39-

49] Among them, isotactic polypropylene (iPP) has been most frequently chosen, as a 

representative research system, due to its diversified structures and relatively low nucleation 

density. For example, Wang et al.[39] utilized in situ polarized optical microscopy (POM) and 

atomic force microscopy (AFM) to study the fiber-induced crystallization of iPP monoclinic 

crystals on the fibers of poly(butylene terephthalate) (PBT), poly(ethylene terephthalate) (PET) 

and poly(trimethylene terephthalate) (PTT). It was found that nucleating ability of three fibers 

toward iPP followed the order PBT > PET ≈ PTT, which is attributed to the possession of a 

large length of the ac-plane crystal surface for PBT, that is convenient for epitaxial 

crystallization. Moreover, they also focused on the study of nucleation ability of other fibers, 

such as carbon, Kevlar, and poly(p-phenylene benzobisoxazole) fiber. It is interesting to find 

that the maximum temperature for TCL formation is associated with the interfacial free energy 
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difference (Δσ), which determines the free energy barrier for nucleation.[11-15, 18] On the 

other hand, poly(l-lactide) (PLLA)/fiber composites have also been the subject of nucleation 

studies. Wen et al.[40] studied the crystallization phenomenon of SC (stereocomplex) and 

PLLA fibers toward a PLLA matrix. They found that the nucleating ability of the TCL layer 

along the PLLA fiber was much larger than that along the SC ones. Wang et al.[25] also paid 

attention to the nucleation ability of PLLA on various fibers, including poly(ethylene 

terephthalate), carbon, Kevlar, glass, hemp, linen, and cellulose. It was found that Δσ decreased 

with an increase of surface roughness for most fibers, although SC and carbon fibers displayed 

relevant deviations, which means that other factors may also influence the surface-induced 

nucleation process of fibers, such as fiber/matrix chemical interactions. 

Despite the wealth of information in fiber-induced nucleation literature, the explored 

systems are still rather limited, and information on other different polymers could help in 

drawing general conclusions. Among the diverse polyolefin materials, polybutene-1 appears to 

be a useful system for studying the nucleation process induced by fibers. First, PB-1 as a 

conventional plastic has extensive applications in high pressure tanks, pumps, and hot-water 

pipes. Thus, the study of the fiber-reinforced composites based on this material is of great 

importance. Second, the nucleation and crystal growth are comparatively slow in the bulk, at 

relatively high temperatures, which makes it possible to achieve real-time measurements. 

Finally, PB-1 is a polymorphic polymer, which has diversified crystalline modifications, forms 

I/I’, II, and III.[50, 51] In practice, Forms I and II are the most processing-relevant 

modifications. Form II can be generated directly from regular melt crystallization as it is 

kinetically favored.[52-55] Form I is the most stable modification from a thermodynamic point 

of view, which is generally transformed from Form II through quiescent aging at room 

temperature.[56-65] Therefore, it arouses our interest to design a fibrous Form I substrate with 

a higher melting temperature, to tailor the crystallization and morphology of Form II for high-

performance all-PB-1 composites. Meanwhile, other fibers are also included in the study. 

6.2 Experimental 

6.2.1 PLOM analysis 

The PB-1 homopolymer used in this chapter was kindly provided by Lyondell-Basell 

Industries, with trade name PB0300M. The details of this polymer are listed in Table 3.1. PB-

1 films were prepared through manual compression molding between glass slides, above the 

equilibrium melting temperature (e.g., 180 °C) and the average thickness was about 50-70 m. 
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The fibers used in the present work were kindly provided by various research institutions and 

companies. For instance, the PLLA, SC (stereocomplex) and PB-1 Form I fibers were supplied 

by the Institute of Chemistry of the Chinese Academy of Science in Beijing and have been used 

in previous studies.[25, 45] And some commercial fibers (i.e., carbon, glass and PP fibers) were 

kindly provided by Borealis and used as received. 

For the in-situ PLOM characterization during isothermal crystallization, the employed 

technique was described in section 3.2.1. The temperature protocol adopted for sample 

preparation and crystallization experiments is schematized in Figure 6.1, and mainly consisted 

of the following steps. Step a: one piece of a PB-1 film was heated from room temperature to 

180 °C (Tm). Step b: held at Tm for 5 min to erase the thermal history. Step c: cooled at 20 °C/min 

down to the selected temperature (Ti =150 °C). A single fiber was introduced manually into the 

film and the single-fiber polymer composite was covered with a microscope cover glass.[25, 

66] In the case of the PB-1 Form I fiber, a lower Ti of 130 °C was necessarily used, due to the 

lower melting point. Step d: induced stress was relaxed at Ti for ti = 30 min. Step e: cooled at 

20 °C/min down to the selected isothermal crystallization temperature Tc. Step f: isothermal 

crystallization was performed at Tc for tc (subjected to the actual experimental time) and PLOM 

data acquisition was performed with a collection time of 5 s for each profile. 

 

 

Figure 6.1 Schematic diagram of the applied thermal history.  

 

6.2.2 AFM analysis 

The quantitative analysis of investigated fibers’ topography via AFM was performed on 

the surface of different fibers as described in section 3.2.3. 
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6.3 Results and discussions 

6.3.1 Morphologies induced by the different fibers 

Figure 6.2 shows four typical examples of the time-resolved polarized optical microscopy 

images obtained during isothermal crystallization of PB-1 Form II onto different fibers. The 

selection of isothermal crystallization temperatures between 91 and 101 °C follows from the 

fact that such temperatures are low enough to ensure fast isothermal crystallization but high 

enough to prevent the occurrence of non-isothermal crystallization during cooling. It should be 

noted that the exact polymorph formed on the surface of fibers can be easily identified by a 

melting experiment with optical microscopy (see Appendix C1), where the crystal completely 

disappears within melting range of Form II (about 105-120 °C). 

In Figure 6.2b, a clear sporadic nucleation process with crystallization time, an indication 

of a very low density of nucleation sites, is observed for carbon fiber. The typical hybrid shish–

calabash structure can be observed in PB-1/carbon composite, in which carbon fiber serves as 

shish and Form II spherulites serves as calabash.[30, 31, 67, 68] On the contrary, the PB-1 

Form I fiber shows the peculiar transcrystalline layer morphology due to a very high density 

of nucleation sites and the absence of lateral separation between the individual growing 

spherulites.[69-73] This transcrystalline morphology has been highlighted also for iPP fiber/PP 

matrix homo-composites and scanning electron microscopy observations revealed that it is 

composed of mostly edge-on α-phase lamellae with their growth direction perpendicular to the 

fiber axis.[66] An analogous morphology is expected for this all-PB-1 composite. Obviously, 

the PP and glass fibers display intermediate nucleation density between that of carbon and Form 

I fibers. A similar nucleation process is also observed for the other two fibers shown in 

Appendix C2.  

It is apparent that the nucleating ability of glass, carbon, PP, PLLA and SC fibers is 

exceedingly low with respect to Form I fiber. The low nucleation density enables us to observe 

readily the morphology of the crystallites and count directly the amount of spherulites (nuclei), 

to calculate precisely the nucleation rate. More interestingly, the morphology for Form II 

crystallization on the glass, PP, PLLA and SC fibers cannot be easily defined as HSC or TCL. 

This is because the density of active nuclei on these fibers’ surface is not so low that each 

nucleus will grow in a radial pattern, neither so high that nuclei can grow just along the 

direction perpendicular to the fiber, and thus violates the rule of TCL. On the other hand, the 

HSC structure is described as few nuclei developing into large separated spherulites at the 
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interface of polymer/filler composites without hindrance.[9, 30] For these four fibers in this 

chapter, we can find collision and impingement between these deformed spherulites. Therefore, 

the morphology should be defined as an intermediate state of HSC and TCL. However, for the 

sake of convenience, we can refer to this morphology as HSC in the following section. 

 

 

Figure 6.2 Polarized optical micrographs of PB-1 matrix crystallized on the surface of (a) glass, 

(b) carbon, (c) PP and (d) PB-1 Form I fibers during isothermal crystallization at selected Tc 

values.  

 

Figure 6.3 shows the difference of PB-1 Form II crystallization at different crystallization 

temperatures, which can be deduced by comparing the morphology developed on the fiber 

surface after a given holding time at different undercoolings. First, it is easy to find that the 

number of crystallized spherulites on the fiber surface at the same time decreased with 

increasing crystallization temperature, even if the temperature difference is just 1 °C in Figures 

6.3a and b (more data are displayed in Appendix C3). While the sporadic nucleation process 

on glass and carbon fibers is beneficial for morphological observation and counting the number 

of nuclei, for the Form I fiber it is hard to observe the change of number of nuclei by the naked 

eye, due to the TCL structure (Figure 6.3c). This is a consequence of the high nucleation density 

and lack of lateral separation between the individual growing spherulites on the fiber surface, 

causing the crystals to grow crowded together. It is observed that Form II always nucleates on 

the surface of the Form I fiber with a transcrystalline morphology, even near the Form II 

melting temperature (melting peak range of 105-120 °C). This observation is different from the 
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previous work of surface-induced nucleation of SC fiber toward PLLA.[25] For instance, when 

the crystallization temperature of PLLA is increased by 5 °C from 142.5 to 147.5 °C, a 

morphological change from TCL to sporadic spherulites is observed. Moreover, the crystalline 

morphology of PB-1 matrix on the surface of the other fibers is always HSC, even though the 

temperature varied by 4 °C, as shown in Figures 6.3a,b and Appendix C3. The particular 

morphological changes of PB-1 Form II crystallized on different fibers will be discussed in 

detail below. 

