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Chapter 1. Summary and Outline 

Nucleation of polymer crystals is a key issue in polymer science and technology. Indeed, it 

is of outmost importance for industrial application of semicrystalline polymers, since the 

nucleation rate often dictates the processing time of the products, and strongly affects the 

resulting mechanical or optical properties of the material. Despite this a comprehensive 

understanding of the phenomenon is still lacking, as testified for instance by the fact that the 

scouting of new heterogeneous nucleating agents for polymers is still mostly driven by 

empiricism. With this thesis, we aim to provide novel quantitative approaches to quantify the 

heterogeneous nucleation efficiency of different surfaces in various, industrially relevant, 

systems, such as polymer/fiber composites or nucleated polymers. The presented results are a 

contribution towards the clarification of the mechanism of heterogeneous nucleation in 

semicrystalline polymers.  

1.1 Summary 

The nucleation process of biodegradable poly(lactide) on a series of fibers, including 

commercially available fibers, natural fibers and a custom-spun fiber of stereocomplex 

enantiomeric PLA blend, was studied by polarized optical microscope during crystallization. 

The nucleation ability of different fiber substrates was derived and compared in the light of 

classical heterogeneous nucleation theory, by considering the interfacial free energy 

difference parameter, Δσ, directly related to the nucleation barrier. The role of fiber surface 

topography and chemical interactions between the fiber substrate and the crystallizing 

polymer in promoting the nucleation was investigated and discussed in detail. While a 

general effect of surface roughness on lowering the heterogeneous nucleation energy barrier 

can be deduced, the role of chemical interactions between the fiber substrate and the 

crystallizing polymer cannot be neglected.  

Furthermore, a novel approach was proposed to quantitatively evaluate the nucleation 

efficiency of several additives for isotactic polypropylene (i-PP), using droplets containing 

nucleating agents (i.e., sodium benzoate, NA11, quinacridone quinone) dispersed in an 

immiscible polystyrene matrix. The crystallization was investigated by isothermal step 

crystallization and melting with Differential Scanning Calorimetry (DSC). Moreover, self-

nucleation of neat i-PP droplets is also studied in detail, enabling to derive an “intrinsic” 

nucleation efficiency scale based on the ratio of the free energy barrier, ΔG*, of 
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heterogeneous nucleation on different substrates with respect to that of self-nucleation, which 

is found equivalent to the secondary nucleation barrier for crystal growth. Having established 

the interfacial free energy difference parameter () governing the heterogeneous nucleation 

kinetics of i-PP onto different substrates, a simple correlation curve useful to describe non-

isothermal fractionated crystallization of i-PP/PS blends with droplet morphology was 

constructed.  

Finally, we propose a Differential Scanning Calorimetry (DSC) approach for the 

quantitative investigation of isotactic poly(1-butene) Form II-on-Form I cross-nucleation. 

Seeds of trigonal Form I crystal were produced in PB1 samples, and their amount and 

characteristic size were varied by using different crystallization conditions. DSC isothermal 

and non-isothermal crystallization measurements of Form I seeded samples were performed, 

highlighting a clear nucleation effect of the stable polymorph on Form II. Moreover, the 

nucleating efficiency is highly dependent on the content of Form I seeds, more specifically, 

on the area of Form I spherulites per unit of sample volume. Depending on the seeding and 

crystallization conditions, Form II crystallization is controlled either by nucleation on foreign 

heterogeneous surfaces or on Form I crystals.  

1.2 Outline of the Thesis 

In Chapter 2, some general concepts about polymer crystallization, with emphasis on the 

nucleation step, required for the comprehension of the present thesis, are provided. In 

particular, the related thermodynamic and kinetics aspects involved in the process are 

described. 

Chapter 3 tackles a very common nucleation phenomenon in polymer/fiber composites. 

The nucleation process of poly(lactide) on various fiber substrates was studies. The 

contribution to nucleation of fiber surface roughness and chemical interaction between PLA 

and the fiber substrates were investigated and discussed in detail. 

A new method to quantitatively evaluate the nucleation efficiency of nucleating agents 

towards polypropylene is proposed in Chapter 4. With respect to the empirical nucleation 

efficiency method proposed in the literature, in this chapter, we quantify a model-based 

parameter, the interfacial free energy barrier, potentially useful for the industrial scouting of 

efficient nucleating agents. 

In addition, a particular nucleation phenomenon, known as cross-nucleation, was re-

examined by Differential Scanning Calorimetry method. The approach, described in Chapter 

5, shows its advantage to study cross-nucleation in polymorphic systems in which 
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morphological evidences are not sufficiently informative. 

The most important achievements of the whole investigation, together with some 

perspectives for future work, are summarized in Chapter 6. 
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Chapter 2. General Introduction 

2.1 The Phenomenon of Polymer Crystallization  

The phenomenon of polymer crystallization has always been one of the most important 

and fascinating aspects of polymer physics. It is well known that the physical properties of 

polymers can be directly related to crystalline structure and morphology. Long chain 

polymers have low diffusion coefficients and high viscosities which significantly affect the 

crystalline structure and the morphology of the resulting polymer crystals. Theories for 

polymer crystallization were originally developed by adapting the theories developed for 

description of crystallization of small molecules and metals.[1, 2] However, the intrinsic 

differences between those materials and long chain polymers often led to unsatisfactory 

predictions in terms of the experimental results.  

In the last decades, nucleation and growth mechanism of polymer crystals, including the 

corresponding kinetics, have been investigated intensively since the discovery of the chain 

folding in polyethylene single crystal in 1957 by Till, Keller, and Fischer.[3-6]  Up to now, 

the most successful and widely accepted theory which describe polymer crystal growth was 

proposed by Hoffman and Lauritzen,[7-10] now known as Hoffman–Lauritzen (HL) theory 

and based on secondary nucleation at the lateral growth front of lamellar polymer crystals. 

One of the advantages of the HL theory is that it provides an analytical form to connect 

microscopic parameters with macroscopic quantities. However, Sadler-Gilmer[11, 12] argued 

that the secondary nucleation barrier is completely an “entropy barrier” without any enthalpic 

contribution. Furthermore, some other nucleation models (e.g. chain sliding diffusion theory, 

intramolecular nucleation) were developed by Hikosaka[13-15] and Hu[16, 17] et al. 

Recently additional crystallization/growth models have been put forward, i.e.,  the mesophase 

model by Strobl,[18-21] a continuum coarse-grained model by Muthukumar [22, 23] and the 

molecular nucleation model by Wunderlich.[24-26]  

Polymer crystallization features in the development of polymer science and the 

corresponding theories have been debated for more than fifty years; however, new models or 

theories are still being proposed nowadays, which indicates that the field itself is essentially 

complex and robustly vital. Open questions remaining in this field, and controversial opinions 

still deserve further discussion. 
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2.2 Primary Nucleation 

Polymer crystallization is a first order phase transition of a 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. The 

nucleation step is an activated process that relies on microscopic fluctuations to produce a 

critical size nucleus of the new phase, also called primary nucleus. 

2.2.1 Nucleation Theory Concepts 

Nucleation requires a particular molecular chain arrangement 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 must have its beginning 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 relative 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 2.1. 