 

 

Figure 6.3 Morphological changes of PB-1 matrix crystallized on the surface of (a) glass and 

(b) carbon fibers for 90 s and of (c) Form I fiber for 920 s at selected Tc values. The inset of (c) 

is a close-up showing a very thin TCL. 

 

Despite the above results, the difference in nucleation ability of various fibers is still far 

from being understood, because both fiber diameter and the elapsed time for the surface-

induced nucleation are different. In the following sections, we will compare quantitatively the 

nucleation kinetics and focus on which major factor is controlling fiber-induced nucleation. 

6.3.2 Nucleation kinetics of PB-1 on different fibers 

To quantitatively evaluate the nucleation capacity of various fibers toward PB-1, a direct 

counting method was employed to obtain the amount of nuclei at various undercoolings. It is 

reasonable to derive the nucleation density (i.e., number of nuclei per unit area) using the total 

number of nuclei counted from the whole micrograph divided by the overall lateral surface of 
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the fiber. Unfortunately, this method is applicable only for relatively low nucleation density of 

the matrix on the surface of the fiber: the greater the nucleation density, the more difficult the 

counting of the number of nuclei. In particular it cannot be adopted for the TCL structure. 

Figure 6.4 summarizes the evolution of the nucleation density of PB-1 on PP and PLLA 

fibers as a function of time at different undercoolings. The displayed fibers are selected as 

representative examples of the nucleation experiments, while all of the results for the other 

fibers are shown in Appendix C4. In Figure 6.4a,b, a linear increase of nucleation density is 

observed with time, and the different nucleation rates can be derived by the slope of the fitting 

lines at various Tc values. Moreover, with the increase of Tc values, the nucleation rate 

significantly decreased no matter which fiber was employed (see Appendix C4). This is in line 

with the nucleation process occurring in iPP/fiber and PLLA/fiber composites,[11, 12, 18, 25] 

as expected from the classical nucleation theory. 

 

 

Figure 6.4 Nucleation density of PB-1 Form II on the surface of (a) PP and (b) PLLA fibers as 

a function of time for specimens crystallized at selected Tc values. 

 

It should be noted that the Form I fiber always induces the formation of the Form II TCL 

structure in the investigated temperature range, as shown in Figure 6.3c; therefore, the direct 

counting of the number of nuclei is obviously not possible. As such, a different method is 

employed to quantitatively determine the nucleation kinetics on such fibers. Figure 6.5a shows 

the evolution of the light intensity of the Form I fiber-induced PB-1 Form II nucleation process 

as a function of time during crystallization at different temperatures. A rectangular region 

including the TCL area is selected, as shown in Appendix C5. The mean light intensity is 

calculated for the same selected area in each acquired frame with the use of ImageJ software. 

It is possible to easily derive the induction time, which is defined as the point of increase of the 

luminous flux from the initial plateau to a fast growth stage. The exact value of the induction 



Chapter 6. Nucleation of polybutene-1 on the surface of different fibers 

75 

 

time is indicated by the corresponding colored arrows for the various Tc values in Figure 6.5a. 

 

 

Figure 6.5 (a) Evolution of light intensity as a function of crystallization time during isothermal 

crystallization for Form II nucleation on the surface of Form I fiber at selected Tc values. The 

induction times are indicated by the corresponding colored arrows at various Tc. (b) Induction 

time for Form I fiber induced nucleation toward PB-1 matrix as a function of Tc.  

 

To clearly compare the effect of Tc on the nucleation of Form II on the Form I fiber, the 

evolution of induction time as a function of Tc is reported in Figure 6.5b. As expected, strong 

dependence of nucleation kinetics (induction time) on crystallization temperature is observed, 

with an exponential relationship. This is consistent with the result of our work,[45] noting that 

the nucleation rate of Form II of the high-molecular-weight matrix (PB0110, used in Chapter 

4) is slightly faster than that of the low-molecular-weight matrix (PB0300) on the same surface 

of the Form I fiber. 

In terms of the nucleation kinetics of Form II on different fibers, it is essential to introduce 

a quantitative parameter Δσ, which represents the nucleating ability of the surface toward the 

polymer matrix.[74-76] Being directly proportional to the nucleation free-energy barrier, the 

lower the Δσ, the faster the nucleation. Some studies have proved the effectiveness of this 

parameter for characterizing the nucleation activity of fibers, such as in PE, PP, PCL, and PLLA 

composites.[11-15, 18, 25, 39, 41, 42]Accordingly, all nucleation density data could be 

analyzed based on the theory of heterogeneous nucleation, which expresses the nucleation rate 

I as [76] 

𝐼 = 𝐼0exp (−
𝑈∗

𝑅(𝑇 − 𝑇∞)
) exp (−

16𝜎𝜎𝑒∆𝜎𝑇𝑚
02

𝑘𝑇𝑓2∆𝑇2∆ℎ0
2)                               (6.1) 

where I0 is a constant independent of temperature, U* is the activation energy related to the 
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transport of chain segments across the phase boundary, R is the gas constant, 𝑇∞  is the 

temperature below which all motions associated with viscous flow cease (= Tg – 30), h0 is the 

enthalpy of fusion per unit volume of bulk crystal at Tm
0 , f is a correction factor (= 2Tc / (Tc + 

𝑇𝑚
0 )) that describes the temperature dependence of the fusion enthalpy and k is the boltzmann 

constant. σ and σe are the free energies of the lateral and fold surfaces in contact with the 

supercooled melt.[45, 77] However, induction time data of Form II nucleation on the surface 

of Form I fiber are not suitable for equation (6.1). Based on the assumption that the product 

between I and ti at a given temperature is constant,[42] induction time data can be analyzed 

using the following equation. 

1

𝑡𝑖
= 𝐼0 exp (−

𝑈∗

𝑅(𝑇 − 𝑇∞)
) exp (−

16𝜎𝜎𝑒∆𝜎𝑇𝑚
02

𝑘𝑇𝑓2∆𝑇2∆ℎ0
2)                                (6.2) 

 

 

Figure 6.6 (a) Variation of nucleation rate with degree of undercooling according to equations 

(6.1) and (6.2) (for Form I fiber). (b) Magnification of the low crystallization temperature 

region.  

 

Figure 6.6 shows the evolution of nucleation kinetics as a function of crystallization 

temperature for the Form I fiber according to equation (6.2) and for the other fibers according 

to equation (6.1). The linear fit of the nucleation rate data in the studied supercooling range 

clearly shows that the nucleation rate of PP and Form I fibers are considerably different from 

those of other fibers. More specifically, the energy barrier for the nucleation of Form II is the 

lowest on Form I fiber and is the highest on the PP fiber among all the fibers, just judging from 

the slope which is proportional to Δσ. On the other hand, it is apparent that the rest of the fibers 

presented similar Δσ due to nearly parallel linear fit, although slight differences can be 

appreciated in Figure 6.6b. A value U* = 6280 J/mol for the transport of chain segments to the 
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crystal growth front has been suggested. Bulk enthalpy of fusion Δh0 of the Form II mesophase 

of 56 J/cm3 can also be obtained from previous work.[77] From Appendix C6a, we know the 

equilibrium melting temperature (Tm
0  = 398.74 K) of the used PB-1 grade determined using the 

Hoffman–Weeks method. The glass transition temperature (Tg ) for the calculation of 𝑇∞  is 

246.29 K, as measured via differential scanning calorimetry (DSC) (Appendix C6b). The value 

of the term e of 41.75 erg2/cm4 was calculated using the L-H growth model, that is, a plot of 

lnG+U*/R(T-T) versus 1/TΔTf yields a straight line with a slope proportional to e.[15, 78] 

 

Table 6.1 Fiber features and measured PB-1 Form II crystal nucleation parameters a 

Type of 

fiber 

Diameters 

(m) 

Roughness, Rq 

(nm) 

Δσ 

(mJ/m2) 

Ln(I0) 

(nuclei/m2 s) 

PB Form I 47.1  1.1 37.1 0.31  0.02  

PP 16.8  0.4 20.6 1.42  0.08 30.8  0.9 

PLLA 68.9  8.2 23.4 0.84  0.08 27.0  0.9 

SC 62.3  5.5 27.6 0.80  0.06 26.3  0.5 

Carbon 7.2  0.3 54.1 0.76  0.05 24.6  0.4 

Glass 16.2  1.0 25.0 0.85  0.08 27.2  0.7 

a Δσ and I0 from equation (6.1) calculation. 

 

In Table 6.1, all the parameters of fiber features and the surface-induced nucleation 

process have been summarized. Similar values of Δσ ranging from about 0.76 to 0.85 mJ/m2 

were observed for most of the investigated fibers. Corresponding to minimum and maximum 

absolute values of the slopes of Form I and PP fiber within the nucleation rate plot in Figure 

6.6, Δσ values of 0.31 and 1.42 mJ/m2 are obtained at both extremes.  

6.3.3 Different factors affecting fiber-induced nucleation 

The nucleating ability of various fibers toward a polymer matrix has been a subject that 

deserved some discussion in the past few decades. The topography of the fiber surface is widely 

used to account for this phenomenon.[3, 14, 15, 25, 79, 80] This is because an alternating 

groove and ridge morphology always exists at the fiber surface due to processing defects. Such 

a surface topography plays a significant role in improving the nucleation of the matrix induced 

by fillers in two aspects. First, an expanded lateral area may result in more efficient sites for 

nucleation.[15] Second, the thermal stress developed at the fiber surface might induce local 
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orientation of matrix chain segments, causing a lower Δσ.[14, 18] The roughness of the fiber 

surface is typically defined using the value of root-mean-square roughness (Rq), which is 

expected to quantify this topography. 