The maximum in ΔG corresponds to the critical size that the new crystal 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 
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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.[27] 

The classical concept of crystal nucleation was developed by Gibbs[28], Volmer[29], and 

Kossel[30], based on the assumption that fluctuations in the supercooled phase can overcome 

the nucleation barrier caused by the formation of the crystal surfaces. 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 rate of nucleation I* has been derived on these assumptions 

by Turnbull and Fisher[31] using absolute reaction rate theory[32] to be: 

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

The rate of nucleation is given in nuclei per second, and refers to the number of un-

crystallized elements N able to participate in nucleation of a nucleus of critical size. 

 

Figure 2.1 Schematic representation of the change in ΔG as a function of crystalline aggregate size, 

illustrating the nucleation process. 

After this brief introduction on the primary nucleus, we will illustrate the nucleation 

phenomena usually occur in semi-crystalline polymers: homogeneous nucleation, 

heterogeneous nucleation and self-nucleation.  
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2.2.2 Homogeneous Nucleation 

If there are no preformed nuclei or foreign surfaces in the polymer melt, the primary 

nucleation is called homogeneous nucleation. The process occurs as the result of random 

fluctuations of order in the melt. Considering a spherical nucleus with radius r, the free 

energy change associated to its formation is: 

 
∆𝐺 = −

4

3
𝜋𝑟3∆𝑔 + 4𝜋𝑟2𝜎 (2.4) 

    The trend of this function is the same of that showed in Figure 2.1. The function ΔG = 

ΔG(r) has a maximum for r equal to r*, the critical nucleus dimension, given by: 

 
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*) can be computed as: 

 ∆𝐺∗ =
16

3
𝜋

𝜎3

∆𝑔2
=

16

3
𝜋

𝜎3𝑇𝑚
2

(∆ℎ𝑜)2(∆𝑇)2
 (2.6) 

From Equation 2.4 and 2.5, it can be deduced that both the critical dimension and the size 

of the energetic barrier increase with the crystallization temperature. Therefore, the 

probability of nucleation drastically decreases at temperature near Tm. 

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) 
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∆𝐺∗ =

32𝜎𝜎𝑒𝑇𝑚
2

(∆ℎ𝑜)2(∆𝑇)2
 (2.10) 

The inverse dependence of the critical dimensions on the supercooling is the same as in 

the previously introduced model of the spherical nucleus. 

Although predicted, homogeneous nucleation in polymers is rarely observed since requires 

particularly pure samples and extremely large supercooling.[33] In practical (and industrial) 

conditions, much lower supercooling is needed to observe nucleation and crystallization, due 

to the ubiquitous presence of foreign materials’ surfaces on which heterogeneous nucleation 

favorably occurs. As a matter of fact, homogeneous nucleation can effectively play a role 

only at very low crystallization temperatures, often close to the polymer’s glass transition. In 

order to be able to attain such large undercoolings, two methods have so far been adopted.  

The first is based on subdividing the sample in a number of domains which is much larger 

than the number of possible nucleating impurities in bulk samples. This procedure increases 

the probability of finding relatively pure polymer domains which would then nucleate 

homogeneously, if the effect of the domain interfaces is not of importance. Several systems 

showing this behavior have been investigated,[34-38] going from immiscible blends with sea-

island morphology,[39-42] suspension of micrometer/sub-micrometer size droplets,[43-45] 

block-copolymer nanodomains[46-48], infiltrated polymers within alumina nano-porous 

materials[36] and dewetted droplets on a substrate[49, 50]. The small domain size and the 

large undercoolings effectively make nucleation the rate-determining step in the overall 

crystallization process. As such, the domains crystallize one-by-one, following a first-order 

crystallization kinetics, with the rate constant typically scaling with the domain volume (see 

Figure 2.2(a)).[49]  

 

Figure 2.2 (a) Logarithm of the uncrystallized fraction of dewetted polyethyleneoxide droplets as a 

function of time, during isothermal crystallization at -5 °C. Data for droplet of different base area (hence 

volume) are shown;[49] (b) Crystallization of i-PP at low and high supercooling. The blue curves indicate 

two representative linear cooling rates. Images in the inset show meaningful morphologies obtained in the 
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two distinct nucleation regime (top image optical microscopy, bottom image AFM), with the red dots 

indicating nuclei position[51].  

A different way to observe and study homogeneous nucleation is provided by the recently 

developed fast scanning chip-based calorimeters[52, 53]. Being able to cool and heat small 

polymer samples at previously unattained rates of several hundreds of thousands of K per 

seconds, the complete range of undercoolings can now be achieved for the large majority of 

polymers.[54] It has thus been showed that several semicrystalline polymers exhibit a 

bimodal-temperature dependence of the overall crystallization kinetics, with two maxima in 

the rate at distinct high and low crystallization temperature. Ex-situ optical or atomic force 

microscopy analysis revealed a striking change in the morphology of the sample, depending 

on the crystallization temperature region. At crystallization temperatures corresponding to the 

low-temperature maximum, the crystals lack any spherulitic superstructure, and the 

nucleation density exceeds the one measured at high temperatures by several orders of 

magnitude (Figure 2.2(b))[55]. Therefore it is deduced that the crystallization process at large 

undercoolings is dominated by the occurrence of homogeneous nucleation[51]. 

2.2.3 Heterogeneous Nucleation 

In the modern plastic technology, the addition of additives (nucleating agents, colorants, 

fillers, etc.) has a very important role because it allows tuning and improving the properties 

of the material. In the case of nucleation, an extremely small quantity of foreign particles may 

be responsible for the heterogeneous nucleation, and it is very difficult to purify a material to 

such an extent that these particles are absent, or to reduce their number by a substantial 

amount. But if particular compounds that act as nucleating agents are added in the polymer 

voluntarily, it’s possible to exploit them in order to increase the crystallization rate (thus 

reducing the processing times) and improve mechanical or optical properties.  

A heterogeneous nucleation path makes use of foreign preexisting surfaces to reduce the 

free energy opposing primary nucleation. In the presence of heterogeneous substrates in the 

polymer melt, there is the availability solid surfaces on which the embryos can form. Several 

different types of heterogeneity (extraneous solids, cavities, surfaces wetted by the nucleus, 

container walls, already formed crystal surfaces, etc.) can enhance the formation of stable 

embryos and have important implications for polymer crystallization. A brief analysis is 

presented in the following. 

In the case of a nucleus which wets a foreign surface and assumes the shape of a spherical 

cap of radius r, as shown in Figure 2.3, the critical radius and the energy barrier to nucleation 

are given by: 
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𝑟∗ =

2𝜎𝛼𝛽

∆𝑔
 (2.11) 

 
∆𝐺ℎ𝑒𝑡

∗ = ∆𝐺∗𝑓(𝜃) = ∆𝐺∗
(2 + cos 𝜃)(1 − cos 𝜃)2

4
 (2.12) 

where ΔG* is the energy barrier for the homogeneous nucleation case, from Equation 2.12, 

and θ is the contact angle between the crystal, the melt and the substrate, obtained from the 

equilibrium of the surface tensions components parallel to the interface. 

 

Figure 2.3 Schematic example of heterogeneous nucleation on a flat substrate: α is the melt polymer 

phase, β is the nucleus phase and S is the substrate.[56] 

Instead, considering a cylindrical nucleus of height h and radius r, forming on the 

substrate, we obtain: 

 
𝑟∗ =

2𝜎𝛼𝛽

∆𝑔
= ℎ∗ (2.13) 

 
∆𝐺ℎ𝑒𝑡

∗ =
4𝜋𝜎𝛼𝛽

3

∆𝑔2
 (2.14) 

From Equation 2.11 and 2.13 we can note that r* has the same dependence on Δg, as 

predicted from Equation 2.5 for the homogeneous nucleation of spherical clusters. Thus, the 

main role of a nucleating heterogeneity is to reduce the barrier for nucleation, caused by the 

surface interfacial free energy. Moreover, Equation 2.12 and 2.14 show that ΔGhet
*

 is inversely 

proportional to the Δg and directly proportional to the cube of the surface free energy for both 

nucleus geometries. The general result is that ΔGhet
*

= f(θ)ΔG
*
, with f(θ) varying between zero 

and unity: the formation of a heterogeneous nucleus is less energetically costly with respect 

to a homogeneous one. However, the crystallization temperature dependence of the energy 

barrier for creating the critical-size nucleus is identical in both cases. 

Another classical approach 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 2.4. 
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Figure 2.4 Scheme of the heterogeneous nucleation, 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  (2.15) 

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 (2.16) 

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: 

 
𝑏∗ =

2∆𝜎𝑇𝑚

∆𝑇∆ℎ𝑜
 (2.17) 

 
∆𝐺ℎ𝑒𝑡

∗ =
16𝜎𝜎𝑒∆𝜎𝑇𝑚

2

(∆ℎ𝑜)2(∆𝑇)2
 (2.18) 

The energetic barrier that must be overcome for the formation of the nucleus on the 

substrate is lower than the one needed for homogenous nucleation, only when the following 

inequality is true: 

 ∆𝜎 = 𝜎 + 𝜎𝑠/𝑐 − 𝜎𝑠/𝑚 ≤ 2𝜎 (2.19) 

However, the free energy barrier for the formation of the nucleus of critical size is not the 

only parameter one has to take into account for the description of the nucleation rate. Indeed, 
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especially at large supercooling, the activation energy for segmental transport across the 

phase boundary, (ΔGη), can become of importance. Thus, the total energy barrier that must be 

overcome by the nucleating segments is given by the sum of ΔG* and ΔGη [57] and the 

equation for the rate of nucleation is given by: 

 
𝐼 = 𝐼0 𝑒𝑥𝑝 (−

∆𝐺∗ + ∆𝐺𝜂

𝑘𝑇
) (2.20) 

where I0 is a temperature independent frequency term and k is the Boltzmann’s constant. 

Equation 2.19 will be used and discussed more extensively later in this thesis. 

In practical (and industrial) conditions, relatively low supercoolings are needed to observe 

nucleation and crystallization, due to the occurrence of heterogeneous nucleation. For 

example, heterogeneous nucleation is often encountered at the interface with the fiber 

surfaces in polymer-fiber composites. In this case, the density of nuclei at the interface is so 

high that the lateral development of the spherulites is hindered, so that crystal growth can 

only proceed perpendicular to the substrate surface forming a columnar growth region that 

extend towards the spherulitic matrix, typically indicated as “transcrystalline” morphology 

(Figure 2.5a)[58] .  The lower the free energy barrier for heterogeneous nucleation at the 

fiber’s surface the lower the undercooling at which transcrystalline morphology can be 

appreciated [59].  

 

Figure 2.5 (a) Transcrystalline morphology obtained during isothermal crystallization of i-PP on the 

surface of carbon nanotube macroscopic fiber;[60] (b) spherulitic morphology of compression molded i-PP 

either neat (top image) or containing a benzenetrisamide nucleating agent (bottom image)[61]; (c) 

structural matching between i-PP and an organophosphate derivative nucleating agent (NA-11)[62]. 

Another, industrially relevant, example of heterogeneous nucleation is constituted by 

nucleating agents (NA), i.e., particular compounds that are voluntarily added to the polymer 

in order to increase the crystallization rate, thus reducing the processing times and improving 
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mechanical or optical properties. The most widely investigated NAs are those for isotactic 

polypropylene (i-PP), for which a plethora or organic and inorganic compounds with various 

efficient has been identified[63].  An example of the striking effect of added nucleating on the 

polymer morphology is shown in Figure 2.5(b), where the polarized optical micrographs of 

compression molded neat isotactic polypropylene is compared to that of the same material 

containing 0.13 wt% of a benzenetrisamide type nucleant[61].  

It has been recognized that the existence of epitaxy, given by the dimensional matching 

between the spacing of particular lattice planes of the nucleating substrate and the 

crystallizing polymer is highly beneficial for the occurrence of heterogeneous nucleation. An 

example of disclosed epitaxial relationship between i-PP and an organophosphate nucleating 

agent is shown in Figure 2.5(c). The helical pitch of i-PP (c-axis) is very close to the 

periodicity of the NA unit cell along the b-axis. Despite very important, epitaxy is yet not the 

sole criterion which determines the nucleating ability of a substrate. The research on more 

efficient heterogeneous nucleating agents is thus still mostly empirical. 

2.2.4 Self-Nucleation 

Self-nucleation is a special nucleation process in semicrystalline polymers, which implies 

nucleation by a “memory” of the original crystalline morphology that survives the melting 

process. Despite being known from the dawn of polymer crystallization studies, the intimate 

nature of self-nuclei is still not unequivocally established. In particular, self-nuclei are 

considered as stable crystalline remains or as a “kinetic” memory of the crystalline state due 

to the slow relaxation of local chain orientation.  

 

Figure 2.6 Electron micrographs of crystals grown at 80 °C from a 0.1 wt% solution of polyethylene in 

xylene after seeding at 99 °C (a) and 101.5 °C (b); (c) effect of dissolution temperature on the number of 

nuclei and final crystal size. 

Blundell and Keller were the first to recognize the occurrence of self-nucleation, or self-

seeding, in 1966[64, 65]. By dissolving previously crystallized polyethylene single crystals in 
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poor solvents at low temperatures, they discovered that the number of nuclei per gram of 

polymer increases exponentially with decreasing dissolution/self-nucleation temperature (Ts) 

(see Figure 2.6) The recrystallized crystals all have similar sizes, indicating they all nucleate 

at the same time. Moreover, the high molecular weight fraction of the polyethylene chains 

was found to be particularly active in self-nucleation, while parameters such as the solution 

concentration or the chosen crystallization temperature had little effect on the phenomenon. 

Self-nucleation is also of fundamental importance for crystallization from the molten state. 

In this case, the spherulitic morphology is significantly affected by the melt treatment. 

Indeed, many early studies reported a decrease of the spherulite size with decreasing melt 

temperature for various polymers, such as polyethylene,[66] poly(ethylene terephthalate), 

isotactic polypropylene and Nylon 6.[67] An early attempt to probe the effect of self-

nucleation on the crystallization kinetics of bulk polymers was made using dilatometry by 

Vidotto et al.[68] 

More than two decades after this first study, a seminal work was presented by Lotz et al., 

[69] who adapted self-nucleation procedures with differential scanning calorimetry (DSC). 

After the creation of a crystalline standard state, by cooling at constant rate from a 

temperature 30 - 40 °C above the observed melting point, the polymer crystals are brought to 

a given melt temperature and kept there for a chosen period of time (this temperature is 

denoted Ts or self-nucleation temperature). Afterwards, the impact of this self-nucleation step 

on the nucleation process during the subsequent re-crystallization is evaluated, and the 

procedure is repeated for different self-nucleation temperatures. The presence of self-nuclei is 

indirectly observed by measuring the much faster crystallization rate, i.e., the increase in 

crystallization peak temperature, which is proportional to the number of seeds left in the melt. 