 

 

Figure 6.7 Examples of surface height profiles of all of the fibers derived from the analysis of 

AFM images. 

 

Guided by the above-mentioned work, to figure out the effect of fiber surface topography 

on Form II nucleation in PB-1/fiber composites, AFM measurements were performed. 

Appendix C7 shows the three-dimensional (3D) AFM surface topography images of all the 

fibers, and Figure 6.7 shows the corresponding one-dimensional (1D) characteristic height 

profiles obtained by processing the 3D images. Groove and valley morphologies with a typical 

length scale of a few tens of nanometers are present at the surface of all the fibers. Therefore, 

the roughness (Rq) of the fiber surface, generally available by quantitative measurements of the 

groove height and average calculation in the AFM software, is considered to account for the 

surface structure and compare the differences of various fibers at the nanometer scale. From 

Figure 6.7, one can readily observe the difference between the fibers’ roughness, by looking at 

the adopted height scale. For example, the roughness of the carbon fiber is expected to be the 

largest, while that of PP and PLLA should be the smallest, as judged from the y-axis scale. The 

exact values of the root-mean-square roughness parameter for all the fibers have been 

calculated and are summarized in Table 6.1. 

The evolution of interfacial free-energy difference (Δσ) as a function of roughness (Rq) 

for the fibers is presented in Figure 6.8. Although a general trend cannot be recognized, the 

value of Δσ decreases in an exponential manner with the increase of the roughness (see the 

dashed line), when the PB-1 Form I fiber is excluded. On the other hand, an almost linear 

decrease of the interfacial free-energy difference with roughness is found, if the data of the 
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carbon fiber are neglected (oval area). This means that, in general terms, the nucleation process 

is favored by the rough surface of fibers in the polymer/fiber composites. This finding is in 

agreement with various systems.[15, 25, 81] For example, Lin et al. found that rougher copper 

substrates led to smaller values of the interfacial free-energy difference for iPP nucleation. 

Wang et al. also reported a similar trend of Δσ as the roughness of the fibers increases in the 

PLLA/fiber composites. Despite this rather general conclusion, the fact that the entire data set 

cannot be described by a single relationship indicates that roughness is not the sole parameter 

that characterizes the nucleation free-energy barrier. 

 

 

Figure 6.8 Plot of the interfacial free-energy difference (Δσ) as a function of roughness (Rq) 

for all of the investigated fibers. 

 

It should be noted that the Δσ of the Form I PB-1 fiber is extremely low, in comparison 

with other fibers, if its specific roughness is taken into account. We can attribute it to the cross-

nucleation of the PB-1 Form II fiber onto the Form I fiber occurring via an epitaxial mechanism, 

which has been proved in Chapters 4 and 5. Another widely studied factor is the intrinsic 

surface chemical characteristic of the various fibers, which plays an important role in the 

interfacial nucleation activation of a given polymer matrix on the surface of fibers. For example, 

Maiti et al.[44] studied the crystallization behavior of nylon-6/clay nanocomposites. They 

found that the formation of hydrogen bonds between the clay and nylon-6 on the interface could 

promote the formation of a γ-form crystal of nylon-6 on the surface of clay and accelerate the 

nucleation rate. 

In this chapter, we adopted two different systems that should provide evidence on the role 

of surface chemistry, being chemically identical in pairs. The first system is PLLA/SC fibers. 

Although stereocomplex (SC) is prepared through the blend of the two different enantiomeric 
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forms of PLLA and PDLA, the chemical characteristic is the same for SC and PLLA. If 

chemical structure plays a dominant role in nucleation, these PB-1/fiber composites will 

present the same Δσ. This is actually the case, as can be seen in Figure 6.8 and Table 6.1, despite 

the difference in surface roughness of about 15%. However, the second example contradicts 

this finding. In fact, if we consider the chemically similar PP and PB-1, the greatest difference 

in Δσ among all the systems is observed, despite the fact that they only differ in one methyl 

group. This notwithstanding, as previously discussed, Form I PB-1 fibers are anomalously 

efficient in nucleating Form II, due to the existence of an epitaxial relationship. Therefore, 

chemical structure could actually influence nucleation on fibers, as demonstrated by PLLA and 

SC, but its effect could be overwhelmed by more specific interactions, such as epitaxy. We note 

that the specific surface chemistry might play a role in nucleation on the surface of fibers, 

mainly through the formation of intermolecular interaction, like hydrogen bonds or polar 

interactions.  

 

 

Figure 6.9 (a) Specific number of nuclei of different fibers in the surface-induced nucleation 

process. (b) Plot of the logarithm of potential nucleation sites (Ln(I0)) as a function of the 

roughness (Rq) for different fibers. 

 

Classical nucleation theory (CNT) expresses the nucleation rate per unit volume or area 

as the product of a double-exponential factor and a pre-exponential factor, as in equation (6.1). 

The double-exponential factor is exp (−
𝑈∗

𝑅(𝑇−𝑇∞)
) exp (−

16𝜎𝜎𝑒∆𝜎𝑇𝑚
02

𝑘𝑇𝑓2∆𝑇2∆ℎ0
2) , which has been used to 

define the probability of PB-1 Form II nucleation on the fiber surface taking into account the 

free-energy cost for nucleus formation. However, no in-depth discussion about the pre-

exponential (I0) and its physical meaning has been provided in the literature. In the case of 

homogeneous (volume) nucleation, the pre-exponential factor is the product of three terms (I0 
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= jZ): the number density of molecules , the rate at which molecules attach to the nucleus 

causing it to grow, j, and the Zeldovich factor Z, which is a probabilistic term. The number 

density of molecules  is essentially the number of possible nucleation sites per unit volume 

since in homogeneous nucleation, the nucleus can form around any of the molecules. However, 

in classical heterogeneous nucleation, the pre-exponential factor I0 does not contain the number 

density of molecules , but rather the number density of sites for heterogeneous nucleation, i, 

given by the number density of impurities times the number of places where a critical nucleus 

can form on each impurity.[82-84] Therefore, it is plausible to consider this pre-exponential 

factor (I0) as representative of the possible nucleating sites on the fiber surface area.  

To understand the difference in the calculated potential nucleation sites on the different 

types of fiber, we compare these values in detail in Figure 6.9a. For the sake of comparison, 

the rate constant in I0 (i.e., j) has been considered to be equal to one, being a characteristic of 

the polymer and equal for every system, in principle. The standard HSC structure in the PB-

1/carbon composites possesses the minimum of nucleation sites with 0.4  1011 nuclei/m2 s. 

However, for most of the fibers (PLLA, SC and glass fibers), the value of I0 is largely constant 

on the order of 1011 nuclei/m2 s, which is one order of magnitude bigger than that of carbon 

fiber. Remarkably, the number of nucleation sites on the PP fiber is far greater than that of all 

the other fibers, being two or three orders of magnitude higher. The amount of nucleation sites 

of the Form I fiber which cannot be easily compared with other fibers due to the different 

estimation parameters used in equations (6.1) and (6.2), but it could be deduced that the 

effective sites must be several orders of magnitude larger than that of PP fiber, based on the 

TCL morphology shown in Figure 6.2. 

Figure 6.9b shows the evolution of potential nucleation sites as a function of the roughness 

for different fibers. It is noteworthy to observe an inverse relationship between the Ln(I0) and 

roughness (Rq), with the number of nucleation sites per unit area decreasing exponentially with 

increasing roughness. Wang et al. have identified the potential nucleation sites to the groove 

structure of a fiber’s surface topography, with the requirement that, for heterogeneous 

nucleation to take place, the dimensions of the groove should be sufficient to host the stable 

nuclei.[15, 25] A certain degree of commensurability between valley/ridges size and nuclei 

dimensions might explain the higher number of nucleation sites for lower roughness values. To 

explain the inverse relationship in Figure 6.9b, we can make some rough assumptions. At a 

first approximation, the number of effective nucleation sites (I0) approximately equals the 

concentration of grooves satisfying the above size criteria. Considering a continuous 
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alternating groove and ridge topography, the number of grooves will be related both to the 

average height of valleys and the width of the grooves. For the sake of simplicity, the 

topography is represented as upward triangles in Appendix C8 and the number of grooves over 

the unit length is equal to the reciprocal of the valley width (2l). With reference to the scheme 

of Appendix C8, this is given by 2Rq/tan, where  is the internal angle between the fiber 

surface and the groove. Thus, I0 is proportional to tanRq. This function explains at least the 

general trend observed in Figure 6.9b, although the precise relationship between I0 and 

roughness cannot be captured by such a simple and schematic model. 

We highlight that a high number of possible nucleation sites does not necessarily mean a 

high nucleation ability. In fact, besides the number of available sites, the free-energy barrier for 

nucleus formation (i.e., Δσ) is of importance. Interestingly, as deduced from Figures 6.8 and 

6.9b, a connection between the free-energy difference (Δσ) and the effective nucleation sites 

(I0) is expected. In Appendix C9, we can find empirically a positive correlation between the 

free-energy barrier and the number of available nucleation sites. The physical reason for such 

a dependency is unclear, but it can be tentatively linked to the scale of the roughness, as a 

working hypothesis. In fact, from Figure 6.9b, we can see that the highest number of nucleation 

sites is associated with the lowest Rq values. Assuming again that groove and ridge structures 

alternate in succession, if there are many nucleation sites on the surface of the fiber, such as in 

the PP fiber, the space between two grooves will become very narrow. It can thus be assumed 

that the polymer matrix is able to wet less efficiently a substrate with this type of topography 

since the diffusion of chain segments to the inner part of the grooves will be hindered, similar 

to the situation that occurs during the infiltration of a polymer into anodic aluminum oxide 

(AAO) templates, which becomes increasingly slow with a decrease in pore size.[85] Therefore, 

this partial wetting would cause a higher apparent Δσ, although the interactions of the polymer 

with an ideally flat substrate of the fiber would be more favorable. On the contrary, most or all 

the large-sized grooves are easy locations to induce nucleation, for instance, in the case of the 

carbon fiber, due to the higher wettability of the fiber surface. We note that this discussion on 

roughness and available nucleation sites does not apply to the PB-1 Form I fiber, for which any 

point of the surface is a potential nucleation site, due to the occurrence of epitaxial match with 

Form II. 