According to Lotz et al.[69] the explored self-nucleation temperature range can be divided in 

different Domains, on the basis of the effect on crystallization and subsequent melting 

behavior of the polymer crystals. With reference to Figure 2.7, which shows the typical 

outcome of a DSC self-nucleation experiment, the different Domains will be discussed. A 

more comprehensive review of polymer self-nucleation can be found in [70]. 

Domain I, at the highest temperatures, is characterized by the absence of self-nucleation 

effects, i.e., by complete melting and erasure of any crystalline memory. At these self-

nucleation temperatures, the nucleation density stays constant at its minimum value. When 

the self-nucleation temperature is lowered, we encounter Domain II, where the thermal 

conditioning at Ts is able to leave self-nuclei in the system, but not to anneal possible crystal 

remnants. Domain II is identified clearly from the re-crystallization curves, since the 
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crystallization peak temperature shows a strong increase with decreasing Ts. Finally, Domain 

III manifests annealing of the remaining un-molten crystals during the self-nucleation step. 

These crystals which have thickened are detected by the melting of the recrystallized 

specimen, as a small sharp melting peak at temperatures higher than the main endotherm. 

 

Figure 2.7 (a) DSC cooling scans for isotactic polypropylene after 5 minutes at the indicated Ts; (b) 

subsequent heating scans after the cooling runs shown in (a); (c) representation of the self-nucleation 

domains for PP homopolymer superimposed on top of a standard DSC melting trace. Data points represent 

crystallization temperature peaks (right-hand y-axis) as a function of Ts value (x-axis).[70] 

In recent works, it has been found that random copolymers of ethylene display memory of 

crystallization even at temperatures ~ 40 degrees above their equilibrium melting points. This 

unusual strong melt memory of copolymers is in sharp contrast with the behavior of linear 

polyethylene fractions that, independent of molar mass, display a region of self-nucleation at 

temperatures well below the equilibrium melting temperature.[71]  The copolymer’s strong 

memory is associated with the process of sequence partitioning during crystallization. 

Because branches longer than methyl are excluded from the crystal, the crystallization of 

random copolymers evolves through a process of sequence length selection by which long 

ethylene sequences are selected first, and other shorter sequences of suitable length will need 
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to diffuse through the entangled melt to the crystal front in order to propagate lamellar 

crystallites. The path of selecting and dragging ethylene sequences to build copolymer 

crystallites generates a complex topology of knots, loops, ties and other entanglements in the 

intercrystalline regions, especially at high levels of transformation, which is responsible for 

the unusual strong melt-memory observed in random ethylene copolymers.  

It is believed that when the crystallites of ethylene copolymers melt, clusters from the 

initial crystalline ethylene sequences remain in close proximity because segmental melt 

diffusion to randomize all sequences is hampered by branches and the constrained 

intercrystalline topology. These clusters are effective self-nuclei and only fully dissolve into a 

homogeneous melt at temperatures well above the equilibrium melting point. The strong melt 

memory of random copolymers was also observed in Monte Carlo simulations carried out by 

Wu and co-workers and was interpreted as a state with weak liquid-liquid phase 

separation.[72] 

Self-nucleation has also been explained within a thermodynamic context. On the basis of 

the multi-step path to polymer crystallization postulated by Strobl,[19] Muthukumar has 

considered the heterogeneous melt as a hypothetical metastable intermediate melt state in the 

path between the melt and the crystalline state, and has derived a general expression for the 

nucleation rate using a standard reaction kinetics scheme and accounting for the transitions 

between the crystalline, heterogeneous, and homogeneous states.[73] 

Recent experiments have demonstrated that the presence of self-nuclei in a polymer melt 

can lead to different rheological properties[74, 75] and dielectric permittivity[76] with respect 

to the fully homogeneous state (Domain I). These findings suggest that the structure of self-

nucleated melt is related to chain clusters, persisting in the melt due to interactions between 

chain segments in the regions of the melt where crystallites were previously present. 

Nevertheless, the exact nature of self-nuclei, despite extensive research in the last decades, 

still remains elusive. 

2.3 Transcrystallinity on Fiber Surface 

Semicrystalline polymers are usually reinforced by various types of organic or inorganic 

fillers, like fibers etc., to form composites with improved mechanical properties. It is well 

known that these reinforcements can result in changes in morphology and crystallinity of the 

interphase regions. Embedded fiber in polymer matrix may act as heterogeneous substrates 

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

nuclei will further hinder the lateral extension and force crystal growth in one direction, 
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namely perpendicularly to the fiber surfaces and result in a columnar crystalline layer, known 

as transcrystallinity (TC) or transcrystalline layers (TCL), with limited thickness.[77-81] 

Figure 2.8 shows a typical transcrystalline layer of PLLA on Carbon fiber and it is clear that 

the growth of the TCL proceeds perpendicularly to the fiber surface until the growing front 

impinges with spherulites nucleated in the bulk.[82]  

 

Figure 2.8 Micrograph showing isothermal crystallization of PLLA/Carbon fiber composite at 110 C (5 

min). 

Single fiber-polymer composites are often used for the study of TC, that is, single or 

several fibers are embedded in polymer melt to prepare “model” composites. The composites 

are heated to temperature where the matrix melts but fibers do not, then the samples are 

cooled for isothermal or nonisothermal crystallization. TC has been reported to occur in 

several semicrystalline polymers such as isotactic polypropylene, polyethylene, poly (ether 

ether ketone), poly (phenylene sulfide) and polyamide, etc. in contact with carbon fiber,[83] 

glass fibers,[84] aramid fibers,[85] natural fibers[86] and so on. The formation of 

transcrystalline layer has significant influence on the performances of fiber/matrix interfaces, 

and hence affects largely the mechanical properties of composites. Although TC plays an 

important role to improve the properties of some fiber/polymer interfaces and composites, the 

mechanism controlling TC layers occurrence is not fully understood and there are no clear 

rules which manage to predict the appearance of TC in a particular fiber/matrix system. 

Meanwhile, the effects of TC on the interfaces and properties of composites still remains in 

dispute. Felix [87] reported that TC can improve stress transfer at the interface, and 

consequently, the mechanical properties of the composites, whereas some other researchers  

claimed that it has no, or negligible, effect on these properties. [88] Moreover, for the 

formation of TC, many factors, such as the fiber material type (mainly its topography and the 

chemical interaction with matrix), matrix material type, and thermal protocols, have all been 

reported to affect TC in these composites to some extent.[88]  

Since Jenckel et al.[89] described transcrystalline for the first time in 1952, more and more 

researchers have joined in the investigation of TCL. Many efforts have been made to study 
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TC in different composites, however, the formation and growth mechanisms of TC are still 

unclear and its effect on the properties of composites and their interfaces remains 

controversial. Hence, deeper and more detailed studies of the specific role of TC interfaces 

must be performed before general conclusions can be drawn.  

2.4 Nucleating Agents for Isotactic Polypropylene 

Nucleating agents (NAs) are common polymer additives, widely used for speeding up 

processing and tuning the final mechanical properties. A wide variety of substances can act as 

nucleating agents, e.g., natural minerals, organic or inorganic salts, organic components, other 

polymers, or the same polymer to be nucleated in a cross-linked form. In principle, a 

chemical similarity to the matrix is not required. 