Now that the details of fiber-induced nucleation toward PB-1 have been elucidated, the 

origin of TCL morphology in this polymer can be discussed, with particular emphasis on the 

relationship between potential nucleation sites and transcrystalline layer formation. 
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Figure 6.10 Crystallization morphology of various PB-1/fiber composites after cooling to 

room temperature. 

 

Figure 6.10 shows the morphology of PB-1 Form II crystallizing on the surface of 

different fibers after cooling from the melt to room temperature at 20 °C/min (i.e., non-

isothermal nucleation and growth). An evident TCL structure is observed in the composite with 

the Form I fiber, which is consistent with that observed during isothermal crystallization. 

Interestingly, TCL morphology is also found to appear on the surface of the PP fiber, although 

the linear density of the crystals is not as high as that on the Form I fiber. For carbon fiber, the 

standard HSC structure is still obtained during non-isothermal crystallization, while a relatively 

dense HSC morphology appears in the three composites, including PLLA, SC, and glass fibers. 

It is easily confirmed that the different morphologies are in line with the number of potential 

nucleation sites as determined from the nucleation kinetics measurement via equation (6.1). In 

fact, this number is the highest for PP, of the same order of magnitude for PLLA, SC, and glass, 

and the lowest in the case of carbon fibers. A clear link is established for the first time. We note 

that the free-energy barrier for critical nucleus formation decreases with the increasing of the 

supercooling. 

At this stage, the different PB-1 nucleation processes and morphologies on the various 

fibers can be explained through the schematic of Figure 6.11. In most of the fibers (PLLA, SC, 

carbon, and glass), there is enough space between two adjacent nucleation grooves, which have 

a relatively low density. Thus, the crystals that initially develop on these fibers are allowed to 

grow along any direction, until they impinge on each other, forming the hybrid “shish–calabash” 

structure (HSC). Next, the PP fiber possesses the highest content of nucleation sites in Figure 

6.9, on the basis of a surface roughness measurement, so that the adjacent space between them 

is small. Therefore, individual Form II crystallites that developed in these nucleation sites are 

forced to grow along the direction perpendicular to the fiber due to the spatial constraint. 
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Correspondingly, TCL morphology with relatively wide Form II crystals can be observed. In 

the case of the Form I fiber, although the amount of grooves is expected to be at the intermediate 

level, as inferred from the value of roughness, the more obvious TCL structure with very 

narrowly spaced Form II crystals is present on the interface. This reveals that the interaction 

between the PB-1 matrix and the Form I fiber is much stronger than that between PB-1 and 

other fibers, even though only relatively few grooves are available on the fiber surface. This is 

reasonably attributed, as previously discussed in Chapters 4 and 5, to the existence of cross-

nucleation between the PB-1 Form II and Form I fibers, linked to epitaxial crystallization.[45] 

As shown in the bottom row of Figure 6.11, nucleation sites are not limited to the grooves and 

any position of the fiber surface that satisfies the epitaxial condition is an effective nucleation 

site. This is in accordance, for instance, with the result of the work of Hu et al., who studied 

the nucleation of PCL films in contact with PE and iPP substrates. They demonstrated much 

higher nucleation ability of PE with respect to iPP for PCL because the better lattice matching 

between PCL and PE resulted in the existence of a much larger number of active nucleation 

sites.[86] 

 

 

Figure 6.11 Schematic illustration of the nucleation of PB-1 Form II onto different fibers. 

 

It is thus apparent that possessing a low energy barrier alone is not enough to lead to TCL 

formation. In fact, judging from the Δσ, the ability of the carbon fiber to induce nucleation 

would be the best, whereas the PP fiber should exhibit the weakest nucleation ability toward 

PB-1. However, HSC and TCL morphologies are respectively observed in the two fibers during 

cooling, contrary to the expectation based on Δσ. In these examples, the large difference of 

available nucleation sites (about three orders of magnitude) completely overwhelms the 

contribution from the free-energy barrier, leading to unexpected morphologies. 
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6.4 Conclusion  

The present chapter focused on the nucleation process of PB-1 at the surface of various 

fibers. Direct evidence was obtained via PLOM observations and revealed that a 

transcrystalline layer is induced by the PB-1 Form I fiber, and a hybrid shish–calabash structure 

is induced by other carbon, glass, PP, PLLA, and stereocomplex fibers during isothermal 

crystallization. 

Based on a quantitative analysis of the nucleation kinetics, it was found that the nucleation 

free-energy barrier is affected by surface roughness, surface chemistry and specific interactions, 

such as epitaxy. Moreover, the observed different crystalline morphologies on the various fibers 

are proposed to be linked to the number of available nucleation sites on the rough surface 

(grooves). In particular, it is shown for the first time that regardless of the height of the free-

energy barrier, the presence of a high density of nucleation sites along the fiber is mandatory 

to obtain a transcrystalline morphology. 
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Chapter 7. Rigid amorphous fraction in polymorphic   

polybutene-1 

7.1 Introduction 

Most semicrystalline polymers have a three-phase structure made of crystals and 

amorphous regions with different mobility.[1, 2] The nanometer-scale arrangement of polymer 

crystals involves chain folding, since the polymer molecules are much longer than the crystal 

nanophases. The partially immobilized amorphous chain portions coupled to the crystals are 

named rigid amorphous fraction (RAF), because of the reduced number of their possible 

conformational arrangements. The amorphous regions decoupled from the crystals, named 

mobile amorphous fraction (MAF), can be easily recognized and quantified by temperature-

dependent analysis, being associated to a sharp change of material properties, like heat capacity, 

elastic modulus, etc., which occur in a relatively narrow temperature range of about 20-40 °C, 

and is identified with a characteristic temperature, named glass transition temperature (Tg).[3, 

4] Most commonly, the MAF is quantified by comparing the heat capacity (Cp) step at Tg, with 

the Cp step of the fully amorphous polymer.[4] The RAF, instead, does not contribute to the 

increase in heat capacity at Tg, remaining glassy above this temperature. However, the 

similarity to the MAF is that the RAF also largely affects material properties. Unfortunately, 

its vitrification/devitrification does not occur within an easily identifiable temperature range. 

For this reason, the amount of RAF (wRAF) is generally quantified by difference, once the 

amount of crystalline (wC) and mobile amorphous (wMAF) fractions are known, being wRAF + 

wMAF + wC = 1.[5] Moreover, despite RAF has been identified in almost all semicrystalline 

polymers, its vitrification/devitrification range is known only for a limited number of polymers.  

The rigid amorphous fraction is established at the crystal basal planes.[6] The size of 

amorphous layer with limited mobility may largely vary from polymer to polymer, being 

controlled by chain architecture, i.e., by the inherent flexibility of the macromolecule,[2, 7, 8] 

by crystal fraction, structure and morphology,[5] which usually vary with thermal history. The 

relationship between crystal growth and rigid amorphous fraction development has been 

detailed in the literature for several semicrystalline polymers,[2] with quantitative data on 

kinetics of vitrification of the RAF in dependence of crystal growth now available for a variety 

of systems.[5, 9-27] Besides the differences due to the specific features of each polymer, 

literature data agree on the establishment of a large RAF upon fast crystallization, or upon 
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crystallization at low temperature, where chain mobility is reduced, i.e., when internal stresses 

are not released during crystal growth, and concentrate at the interface between the crystal and 

the amorphous phases.[5] 

Controversial data appeared in the literature on the kinetics of RAF mobilization, and its 

relation to crystal melting. Mobilization of the rigid amorphous fraction often overlaps melting 

of the coupled crystals, but can occur also in a well separated temperature range.[28-30] In 

isothermally crystallized samples, a small endotherm (sometimes called “annealing peak”) is 

often observed during heating at about 10-30 °C above the crystallization temperature. This 

small thermal event has been identified in a number of polymers, including poly(phenylene 

sulfide),[31] poly(ethylene terephthalate),[32, 33] polyamide 6,[34] bisphenol A 

polycarbonate,[12, 35] poly(3-hydroxybutyrate),[12] but its nature is still under debate; some 

authors associate it to melting of secondary, or more defective/thinner crystals,[36-38] others 

link it to enthalpy recovery of the RAF.[33, 39, 40]  

Being for most polymers the vitrification and the devitrification range of the RAF 

unknown, doubts may remain whether at the temperature of the annealing peak, RAF portions 

are still vitrified, thus really contributing to the annealing peak. On the other hand, quantitative 

data on the physical aging of the RAF, to our knowledge, are available to date only for poly(3-

hexylthiophene)[41] and poly(L-lactic acid)[42], despite aging in semicrystalline polymers at 

temperatures below Tg is known since the late 1970s and 80s.[43-45] Aging of a glass is 

understood by considering the change in its enthalpic state, which decreases towards the 

(metastable equilibrium) enthalpy value of the supercooled liquid at that temperature, as shown 

in Appendix D1. 

As an effort to contribute to a deeper understanding of the RAF and its relationship with 

thermal properties of the coupled crystals, data on physical aging of the RAF of PB-1 are 

presented and discussed in this chapter. PB-1 represents an ideal candidate for the study of 

physical aging of the RAF, because this polymer presents crystal polymorphism, which sizably 

affects also vitrification of the coupled RAF, and quantitative data are available in the literature 

on the thermal stability of the RAF coupled to each specific crystal form.[28, 29, 46]  

Upon cooling from the melt, PB-1 develops a conformationally disordered (condis) crystal 

structure, named Form II, with a tetragonal crystalline lattice.[47, 48] Form II condis crystals 

are metastable and spontaneously transform to a twinned trigonal structure (Form I) with a 

change in molecular conformation from the 113 helix in Form II to the 31 helix structure in 

Form I.[49-52] Transformation of the condis crystals into the stable trigonal modification 

affects the amorphous segments, as the increased density and thermal stability of the crystals 
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cause a higher rigidity of the coupled amorphous areas, which also affects Tg of the MAF.[29] 

A higher RAF content is coupled more strongly to the rigid Form I crystals and relaxes at higher 

temperatures compared with the polymer containing modification II crystals.[29] The RAF 

coupled to Form II is completely devitrified around 50 °C, well below the onset of melting of 

Form II crystals, which implies that any endothermic peak measured at temperatures higher 

than 50 °C in a sample containing only Form II crystals can be ascribed only to thermal events 

involving the crystals, and not the RAF. On the other hand, the RAF coupled to Form I crystals 

devitrifies at higher temperatures, with complete mobilization only around 100 °C, i.e., close 

to the onset of crystal melting, and annealing at higher temperatures can only lead to crystal 

perfection/thickening.[29] 

The present study focuses on the difference of physical aging of PB-1 RAF coupled with 

either Form II or Form I crystals in a wide temperature range. It aims to confirm the earlier 

literature information on the influence of crystal modification of PB-1 on thermal properties of 

the RAF, but also to provide important information on a deeper understanding of the possible 

nature of the annealing peak, commonly observed in semicrystalline polymers. 

7.2 Experimental 

7.2.1 Sample preparation 

The isotactic polybutene-1 employed in this work is a commercial material PB0110M and 

its detailed molecular characteristics are given in Table 3.1. The received PB-1 pellets were 

compressed into films with a thickness of about 0.20 mm under the pressure of 20 bar for 5 

min after complete melting at 180 °C. Successively, the compression-molded films were 

quickly cooled to room temperature with cold water circulating in the hydraulic press plates. 

Finally, all samples were stored at room temperature for a long time (more than two months), 

sufficient to ensure completion of the transformation of Form II to I [43, 46], before being 

subjected to thermal analysis. 

7.2.2 DSC analysis 

With the aim of analyzing the possible RAF aging for the two different structures, different 

thermal processes were carried out by DSC (see section 3.2.4). The initial pure Form I sample 

was heated to 100 °C, which is a temperature high enough to erase RAF thermal history,[29] 

but low enough to prevent significant melting of the Form I crystals. For Form II, PB-1 sample 

was heated from 25 to 180 °C and held at this temperature for 5 min to erase previous thermal 
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history. Subsequently, it was cooled to 90 °C at a rate of 30 °C/min and kept at this temperature 

for 20 min, to allow Form II isothermal crystallization. As a general rule, the RAF content 

increases with the crystallization rate,[5] so the selection of this isothermal temperature is made 

in order to obtain simultaneously pure Form II crystal and a high RAF content.  

For the measurements of the enthalpy relaxation after aging, the annealing of the samples 

was carried out at a given aging temperature (Ta), 0-50 °C for Form II and 10-95 °C for Form 

I, for 300 and 30 minutes (aging time, ta), respectively. Afterwards, the samples were cooled to 

-60 °C at a rate of 30 °C/min and heated to 180 °C at a rate of 10 °C/min for data recording. 

The experimental reproducibility of the obtained endothermic peaks has been verified for both 

samples, as shown in the Supporting Information (Appendix D2). The same thermal history, 

just without the aging step, was also used for the two polymorphic forms for obtaining unaged 

sample as a reference which ensures that the observed changes are related to the aging process 

alone. The thermal protocols adopted for the specific crystallization/aging experiments are 

schematized in Figure 7.1. 

 

 

Figure 7.1 Schematic diagrams of the applied thermal history for DSC measurements of 

samples containing (a) Form II and (b) Form I crystals. 

7.3 Results and discussions 

7.3.1 Calorimetric response upon aging of PB-1 with only Form I crystals 

In order to get an overview on the enthalpy relaxation of the RAF of PB-1, samples with 

Form I crystals were annealed at various temperatures ranging from 10 to 95 °C for 30 min. 

Because the DSC heating scans of the aging experiments are extremely similar, a single 

selected calorimetric result after aging at 40 °C is shown in full scale as an example (Figure 

7.2a). The curve evidences the typical calorimetric signature of a semicrystalline PB-1, that is, 
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the specific heat flow step at about -27 °C, associated with the Tg of MAF, and the melting peak 

of Form I crystals at around 126 °C. From the literature,[29] we know that RAF coupled to 

Form I crystals devitrifies with complete mobilization only around 100 °C, i.e., close to the 

onset of crystal melting. Therefore, the temperature range between the Tg and 100 °C is the 

most suitable choice for studying the aging of the RAF linked to Form I crystals. Conceptually, 

the experiment can be schematized as follows. Upon initial heating to 100 °C the RAF is 

mobilized and ideally reaches the enthalpic state of the equilibrium liquid. By cooling from 

100 °C to the aging temperature (Ta) the RAF will vitrify when the temperature falls below its 

glass transition, giving rise to a non-equilibrium glass. Eventually, upon holding the sample at 

Ta, the non-equilibrium glass will tend towards the equilibrium liquid state at that temperature, 

thus undergoing physical aging (see Appendix D1). The results of thermal analysis of annealed 

samples are reported in Figure 7.2b, where the heating scans at 10 °C/min after annealing at 

selected temperatures from 40 to 95 °C are shown. With respect to the unaged sample, i.e., the 

sample heated to 100 °C but not submitted to aging, one small endothermic peak appears in the 

temperature region between the Tg of the MAF and melting point after aging for 30 min at 

different temperatures. Such an overshoot shifts to higher temperatures with increasing Ta as 

noticed in Figure 7.2b and is generally located about 10 °C above Ta. Moreover, despite being 

very small, the area of the annealing endotherm appears to go through a maximum when aging 

temperature is varied. Such maximum, at about 60 °C, can be evidenced by curve subtraction 

after superposition of the annealed and the unaged curves, as it will be discussed further on. 

 

  

Figure 7.2 (a) Heat flow rate scan at 10 °C/min after aging PB-1 with Form I crystals at 40 °C 

for 30 min. (b) Enlarged heating scans after aging at the indicated temperatures for PB-1 

containing only Form I crystals.  

 

Considering the changes of heat capacity (ΔCp) at Tg and the values of melting enthalpy 
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(ΔHm) of the unaged PB-1 sample with Form I crystals, the content of rigid amorphous fraction 

can be quantified using the equation wRAF + wMAF + wC = 1. Comparison of ΔCp at Tg with the 

heat capacity step of fully amorphous PB-1, taken from the ATHAS Data Bank, provides a 

mobile amorphous content wMAF = 0.26. The crystalline fraction (wC) was determined by the 

ratio of melting enthalpy of DSC curve and Δ𝐻𝑚,𝐼
0  (141 J/g) of the ideal crystal of modifications 

I, that is wc = 0.52. Thus, the content of rigid amorphous phase (wRAF) is about 0.22. 

 

 

Figure 7.3 (a) Procedure employed to calculate the recovered enthalpy as a showcase for 

annealing at 90 °C for 30 min, based on the subtraction between the annealed curve and the 

unaged curve. Blue area: enthalpy difference between both curves. Red area: enthalpy of 

melting related to the original crystal. (b) Heat capacity difference curve for PB-1 containing 

only Form I crystals and the hatched area is interpreted as the enthalpy related to the physical 

aging of the RAF. 

 

In order to clarify the effect of annealing on crystals and both amorphous fractions, the 

evolution of the three-phase structure of PB-1 as function of annealing is presented in Appendix 

D3. Panel a of this figure shows that both the specific heat capacity step (Cp) at the glass 

transition and Tg remain unaltered with respect to those of the unaged sample (within the 

experimental error), after annealing PB-1 containing Form I crystals at different temperatures 

for 30 min. This means that, as expected, annealing above Tg has no effect on the MAF, i.e., no 

additional crystals grew, or if they did their quantity is insufficient to cause a sizable decrease 

of ΔCp. From Appendix D3b, it is easy to observe that both melting enthalpy (ΔHm) and 

temperature (Tm) do not change after annealing at Ta ≤ 90 °C, with a minor increase of ΔHm 

measurable only at higher aging temperatures and, in any case, smaller than 3%. Combined 

with the analysis in Appendix D3a, the slight increase of ΔHm at Ta > 90 °C may be attributed 

to a perfection/re-crystallization phenomena occurring at high annealing temperatures, whereas 
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re-crystallization does not apparently happen for the annealing experiments below 90 ºC, as 

typical for PB-1 containing Form I crystals. More discussion will be provided hereinafter. 

 

 

Figure 7.4 Recovered enthalpy as a function of aging temperatures for PB-1 containing only 

Form I crystals after annealing for 30 min.  