The reasons for choosing isotactic polypropylene as an example material for matrix are 

various. Due to its wide application range, the modification of the property profile with NAs 

is of interest. In addition, the quantity of production and the applications makes it both 

technically and economically very relevant, and it exhibits an interesting polymorphism with 

four crystal modifications, i.e., α, β, γ, and mesomorphic[90]. For i-PP, two physically 

distinct classes of nucleating agents (NAs) exist: particulate systems (examples include talc, 

sodium benzoate, organophosphates, etc.), and soluble systems, which dissolve in the 

polymer melt upon heating and phase separate upon cooling (examples are sorbitol 

derivatives and benzene-trisamides).[91] Moreover, another useful classification of NAs is 

based on the specific crystalline structure they induce upon crystallization: α (monoclinic) 

and γ (orthorhombic) or β (hexagonal). Wittmann and Lotz[92] suggested that any substrate 

with a periodicity of ~5 Å, matching the (010) face of i-PP monoclinic face, can be a 

potential α-nucleant for i-PP, as shown in Figure 2.9. In the same way, substrates with a 

periodicity (or the c axis of the unit cell dimension) of 6.5 Å, which matches the (110) face of 

i-PP, can be a potential β-nucleating agent. 
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Figure 2.9 (a) Structural matching between i-PP and NA-11 (organophosphate derivative nucleating agent) 

by a schematic view[93] and (b) through the view of chemical structure within the space[94].  

An important improvement in the classification of the nucleating efficiency of these 

substances was put forward by Lotz et al.[95, 96] They proposed an empirical efficiency 

scale based on the DSC analysis. Compared to earlier methods based solely on the difference 

of the absolute Tc of the nucleated polymer with respect to the Tc of the blank polymer, they 

introduce an “upper reference bound” to Tc. The maximum crystallization temperature is 

obtained by “self-nucleation” of the blank polymer, a procedure in which the original 

polymer crystals are molten at low temperatures, leaving some residual order in the polymer 

melt, which greatly enhances the recrystallization behavior. The self-nucleated polymer is 

considered as the ideally nucleated sample. Thus, the blank polymer crystallizes at the lowest 

temperature, whereas the best self-nucleated polymer crystallizes at the highest temperature, 

and the Tc of the nucleated polymer must be within this range. Therefore, a nucleation 

efficiency scale is conveniently defined attributing a value of 0 and 100 % to the neat and 

self-nucleated polymer, respectively. In this way, any additive can be characterized by a 

percentage which expresses its efficiency in nucleating the particular polymer. In Table 2.1, 

the Lotz’s efficiency classification for some common i-PP NAs is reported. 

This scale gives several practice advantages, but it’s not an absolute or intrinsic one, since 

it requires standardization of certain experimental variables, like the cooling rate, and 

depends on the particular polymer grade used. In particular the lowest crystallization 

temperature (the blank polymer Tc) is clearly a material characteristic, which depends on the 

density of unknown nucleating impurities within the polymer used. 

Table 2.1 Crystallization temperatures of i-PP/NA compounds and nucleation efficiency (NE) 

for some NAs at various concentrations.[96] 
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2.5 Cross-Nucleation  

Polymorphism, which is the ability of a given substance to acquire different ordered 

arrangements in the solid state, i.e., to crystallize in different structures, is a ubiquitous 

phenomenon in nature and material science. Basically, all the types of crystallizable 

compounds may exhibit polymorphism: it is found both in complex organic molecules,[97] in 

simple molecules such as water,[98] and even in single chemical elements, e.g., sulfur and 

phosphorus. Clearly, the different structures of the same substance, i.e., the polymorphs, can 

display remarkably different physical properties, including melting point, solubility, electrical 

properties, etc. A striking example is the one of the polymorphs (also referred to as 

allotropes) of the carbon element: diamond and graphite. Their differences in mechanical 

properties, e.g., hardness, and electrical conductivity are self-evident.  

Different crystallization pathways can be recognized when dealing with polymorphic 

substances. A common observation is the so-called Ostwald’s Rule of Stages,[99] according 

to which a phase transition occurs through steps of increasing thermodynamic stability, i.e., 

from the least to the most stable polymorph in successive stages. If suitable thermodynamic 

and kinetics conditions are met, two (or more) polymorphs can also form concomitantly, i.e., 

they nucleate independently and grow simultaneously in the same melt/supersaturated 

solution. Finally, a faster growing polymorph can nucleate heterogeneously on the surface of 

another one, without requiring any phase transition between them. This latter scheme has 

recently been referred to as cross-nucleation. Yu was the first to discuss the nucleation of one 

polymorph by another in small organic molecules. [100] He reported the examples of two 

hexitols, D-mannitol and D-sorbitol. Melt crystallization of D-mannitol proceeds via the 

nucleation of a metastable -polymorph, followed by the nucleation of a more stable α-

polymorph on the surface of the -spherulites (see Figure 2.10). In his experiments, the new α 
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-polymorph grows faster than the -one Instead, for what concerns D-sorbitol, the melt was 

seeded with crystals of the stable γ-form. The crystallization around the seed occurred in the 

metastable E polymorph.[100] Already from these first examples, it was clear that seeds of 

one polymorph can nucleate another crystal structure of either higher or lower 

thermodynamic stability, provided it grows faster than the original polymorph.  

The new phenomenon, termed cross-nucleation, was further investigated in spontaneous 

and seeded crystallization of 5-methyl-2-[(2-nitrophenyl)amino]-3-thiophenecarbonitrile, 

[101] named ROY for the red, orange and yellow crystals of its ten polymorphs.[102] 

Extensive, and sometime selective cross-nucleation between ROY polymorphs was found. An 

example is provided in Figure 2.10, which show a seed of the Y04 polymorph which cross-

nucleate the fast growing R05 phase and is then engulfed by the newborn spherulite.  

 

Figure 2.10 (a) Cross-nucleation in D-mannitol, α-phase nucleating on -polymorph; (b) cross-nucleation 

between ROY polymorphs: R05 nucleating on Y04. Adapted with permission from[100, 101]. 

The study of ROY polymorphs confirms that thermodynamic stability is not the governing 

factor for cross-nucleation, i.e., the “daughter” phase can either be of higher or lower stability 

than the “parent” one. On the other hand, the new cross-nucleating polymorph always grow 

faster than (or at least as fast as) the initial one. This is a necessary, but not sufficient 

condition to observe nucleation. In fact, for instance, Y04 grows the slowest of all 

polymorphs at room temperature, but only R and R05 phases were observed to nucleate on it. 

This selectivity of the cross-nucleation process is apparently not related to epitaxy, since no 

evident lattice matching is found for any couple of cross-nucleating polymorphs. On the other 

hand, solution crystallization of a steroid provides evidence that epitaxy can play a role in 

cross-nucleation between polymorphs, both for the case of metastable-on-stable[103] and 

vice-versa.[104] However, changing the composition of the solvent mixture leads to the 

occurrence of cross-nucleation of the metastable polymorph on the stable one without any 

preferred orientation, i.e., lacking epitaxial relationship between the two phases.[103] It can 

thus be concluded that epitaxy is not a fundamental requirement for cross-nucleation to 
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happen.  