 

In the hypothesis that the small endothermic peak appearing 10 °C above Ta is related to 

the aging of RAF linked to the Form I crystals, the recovered enthalpy (Hr) was determined 

as function of the annealing temperature. Details regarding the calculation of recovered 

enthalpy are reported and discussed in the Figure 7.3. Based on the superposition of the 

annealed and the unaged curves, a difference curve is obtained by curve subtraction (see Figure 

7.3a). The recovered enthalpy associated with the physical aging of the RAF is obtained from 

the hatched area in Figure 7.3b. The reason for the hatched area not to be equal to the blue area, 

representing the total excess heat capacity, is because the step-like change in specific heat after 

the enthalpy relaxation peak (see Figure 7.2) is purposely omitted from the integration. In fact, 

this observed change is not univocally attributed to a given phenomenon, as the specific heat 

should come back to the values pertinent to the RAF glass after the enthalpy relaxation. 

Therefore, this ill-defined phenomenon is not included in the integration, and we only consider 

the enthalpy relaxation peak unambiguously related to the RAF aging (the hatched area in 

Figure 7.3b). 

The evolution of recovered enthalpy is shown in Figure 7.4 for PB-1 in the presence of 

Form I crystals after annealing at various temperatures for 30 min. For the higher annealing 

temperatures (Ta > 90 °C), Hr increases with Ta, and is most likely linked to perfection of the 

original Form I crystals, as shown by combined analysis of Appendix D3b. Instead, at lower 

annealing temperatures (Ta < 90 °C), a typical bell-shaped curve can be observed, which also 

can be appreciated by the raw heat capacity difference curves shown in Appendix D4. Based 
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on the above discussion, aging of glasses at temperatures well below the glass transition is 

marked by the evolution towards an equilibrium state, as shown in Appendix D1. With the 

decrease of temperature from Tg, the quantity of recoverable enthalpy increases. On the other 

hand, the time scales for glass aging rapidly increases with decreasing the aging temperature. 

As such, due to the slower segmental dynamics, for lower temperatures the given aging time is 

not enough to recover a large amount of enthalpy, despite the larger driving force. Therefore, 

the bell-shaped curve and the position of the maximum of recovered enthalpy is determined by 

the balance of these two competing effects. Through the evolution of both ranges of data of 

recovered enthalpy in Figure 7.4, two interesting results can be found. First, the bell-shaped 

curve reaches zero recovered enthalpy at around 100-110 °C. Not only a decrease of the 

enthalpy with the annealing temperature for Ta > 60 °C would not be expected if it was 

associated to melting of small crystals, which excludes a possible link to fusion, but the 

temperature where Hr = 0 is about 100 °C, which coincides with the complete mobilization 

of the RAF coupled to Form I crystals of PB-1, reported in Ref [29]. This supports the 

hypothesis that the small endotherm at T = Ta + 10 °C is linked to aging of the RAF. Moreover, 

the recovered enthalpy tends to zero at lower temperatures as expected from the curve, due to 

the exceedingly slow relaxation dynamics. Second, two temperature regions are delimited by 

the intersection point of the bell-shaped Hr curve and the linear fitting to the high temperature 

data. The first one can be ascribed to the region where an independent contribution of RAF 

aging to the recovered enthalpy is expected (green part), and the second one is the region where 

the excess heat endotherm is contributed by both RAF aging and crystal perfection (blue part). 

Specifically, the endothermic peaks in PB-1 may originate from the enthalpy relaxation of the 

RAF linked to the original Form I crystals when the annealing temperature is below about 

85 °C. With the increase of temperature, crystal perfection starts appearing; in this case the 

endotherm originates from two different processes. In fact, the non-monotonic trend of Hr 

with aging temperature clearly points towards the superposition of different competing effects, 

namely, enthalpy relaxation of the RAF and crystal perfectioning. 
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Figure 7.5 (a) Evolution of the recovered enthalpy of Form I RAF with time after annealing at 

60 °C. Vertical arrow indicates the values of τ, the timescale to reach a plateau in the recovered 

enthalpy. (b) Evolution of the coefficient of determination (R2) with the stretching exponent (β) 

from the KWW fitting. The dashed line represents a correlation coefficient of 0.99. 

 

In order to substantiate this hypothesis, the kinetics of RAF aging was traced by varying 

the annealing time at a constant temperature of 60 °C. Figure 7.5a shows the time evolution of 

the recovered enthalpy after annealing for the original films containing Form I crystals. Data 

shows nonexponential and nonlinear behavior, as typical of aging (relaxation) processes.[53] 

A common way to describe this phenomenology, which for simplicity incorporates the 

nonlinear behavior into the nonexponential one, relies on the empirical Kohlrausch-Williams-

Watts (KWW) equation.[54, 55] This equation, having the analytical expression of equation 

(7.1), contains two adjustable parameters, τ and β, which are, respectively, a characteristic 

relaxation time and a dimensionless parameter often known as the stretching exponent. 

∆𝐻(𝑡) =  ∆𝐻𝑡𝑜𝑡(1 − 𝑒(−
𝑡
𝜏

)
𝛽

)                                                       (7.1) 

ΔHtot is the total amount of recoverable enthalpy. The data of Figure 7.5a were used to 

determine KWW parameters, with details of the fitting presented in Figure 7.5b. The coefficient 

of determination (R2) with the stretching exponent β in the range 0.5-1 reveals a value of 0.99, 

probing excellent fitting of experimental data with the KWW function, which supports the 

hypothesis that the small endotherm measured just above Ta is linked to relaxation of 

amorphous parts. As it can be observed, the time scale to reach the plateau of the RAF physical 

aging, τ (black arrow), is about 4500 s for segments directly linked to the Form I crystalline 

stems annealing at 60 °C. It is worth noting that β is commonly smaller than unity for the fitting 

of relaxation data in the glassy state.[42, 55] In Figure 7.5a an exponent of β = 0.6 is obtained, 

which also suggests that aging of RAF of PB-1 in the presence of Form I crystals actually 
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follows a glassy dynamics behavior, because of the excellent KWW fitting (R2 > 0.99) when β 

< 1. Additional support of this hypothesis is provided by analysis of annealing of PB-1 

containing Form II condis crystals, presented here below. 

7.3.2 Calorimetric response upon aging of PB-1 with Form II crystals 

The DSC plots of PB-1 containing Form II crystals, annealed at various temperatures, are 

compared in Figure 7.6 with that of unaged polymer. As shown in Figure 7.6a, all heating 

curves display two major endotherms, the one centered at 116 °C is due to melting of Form II 

crystal, and the smaller endotherm at higher temperatures is due to melting of Form I crystals, 

attained upon spontaneous transformation of the original Form II modification that occurs 

simultaneously with annealing.[42, 55] An overview of the enlarged calorimetric responses of 

original PB-1 containing Form II crystals upon annealing is shown in Figure 7.6b, where the 

heating scans after aging at different temperatures for 300 min are shown. A small endothermic 

peak can be observed after annealing between Tg and Tm with respect to the unaged scan, 

although this is much broader than the one attained after annealing of samples with Form I 

crystals (Figure 7.2b). For this reason, it is less visible and more difficult to integrate if an aging 

time of 30 minutes is chosen. Therefore, a longer aging time of 300 minutes was selected. The 

endotherm shifts to higher temperature with increasing Ta, as indicated by the dashed line in 

Figure 7.6b. This endothermic peak becomes gradually weaker with increasing aging 

temperature, until it disappears at around 50 °C, as also seen upon aging of Form I PB-1 at Ta 

< 100 °C. Indeed, for both crystal modifications, a decrease of the endotherm with Ta excludes 

a possible link to mere melting of small crystals developed at Ta, but rather it conforms to an 

endothermic overshoot resulting from physical aging and its dependence on the aging 

temperature, as it vanishes well below Tm.[56-58]  

The applied thermal protocol also results in an expected partial transformation of Form II 

to Form I crystals, as revealed by the melting peak of Form I, visible also in the unaged curve 

in Figure 7.6a. Therefore, it is not possible to observe the aging of RAF combined with a pure 

Form II during annealing. The amount of Form I fractions of PB-1 developed upon annealing 

temperatures is quantified in Figure 7.7. The content of Form I reaches a maximum of about 

20% of the total crystallinity (meaning an absolute content of about 10-12%) at Ta = 10 °C, in 

agreement with literature data.[59, 60] At higher annealing temperature, lower amounts of 

Form I crystals develop. Unaged sample has an initial content of Form I of only 4 % resulting 

from the non-isothermal steps. It is therefore possible that Form I influences the further analysis 

of enthalpy relaxation of Form II RAF, due to the simultaneous existence of both polymorphs 
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in the same sample, albeit with largely different contents. However, we can judge such 

influence referring to Form I experiments at low aging temperatures (10-30 °C, i.e., aging 

temperatures relevant for Form II samples), from which it is deduced that the RAF coupled 

with Form I does not to contribute substantially to further aging, due to its exceedingly long 

structural relaxation time scales at these temperatures (see Figure 7.4). Therefore, the recovered 

enthalpy of the RAF discussed below is related for the large majority to the enthalpic overshoot 

few degrees above Ta of Form II, considering the low content and low expected recovered 

enthalpy of Form I at low Ta. 

 

  

Figure 7.6 (a) Heat flow rate scans at 10 °C/min after aging PB-1 containing Form II crystals 

at different temperatures for 300 min. (b) Enlarged heating scans after aging at the indicated 

temperatures. 

 

An additional thermal event, centered around 0 °C, is also observed in some plots of 

Figure 7.6b, and it is linked to the solid-solid Form II to Form I transformation.[60] Being very 

close to Tg of the MAF, it complicates quantitative analysis of the Cp increment at the glass 

transition as a function of the aging temperature, but does not hinder analysis of the influence 

of the annealing process on melting of the crystalline phase.  