Although the occurrence of cross-nucleation was observed in polymers before than in 

small organic molecules, the phenomenon did not receive much attention in polymer 

literature. The first observation of cross-nucleation in polymers dates back to 1977, when 

Lovinger et al. described the peculiar “growth-transformation” occurring in an i-PP sample 

solidified in a temperature gradient or isothermally (see Figure 2.11).[105] The authors 

describe the initiation of a spherulite of the trigonal β-phase (more birefringent than the α-

phase) at the growth front of the monoclinic α-phase, and named the process “growth 

transformation”. The sudden change in the growing structure was interpreted as an 

“accidental discrepancy” at the tip of the growing lamella causing the chains to pack in a 

different mode, which eventually can be preserved and overtake the original structure because 

of its faster growth rate. 

 

Figure 2.11 α-to-β (a) and β-to-α (b) growth transition (or cross-nucleation) in isotactic polypropylene. 

Adapted with permission from [105, 106]. 

Recently, Cavallo investigated this special nucleation phenomenon in isotactic 

polybutene,[107] isotactic polypropylene[108] and polypivalolactone[109] melts. Large 

seeded form I PBu spherulites serve as nucleation sites for small Form II crystal. In Figure 

2.12, the number of Form II nuclei increases with time, and further studies shows that cross-

nucleation rates decrease exponentially with increasing crystallization temperature and the 

energy barrier of cross-nucleation is just half of that in typical homogeneous nucleation. 

Moreover, Cavallo studied the cross-nucleation of α phase on  phase crystal in 

polypivalolactone melt,[109] showing a cross-nucleation kinetics with a relatively low 

nucleation barrier, which is comparable to that for secondary nucleation of the parent 

polymorph.  
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Figure 2.12 Example of cross-nucleation kinetics at a crystallization temperature of 105 °C. Large Form I 

spherulites serve as nucleation sites for small Form II crystals which are indicated by the red circles. 

Adapted with permission from [107]. 

However, an abnormal temperature dependence of cross-nucleation kinetics in 

polypropylene melt was observed by Cavallo,[108] where the rate of cross-nucleation of the 

monoclinic α phase on the trigonal β phase crystals increases with increasing temperature. 

This behavior is contrary to that of the heterogeneous nucleation kinetics of the same crystal 

on various solid substrates, and also to the previously reported cases of cross-nucleation rate 

of other polymorphic systems, which exhibit the expected decrease with temperature. The 

results are explained as a manifestation of a kinetic competition between α-on-β cross-

nucleation and growth of β-crystalline seeds. These new finding indicates that further 

theoretical efforts are needed to include the cross-nucleation phenomenon in the framework 

of a comprehensive understanding of polymorphic crystallization. 
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Chapter 3. Nucleation of Poly(lactide) on the Surface                     

of Different Fibers 

 

3.1 Introduction 

Fiber composites of semicrystalline polymers are able to develop, under certain 

conditions, a highly oriented crystalline layer with molecular chain axis parallel to fiber axis 

at the fiber/matrix interface.[88, 110, 111] This peculiar morphology is addressed as 

transcrystalline layer (TCL), and is typically associated to the high nucleating ability of the 

embedded fibers’ surface.[59, 112-119] The formation of TCL is of technological importance, 

because it can significantly influence the mechanical properties of the product.[120-126] In 

fact, TCL presents a higher Young’s modulus compared with the bulk materials, despite a 

lower strain at break.[127, 128] Moreover, the presence of TCL can effectively improve the 

adhesion between the polymer and the fiber, thus increasing the flexural modulus and 

strength of the composites.[120]  

Although TCL has significant implication for the properties of fiber-reinforced 

composites, the exact mechanism for its development is not fully univocally ascertained. A 

major role in the formation of the transcrystalline layer has been attributed to fiber’s surface 

chemistry,[129-131] topography,[111, 128] or residual stresses at the fiber/matrix interface, 

generated during cooling due to the mismatch in the thermal expansion coefficients of the 

two materials.[59, 80, 112-117, 132, 133] Clearly, the transcrystalline layer forms as a 

consequence of extremely high surface nucleation density on the fiber, which hinders the 

later development of the spherulites and thus forces crystal growth to proceed perpendicular 

to the fiber long axis only. Therefore, understanding of fiber induced nucleation is essential.  

Several detailed investigations on fiber induced nucleation have been reported. [58, 134] 

In particular, Wang et al.[59, 112-117] investigated the nucleation of polypropylene on 

different fibers, including polytetrafluoroethylene (PTFE) fiber, carbon fiber, poly(p-

phenylene benzobisoxazole) (PBO) fiber and Kevlar. The fiber nucleation ability was 
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characterized on the basis of the interfacial free energy difference, Δσ, a parameter expressing 

the magnitude of the heterogeneous nucleation barrier. Moreover, such value was found to be 

closely correlated to the maximum temperature for transcrystalline layer formation, Tmax. 

Ishida and Bussi studied the crystallization phenomenon of ultrahigh-modulus polyethylene 

fiber reinforced polyethylene (PE) composites, finding an extremely low Δσ, around 0.3 

mJ/m2. The excellent nucleation ability was attributed to the perfect matching between the 

lattice parameters of the polymer/fiber system.[58] 

However, fiber induced nucleation studies are still scarce and mainly limited to 

polyolefins, despite the increasing importance of bio-based polymers and composites. 

Poly(lactide) (PLA) is an aliphatic polyester with good biocompatibility and biodegradability. 

It has received much attention in recent years because of its potential in replacing the widely 

used petroleum-based polymers.[135-145] 

There are two different enantiomeric forms of lactide, i.e., L-lactide and D-lactide, which 

allows preparing stereocomplexes having different properties with adjustment of L/D ratios 

in the synthesis mixture.[146-148] Moreover, Ikada et al. reported that a blend of the poly(L-

lactide) (PLLA) and poly(D-lactide) (PDLA) can develop co-crystals, containing both 

enantiomeric chains in the unit cell, defined as stereocomplex.[149-153] The stereocomplex 

crystals possess a melting temperature 40 - 50 °C above that of the “homocrystals” of neat 

PLLA or PDLA and exhibit better mechanical properties and slower biodegradation rate.[147, 

148, 154-160] Of particular interest is the ability of stereocomplex crystals (SC) to enhance 

the crystallization kinetics of slow-crystallizing PLA homocrystals. It has been shown that SC 

surfaces can efficiently nucleate the lower melting homocrystals, although epitaxy between 

the two crystalline structures is probably not involved.[124, 155, 161-164] Given the higher 

melting point of stereocomplex crystals and their spinnability to give oriented fibers, the 

design of an all-poly(lactide) biobased polymer-fiber composite could be devised, possibly 

leading to mechanical reinforcement of the brittle PLA.  

In this work, the nucleation process of poly(lactide) (PLA) on a series of fibers was 

studied in-situ by means of polarized optical microscope (POM). Several commercially 

available fibers (i.e., carbon, PET, Kevlar, and glass fibers) and natural fibers (i.e., hemp, 

linen and cellulose fibers) are employed and compared to lab-made stereocomplex 

enantiomeric PLA blend fibers. The nucleating efficiency of the various heterogeneous 

substrates was quantitatively compared on the basis of the derived interfacial free energy 

difference, Δσ, and the maximum temperature for transcrystalline layer formation, Tmax. On 

the basis of the results some general insights and considerations on the mechanism of fiber 
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induced nucleation are proposed. 

3.2 Experimental 

3.2.1 Materials and Fibers 

Samples of poly(L-lactide) (PLLA) and poly(D-lactide) (PDLA) in pellet form were 

kindly provided by Purac Biochem (Gorinchem, The Netherlands). PLLA sample has a 

molecular weight of 226 kg/mol, a melt flow index (MFI) of 6.9 g/10min and shows a 

nominal melting point of 175.4 °C. The SC fiber was extruded from PLLA/PDLA blend with 

a ratio of 1:1. Detailed information on the fiber preparation procedure and equipment can be 

found elsewhere.[164] After extrusion, the SC fiber was annealed at 200 ºC for 1 h, in order 

to obtain pure stereocomplex crystal. 

As comparison, some commercial fibers (i.e., carbon, Kevlar, PET and glass fibers) and 

natural fibers (i.e., hemp, linen and cellulose fibers) were employed. Fibers were kindly 

provided by various composite and textile industries and used as received. Glass fibers have 

been previously sized, while all the other fibers did not receive any surface treatment.  

3.2.2 Methods 

The PLLA films were prepared by compressing PLLA pellets on a hot stage at 210 °C, and 

the thickness of the film was adjusted to about 30 - 50 μm. 

The thermal protocol adopted for sample preparation and crystallization experiments was 

controlled by a calibrated Mettler Toledo FP-82 microscope hot-stage. A piece of PLLA thin 

film (10 mm × 10 mm) was heated to 190 °C on a glass slide and then a single fiber was 

manually introduced into the film, and the single fiber-polymer composite what then covered 

with a microscope cover glass. The composites were then heated to 200 °C and held there for 

3 min to eliminate any residual thermal-mechanical history potentially affecting the 

crystallization. Subsequently, the composites were cooled down to selected temperatures and 

allowed to crystallize for adequate time. The scheme of the temperature protocol is depicted 

in Figure 3.1. The crystallization process was observed in-situ by using a Polyvar-Pol optical 

microscope under crossed polarizers. Micrographs were acquired with a computer-controlled 

digital camera (Optika).  



Chapter 3. Nucleation of Poly(Lactide) on the Surface of Different Fibers 

27 

 

 

Figure 3.1 Schematic diagram of the applied thermal history. The melting point of SC fibers (Tsc) is 

indicated by dotted lines on the y-axis. 

3.2.3 AFM Characterization of Fibers’ Surface 

In order to quantitatively characterize the surface topography of the different fiber AFM 

measurements have been performed. For this purpose, a Dimension Icon AFM from Bruker 

equipped with Nanoscope V controller was used in tapping mode. The measurements were 

carried out using a silicon TESP-V2 tip with 10 nm nominal radius and 125 m cantilever 

length. The operating frequency was 320 kHz and the scan rate was between 0.4 - 0.7 Hz/s. 

AFM measurements were done with 512 scan lines and target amplitude of around 0.9 V. The 

representative AFM height profiles of each investigated fiber surface were extracted after 

second order flatten. Moreover, the root mean square roughness (RMS or Rq) were 

determined using 10 independent zones of 1 µm2 on the fiber surface. The Rq values were 

extracted from 5 m × 5 m AFM height images derived after second order flatten using 

NanoScope Analysis software version 1.90. 

3.2.4 Fiber-PLA Adhesion Properties 

The interaction between PLA melt and the fibers surfaces was tentatively probed with 

contact angle measurements. Droplets of PLLA on the fibers were created according to the 

following procedure. SC, Kevlar, PET and glass fibers were supported on a “U-shaped” 

aluminum frame, and PLLA fibers (made from the same polymer used as matrix in the 

nucleation experiments) were tied to them at room temperature, creating several small knots. 

The frame was then put in an oven kept at a temperature of 210 °C, which is high enough to 

melt the PLLA “knots” while keeping the fibers unaffected. Several holding times in the oven 

were employed; an equilibrium shape of the molten PLLA droplet on the fiber was attained 
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after 5 min. The fiber holder was then quickly extracted from the oven, and the PLLA droplet 

solidifies by cooling to room temperature. The contact angle of PLLA on different nucleating 

fibers was finally measured by using a Nordtest tensiometer, with a digital camera equipped 

with suitable magnifying objective to visualize the solid PLLA droplet/fiber assembly. The 

angles are measured on both right and left sides of the droplets and the presented results are 

the mean value of about 20 different droplets. 

3.3 Results and Discussion 

3.3.1 Morphology Investigation 

 

Figure 3.2 Optical micrographs after the indicated crystallization times for PLLA with embedded SC fiber 

(a) and carbon fiber (b). Crystallization temperatures are 157.5 and 117.5 °C, respectively. Some PLLA 

nuclei are highlighted, to help the visualization. Scale bar: 100 μm.  

Two typical examples of time-resolved polarized optical microscopy images, acquired 

during the isothermal nucleation process of PLLA onto the SC and the carbon fiber are shown 

in Figure 3.2. A sporadic nucleation process can be appreciated, with the number of nuclei on 

the surface of both fibers increasing gradually with crystallization time. Similar nucleation 

process is also observed for other fibers and shown in Figure 3.3. The relatively low 

nucleation density enables one to observe the growth of the individual nuclei, which develop 

into distinguishable spherulites and are therefore amenable to direct counting. We note that 

the very different crystallization temperatures employed for the two fibers (40 °C) is related 

to the different nucleation ability. However, due to their different diameters and the different 

experimental time scales, the relatively nucleation efficiency cannot be grasped from the 

POM micrographs. 
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Figure 3.3 Optical micrographs of PLLA after crystallization at 125 °C for indicated time with embedded 

PET, Kevlar, Glass, Hemp, Linen, Cellulose fibers. 

The effect of crystallization temperature on nucleation can be deduced by comparing the 

morphology developed on the fiber surface after a given holding time at different 

undercoolings (Figure 3.4). As expected, the nucleation rate increases with decreasing 

crystallization temperature, as judged by the increased number of nucleated spherulites on the 

fiber surface at the same time. Notably, when Tc is equal to 142.5 °C (or lower) for SC fiber 

and 110 °C (or lower) for carbon fiber, TCL develops as a result of the high density of nuclei 

on the fiber surface. In fact, when the distance between adjacent nuclei on the fiber surface is 

very small, the growth of crystals is spatially restricted, and the lamellae can only propagate 
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perpendicularly to the fiber surface. We highlight the large undercooling dependence of the 

nucleation process, since the extremely different sporadic and TCL morphologies are 

obtained by varying the crystallization temperature of 5 °C only. Analogous results have been 

obtained for other commercial and natural fibers, in other specific ranges of temperatures due 

to intrinsically different nucleating ability (Figure 3.5). 

 

Figure 3.4 (a) Crystallization of PLLA on SC fiber at 142.5, 145 and 147.5 °C for 10 min; (b) 

crystallization of PLLA on carbon fiber at 110, 112.5 and 115 °C for 5 min. 

Such observations are well in line with previous work on fiber induced nucleation on iso-

polypropylene (i-PP) composites.[59, 112-117] For example, at 140 °C, transcrystalline layer 

was observed for i-PP in contact with Teflon fiber, but not for i-PP/Kevlar fiber composite. 