Figure 7.8 shows the variation of ΔHm of Form II, Form I and total crystals with annealing 

temperature for original sample with Form II crystals. The overall melting enthalpy goes 

through a maximum around 10 °C, which is to be linked to the higher melting enthalpy of Form 

I, which reaches its maximum value after annealing at the same temperature. However, the total 

crystallinity of the sample is practically constant with respect to that of unaged PB-1 upon 

aging at different temperatures, as shown in Appendix D5, which confirms that the Form II to 

Form I transformation occurs without variation of overall crystallinity, in agreement with 

literature data.[61] Integration of the melting endotherms and comparison with the heat of 
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fusion of the ideal crystals of Form I (141 J/g) and Form II (62 J/g), respectively, provide a 

crystal fraction of wC = 0.60 for unaged sample. The heat capacity step at Tg of the unaged PB-

1 with Form II crystals is used to estimate a mobile amorphous fraction equal to 0.23. Therefore, 

a rigid amorphous fraction which amounts to wRAF = 0.17 is obtained. 

 

 

Figure 7.7 Evolution of Form I fraction of PB-1 after annealing at different temperatures for 

300 min, followed by cooling to -60 °C at 30 °C/min and heating to 180 °C at 10 °C/min, where 

the black dashed line represents the Form I content of unaged sample. 

 

The evolution of recovered enthalpy values as a function of aging temperatures, for 

samples with Form II crystals, is presented in Figure 7.9. At low temperatures, ΔHr increases 

with Ta, to reach a maximum at 10 °C, then the calculated recovered enthalpy gradually reduces 

until it disappears at 40-50 °C. The DSC scans of the unaged sample and samples annealed at 

Ta > 40 °C perfectly overlap above Ta, as can be observed by the data shown in Figure 7.6b. 

Annealing at these temperatures might lead to additional crystal growth/perfection, as 

crystallization of Form II is known to be fastest at 40-50 °C.[62, 63] Actually, no annealing 

endotherm around Ta + 10 °C can be detected in the DSC plots of Figure 7.6 after prolonged 

permanence at 40 and 50 °C, which excludes contributions from crystal growth/perfection to 

ΔHr. This result suggests that the observed endothermic peak in the temperature range below 

40 °C is not dominated by crystallization effects, but rather results from the enthalpy relaxation 

of the amorphous regions constrained at the boundary with Form II crystals. Additional support 

to this hypothesis is provided by a specific thermal protocol including a multistep aging 

experiment with results presented and discussed in the Supporting Information (Appendix D6). 

These data confirm that the nature of the excess endotherms is enthalpy relaxation of Form II 

RAF. 



Chapter 7. Rigid amorphous fraction in polymorphic polybutene-1 

105 

 

 

Figure 7.8 Variation of crystals’ melting enthalpy (ΔHm) with annealing temperature. The 

dashed lines of various colors represent the corresponding properties of the unaged sample. 

 

The data of Figure 7.9 can be exploited to perform a more quantitative analysis of the 

aging behavior of the RAF linked with Form II crystals. Tg of the RAF constrained at the 

boundary with Form II crystals, based on the onset of aging effects (complete mobilization of 

RAF) is defined as the temperature where the recovered enthalpy reaches zero in Figure 7.9. 

The calculated value of Tg  50 °C for the Form II RAF crystals coincides the value reported 

in Ref [28].  

 

 

Figure 7.9 Evolution of recovered enthalpy as a function of aging temperatures for original 

PB-1 in the presence of Form II crystals after annealing for 300 min.  

 

To provide further insight into the aging process of RAF coupled to Form II crystals, the 

influence of aging time (ta) at 10 °C was determined, with results detailed in Figure 7.10. Heat 

flow rate plots after selected aging times at 10 °C are shown in Figure 7.10a. A change in the 

area of the endotherm with increasing aging time is evident, by comparison to the unaged 

sample. The recovered enthalpy of RAF was quantified taking into account that the 
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transformation from Form II to Form I always takes place during aging and continues with 

time, with results presented in Figure 7.10b. Two different kinetics processes connected with 

RAF mobilization can be clearly identified, with the fraction of Form I at the corresponding 

demarcation point equals to a fraction of about 0.2. Obviously, the lower the content of 

transformed Form I, the more reasonable the analysis of the aging process of RAF coupled to 

Form II crystals is. By fitting the evolution of the recovered enthalpy with time when the 

fraction of Form I is below 0.2 using the KWW law (red line), a stretching exponent β = 0.64 

is obtained, which is typical of glassy dynamics, as also detailed above for RAF coupled with 

Form I. Therefore, the analysis of the evolution of enthalpy recovery of Form II RAF after 

annealing at various temperatures is reliable due to the low transformed Form I fraction (see 

Figure 7.7). However, with annealing for longer times, no plateau of recovered enthalpy of 

RAF coupled with Form II can be observed, different from the case of the RAF coupled with 

Form I (shown in Figure 7.5a). Instead, in this case the mobilization kinetics of the RAF linked 

to the Form II crystals with time becomes faster when the fraction of Form I is above 0.2.  

 

 

Figure 7.10 (a) Enlarged heat flow rate scans at 10 °C/min after aging at 10 °C for the indicated 

times for PB-1 containing Form II crystals, compared to the unaged polymer (Ref curve). (b) 

Evolution of the recovered enthalpy of Form II RAF and the fraction of transformed Form I 

with annealing time after annealing at 10 °C. Two different aging kinetics were distinguished 

by the vertical black dashed line.  

 

To understand the reasons behind this trend, we can consider how the crystalline phases 

are expected to affect the mobility of the coupled amorphous parts, particularly in the process 

of transformation from Form II to Form I. 

The long-range order of the helical conformation of Form I modification strongly hinders 

chain motions in the crystals and causes tight constraints within the coupled amorphous phase. 
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Conversely, the conformational disorder of Form II helices allows large movement of the chain 

backbone, which gives rise to a decreased stress imparted to the amorphous parts linked with 

the crystals. Indeed, such chain dynamics within PB-1 crystals dependent on the crystalline 

modification has been studied by nuclear magnetic resonance.[47, 64-66] Therefore, the 

amorphous segments of the rigid amorphous fraction of Form II crystals are much easier to 

mobilize compared with the sample with Form I crystals.  

During the process of transformation from Form II to Form I the decrease of specific 

volume of the crystal phase may cause an increase of the local stress at the interface of crystal 

and amorphous fractions, which results in a higher amount of RAF with an additionally reduced 

mobility.[29]  

The dependence of the aging of the RAF coupled to Form II on the transformed Form I 

fraction can be justified by considering the concomitant solid-solid transformation. When the 

Form I fraction is below 0.2, the aging involves RAF coupled with the original Form II crystals, 

while when Form I modification content is above this point, RAF linked to Form I crystals 

could start to dominate the enthalpy relaxation. Transformation of Form II to Form I, which 

starts most likely at the side surfaces of the crystals,[67] strengthens the constraints on the 

adjacent amorphous region, but also increases the RAF content due to additional stress caused 

by volume shrinkage, with the result that the measured recovered enthalpy is found to increase 

more rapidly. 

7.4 Conclusion  

The present work focuses on identifying the glass transition of the RAF of PB-1 

containing Form II or Form I crystals. The advantage of using a polymorphic system is found 

in the fact that the two crystals have largely different RAF mobilization (glass transition) 

temperatures, as extensively documented in the literature, enabling to study separately the RAF 

aging behavior for the two structures. For both structures, a small endothermic peak is observed 

when the sample is aged at temperatures between the glass transition and the melting 

temperature. For the RAF linked to Form I crystals, enthalpy relaxation is clearly identified for 

annealing below 90 °C, and complete devitrification of RAF occurs at 100-110 °C, as estimated 

through the trend of isochronous recovered enthalpy as a function of aging temperature. For 

the aging experiment of RAF coupled with Form II crystals, the vitrification temperature of the 

RAF was estimated as 40-50 °C using the same method. Both temperatures match well with 

the values obtained independently by modulated calorimetry in the previous literature. Thus, 
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by the strategy of using a polymorphic sample with different RAF mobility, depending on the 

crystalline structure, this research provides convincing evidence that the nature of endothermic 

peak in aged polybutene-1 is related to structural recovery of the RAF. Incidentally, the 

concomitant transformation of Form II to Form I during annealing influences the RAF glassy 

dynamics due to variation in the conformational structure of the chain and in the content of 

rigid amorphous fraction. 
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Chapter 8. General conclusions and perspectives 

8.1 Conclusions  

This thesis is devoted to gain a deeper understanding on particular crystallization 

phenomena of the polymorphic polybutene-1. Several aspects were tackled, including 

heterogeneous nucleation (both on Form I crystal seeds and on various solid substrates) and 

the rigid amorphous fraction. 

The topic of cross-nucleation between Form II and Form I was studied in Chapters 4 and 

5. Using Form I seeds possessing a different morphology as substrates, we could unveil that 

the cross-nucleation ability toward Form II dependent on the type of substrate (spherulitic, 

hedritic, fiber-like). The observed different efficiencies of the seeds are tentatively attributed 

to differences in the Form I lamellar thickness, on the basis of the hypothesized epitaxy and 

heterogeneous nucleation mechanism. The cross-nucleation energy barrier obtained from the 

quantitative analysis of the induction time could be reasonably described with classical models. 

The results confirmed that the rate determining step in the attainment of the nucleus critical 

size is the addition of several crystalline layers, rather than the formation of the first crystalline 

layer on the substrate. The cross-nucleation behavior of Form II on the surface of Form I in 

PB-1 was further investigated by nano-focused synchrotron X-ray diffraction. We obtained a 

preferred mutual orientation of the two polymorphs, with the (200)II plane aligned ~8.5º apart 

from the (110)I plane, meaning a parallel (110) plane between two modifications during cross-

nucleation. In view of the degree of lattice mismatch along various directions (about 3.9% 

between the inter-chain distances and 9.7% along the chain axes), we proposed that cross-

nucleation of Form II on Form I occurs at the (110) contact planes through epitaxial nucleation. 

In Chapter 6, the nucleation process of PB-1 on the surface of various fibers was 

investigated. Direct observation via polarized optical microscopy revealed two morphologies, 

a transcrystalline layer (TCL) induced by PB-1 Form I fiber and hybrid shish–calabash 

structure (HSC) induced by other fibers, namely carbon, glass, PP, PLLA homocrystal and 

stereocomplex. The effect of fiber characteristics, including roughness, surface chemistry and 

specific interactions (epitaxy), on heterogeneous nucleation kinetics were considered. 

Moreover, the observed different crystalline morphologies on the various fibers are proposed 

to be linked to the number of potential nucleation sites on the rough surface. In particular, it is 

shown for the first time that, regardless of the height of the free energy barrier, the presence of 
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a high density of nucleation sites along the fiber is mandatory to obtain a transcrystalline 

morphology. 

Besides investigating the heterogeneous nucleation behavior of PB-1, in Chapter 7 we 

focused on the understanding of the effect of different crystalline modification on the relaxation 

behavior of the rigid amorphous fraction. A small endothermic peak representing the structural 

recovery of RAF glass was observed when the sample was aged at temperatures between the 

glass transition and the melting temperature. Through analyzing the trends of isochronous 

recovered enthalpy as a function of aging temperature, the vitrification temperature of RAF 

was estimated as 100-110 °C and 40-50 °C, for samples with Form I and Form II crystals, 

respectively. By using a multiple approach (glassy dynamics model, crystallization kinetics and 

a multistep aging experiment), compelling evidences are provided that the nature of 

endothermic peak in aged PB-1 is related to structural recovery of the RAF. Moreover, the 

concomitant transformation of Form II to Form I during annealing influences the RAF glassy 

dynamics due to variation in the conformational structure of the chain and in the content of 

rigid amorphous fraction. 

8.2 Perspectives  

In this work, we have addressed the mechanism of epitaxy for cross-nucleation of Form 

II on Form I in polybutene-1, however, we have not commented on the possibility of epitaxial 

crystallization in this process for other polymorphic polymers. Therefore, the investigation of 

the cross-nucleation behavior of different polymers by the method of nano-focused synchrotron 

X-ray diffraction could be of interest. We expect epitaxy to be a general mechanism of cross-

nucleation process appearing in different polymers, although nucleation via “simple” 

heterogeneous nucleation is also possible. 

Our approach for the crystallization in PB-1/fiber composites has a great potential in 

fundamental research, especially since commercial fibers were used, which may be attractive 

for various applications. However, the systematic research by varying roughness and chemical 

structure of the polymeric fibers is still incomplete. Therefore, the study of crystallization in 

polymer/fiber composites through the production of a regular fiber surface roughness or tuning 

chemical composition can be proposed as a follow-up of the present research. The type of 

polymeric matrix can also be changed, to examine the different crystallization behavior and 

mechanical response.  

For the study of RAF aging, we have studied the effect of polymorphism on the relaxation 
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behavior of the rigid amorphous fraction of a PB-1 homopolymer. In future work copolymers 

of polybutene-1 with different types and contents of monomer can be selected. Eventually, 

diagram including the comonomer content and glass transition temperature of RAF will be 

established to provide the necessary reference for the three-phase structure of polybutene-1. 
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Appendix 

Appendix A 

The following is the supplementary data to Chapter 4 

 

 

Figure A1 Evolution of light intensity as a function of crystallization time during isothermal 

crystallization at different temperatures for (a) spherulitic and (b) hedritic Form I substrate. 

 

 

Figure A2 Measured induction time during crystallization at 105 °C after different annealing 

times at 124 °C subsequently to Form I fiber insertion. 
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Figure A3 Induction time as a function of TC for Form II PB-1 nucleation on Form I PB-1 and 

iPP fiber after manual insertion and annealing at 124 °C for 5 min, before crystallization. 

 

 

Figure A4 Thickness of the transcrystalline layer growing on Form I seeds with (a) spherulitic, 

(b) hedritic and (c) fibrous morphology, as a function of time during isothermal crystallization 

at various Tc. 
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Figure A5 The plot of lnG+U*/R(T-T∞) versus 1/(TΔTf) for crystallization on various 

substrates during isothermal crystallization after annealing at 124 °C. 

 

 

Figure A6 Time dependence of the rate of the light intensity evolution for crystallization on 

various substrates at 105 °C. 

 

  

Figure A7 Induction time data of (a) spherulitic and (b) hedritic Form I substrates and 

corresponding fitting according to the detailed (total time) model. The dashed curves represent 

the contributions of the first and further layers formation (th and ts models). 
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Figure A8 Plot of the fitting of first layer model (th) and further layer model (ts) of the induction 

time for Form I substrates with varying morphology. 

 

 

Figure A9 DSC first heating curves of hedrite and fiber after aging at room temperature for 

more than one month.  
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Appendix B 

The following is the supplementary data to Chapter 5 
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Figure B1. Azimuthal profile of the (110)I reflection of Form I of the accumulated pattern 

shown in Figure 5.2(a). 

 

Figure B2. Plot and linear fit of maxima in azimuthal profile of the (110)I reflection of Form I 

as shown in Figure B1. 
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Figure B3 Azimuthal profile of the (200)II reflection of Form II of the accumulated pattern 

shown in Figure 5.2(a). 

 

 

Figure B4 Plot and linear fit of maxima in azimuthal profile of the (200)II reflection of Form 

II as shown in Figure B3. 
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Appendix C 

The following is the supplementary data to Chapter 6 

 

 

Figure C1 Polarized optical micrographs acquired during heating for PB-1 crystals formed on 

the surface of PP fiber at 91 °C. 

 

 

Figure C2 Polarized optical micrographs of PB-1 form II crystallized on the surface of (a) 

PLLA and (b) SC fibers during isothermal crystallization at 92 °C. 

 

 

Figure C3 Morphological changes of PB-1 matrix crystallized on the surface of (a) PP, (b) 

PLLA and (c) SC fibers for 90 s at selected Tc values. 
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Figure C4 Nucleation density of PB-1 Form II on the surface of (a) SC, (b) glass and (c) carbon 

fibers as a function of time for specimens crystallized at selected Tc values. 

 

 

Figure C5 Polarized optical micrographs of PB-1 nucleated on the surface of the Form I fiber 

at different times during crystallization at 101 °C. The red rectangular region is the selected 

area for light intensity calculation. 
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Figure C6 (a) Equilibrium melting point derived from the Hoffman-Weeks methods and (b) 

glass transition temperature of PB-1. 

 

 

Figure C7 AFM height images of different fiber surfaces. 

 

 

Figure C8 Schematic of parameters used for calculation of the number of the potential 

nucleation sites of fiber. 
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Figure C9 Plot of interfacial free energy difference (Δσ) as a function of the logarithm of 

potential nucleation sites (Ln(I0)) for most fibers. 
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Appendix D 

The following is the supplementary data to Chapter 7 

 

 

Figure D1 Schematic plot showing the thermodynamic conditions upon aging glassy RAF 

obtained when cooling from the equilibrium liquid. 

 

 

Figure D2 Enlarged heating scans after aging PB-1 at 10 °C for 300 min (Form II, a) and 60 °C 

for 30 min (Form I, b). Every experiment was repeated three times. 
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Figure D3 (a) Variation of specific heat-capacity (ΔCp) and glass transition temperature (Tg) 

with annealing temperature. (b) Variation of crystals’ melting enthalpy (ΔHm) and melting 

temperature (Tm) with annealing temperature for PB-1 sample with Form I crystals. The red 

and blue dashed lines represent the corresponding properties of the unaged sample. Error bars 

indicate multiple evaluation on the same curve. 

 

    

Figure D4 Heat capacity difference curves for PB-1 containing only Form I crystals annealed 

at indicated temperatures for 30 min. 

 

Figure D4 shows selected difference curves of heat capacity after annealing at different 

temperatures based on the method of Figure 7.3. It can be appreciated that the excess enthalpy, 

i.e., the area of the annealing peak, goes through a maximum located at around 60 °C.  
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Figure D5 Variation of total crystallinity with annealing temperature for PB-1 with Form II 

crystals. The purple dashed line represents the corresponding crystallinity of the unaged sample. 

 

 

Figure D6 Enlarged heating scans after the indicated thermal protocols. The black and red 

solid lines represent the heat flow of Form II PB-1 after aging either at 0 °C or at 15 °C for 300 

min, respectively. The blue line is the heat flow of aged Form II PB-1 with multistep aging 

experiments, i.e., a first aging step at 0 °C followed by aging at 15 °C, for 300 min. 

 

To determine the origin of the enthalpy overshoot observed in Figure 7.6b, we considered 

a specific thermal protocol including a multistep aging experiment at different temperatures, 

which was recently proposed by Androsch and Schick[1] and implemented for the RAF by 

Monnier et al.[2] The heat flow rate scans after the indicated thermal protocols are shown in 

Figure D6. When the sample is submitted to multistep aging, just one endothermic peak is 

observed, which can be assigned to the influence of the annealing at 15 °C through comparison 

with the upper heat flow scan after aging at a single temperature. The drastic reduction of the 

characteristic peak aging at around 0 °C when a further aging is performed at 15 °C can hardly 

be ascribed to the melting of small crystallites, because the aging temperature (15 °C) is located 
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just in the low temperature tail of the endotherm. Therefore, we may conclude that it is the 

enthalpy relaxation of Form II RAF that is more likely to cause the endothermic peak. 
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