The latter fiber was able to induce TCL when polypropylene crystallized at 135 °C.[115] The 

maximum crystallization temperature at which transcrystalline morphology could be obtained 

was proposed as an estimate of fiber-nucleation ability towards i-PP.[59] 

Figure 3.6 compares the crystalline morphology of PLA on other different synthetic fibers 

(i.e., PET, Kevlar), inorganic fiber (i.e., glass) and natural fiber (i.e., hemp). The same 

crystallization temperature and time is considered to allow a better evaluation of nucleating 

efficiency of the different substrates. After 8 min at 130 °C, sporadically nucleated PLLA 

spherulites can be observed on the surfaces of carbon, PET, kevlar, glass and hemp fibers, 

while a clear TCL develops on SC fiber substrate. Linen and cellulose fiber display a 

crystalline morphology analogous to the one of hemp (not shown). A qualitative comparison 

of the POM micrographs in Figure 3.6 suggests that carbon fiber exhibits the lowest 

nucleating ability, and SC fiber has by far the highest, while the other substrates display 

intermediate nucleation efficiency. The easy development of PLA transcrystallinity on SC 
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crystals was also evidenced by Li et al, who were able to change the interfacial crystallization 

of PLA/ramie fiber composites from sparsely dispersed spherulites to TCL, by physically 

decorating the surface of ramie fiber with stereocomplex crystallites adsorbed from 

solution.[165]  
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Figure 3.5 Optical micrographs of PLLA after crystallization on PET, Kevlar, Glass, Hemp, Linen, 

Cellulose fiber surfaces at given temperatures for indicated time. 

In order to take into account the differences in the available nucleating surface, due to 

different fiber diameters, and the time evolution of the nucleation process, a quantitative 

assessment of nucleation rate at various undercooling is presented in the following section. 

 

Figure 3.6 POM micrographs of PLLA morphology after crystallization for 8 min at 130 °C in contact 

with the indicated fiber substrates.  

3.3.2 Quantitative Evaluation of the Nucleation Process of PLLA on Different 

Fiber Substrates 

From optical microscopy observations, such as those shown in Figure 3.2, we can derive 

quantitative information on the nucleation kinetics on the fiber. In Figure 3.7(a), the number 

of PLLA developing spherulites per unit area of SC fiber (defined as nucleation density) is 

plotted as a function of time for different undercoolings. In order to calculate the nucleation 

density, the overall lateral surface of the fiber is considered, being the fiber diameter always 

lower than polymer sample thickness. A linear increase is observed, allowing a 

straightforward definition of the nucleation rate as the slope of the fitting line. 

A distinct decrease of the nucleation rate as the crystallization temperature is increased can 

be seen, as expected for the classical heterogeneous nucleation process, and observed in 

different i-PP/fiber composite in the literature.[59, 112-117] We note that, at low 

crystallization temperatures where the TCL develops, the direct counting of the number of 

nuclei is not possible. On the other hand, above a certain crystallization temperature, the 

nucleation density on the fibers become too low for obtaining statistically meaningful results 

in few experiments. The experimentally accessible temperature window depends on the 

considered fiber. 
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Figure 3.7 (a) Nucleation density of PLLA on SC fiber substrate as a function of time for specimens 

crystallized at the different indicated temperatures; (b) time evolution of the nucleation density of PLLA 

during crystallization at 130 °C, on the different indicated fibers. The displayed data are selected 

representative examples of the nucleation experiments. 

The nucleation process of PLLA on different fiber substrates are also compared for the 

same crystallization temperature of 130 °C in Figure 3.7(b). A certain difference in the 

nucleation rate can be appreciated, although the differences in slope are much less relevant 

than those observed for SC fiber at different temperatures (compare the scales of Figure 

3.7(a) and (b)). In particular, the nucleation rate at 130 °C on PET and carbon fibers is 

distinctly lower than that on glass or Kevlar fiber, while all the natural fibers (hemp, linen 

and cellulose) are characterized by remarkably similar slopes. We note that each isothermal 

crystallization experiment has been repeated multiple times (at least three), and the measured 

nucleation rate showed a good reproducibility with relative standard deviation of the order of 

10 %. For the sake of clarity, only representative examples of single measurements are 

displayed in Figure 3.7. Nucleation kinetics data of PLLA on the different fibers can be 

analyzed in light of the theory of heterogeneous nucleation. Accordingly, the nucleation rate 

per unit area of substrate, I, can be expressed by:[166] 

 

𝐿𝑜𝑔 𝐼 = 𝐿𝑜𝑔 𝐼0 −
𝑈∗

2.303𝑅(𝑇𝑐 − 𝑇∞ )
−

16𝜎𝜎𝑒∆𝜎𝑇𝑚
0 2

2.303𝑘𝑇𝑐(∆𝑇∆ℎ𝑓𝑓)
2 (3.1) 

    The parameters appearing in Equation 3.1 are defined as follows: I0 is a temperature 

independent constant, R is the gas constant, T∞ is the limiting temperature at which the 

polymer segmental motion cease (= Tg – 30), U* is the activation energy for the diffusion of 

crystallizing elements across the phase boundary, ΔT is the undercooling (= 𝑇𝑚
0  – Tc), 𝑇𝑚

0  is 

equilibrium melting temperature of PLLA, Δhf is the enthalpy of fusion per unit volume of 

bulk crystal at 𝑇𝑚
0  and f is a correction factor (= 2Tc/(Tc+𝑇𝑚

0 )) which describes the temperature 

dependence of the fusion enthalpy. σ and σe are the lateral and fold surface energy of the 
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crystal/melt interfaces, while the parameter Δσ is interfacial free energy difference which 

accounts for the substitution of a substrate/melt interface with a crystal/substrate and a 

crystal/melt interfaces (see later for details). 

Values of U*, T∞, Δhf, and σσe for PLLA can be taken from the literatures as 1500 cal/mol, 

300 K, 111.08 × 103 kJ/m3 and 7.33 × 10-4 J2/m4, respectively.[167, 168] The equilibrium 

melting temperature of the used PLLA grade was determined by extrapolation of the 

observed crystal melting points measured by POM (Figure 3.8), as a function of 

crystallization temperature, according to the Hoffman-Weeks method. A value of 475 K is 

obtained, in good agreement with the literature results.[168, 169] 

 

Figure 3.8 Equilibrium melting point of PLLA derived from the Hoffman-Weeks methods. 

As mentioned above, Δσ is defined as σsc + σcm - σsm, where σsc is the substrate-crystal 

interfacial free energy, σcm is the side surface free energy of the PLLA crystal, and σsm is the 

substrate-melt surface free energy. The interfacial free energy difference, Δσ, has commonly 

been used in the literature to characterize and evaluate the nucleating ability of different 

surfaces towards specific polymers.[33, 170, 171] More specifically, this approach has been 

also used to characterize the nucleation activity of various fiber in polypropylene (PP), 

polyethylene (PE) and poly(caprolactone) (PCL) composites.[58, 59, 112-117, 134] From 

Equation 3.1, it is apparent that the lower the Δσ, the lower will be the energy barrier for 

nucleation on the given substrate, and thus the higher its nucleation ability.  

In order to derive the values of Δσ for the nucleation of PLLA onto different fiber, the 

nucleation kinetics data are analyzed and plotted in a linearized form of Equation 3.1 in 

Figure 3.9. The values of Δσ can be determined from the slopes of the fitting lines, while the 

intercepts of the lines result in the determination of the parameter I0 (see Equation 3.1). The 

results for the different composites are shown in Table 3.1. 
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Figure 3.9(a) reveals that the data can be divided in two groups. Stereocomplex PLLA 

fiber is clearly the most efficient nucleating substrate. In fact, although nucleation rates 

values lower than the rest of the fiber were measured, these were achieved in a much lower 

range of undercooling, i.e., at higher crystallization temperatures. Indeed, at the 

crystallization temperatures which were explored for the other fibers, SC substrate always 

resulted in TCL formation. Moreover, the temperature dependence of the nucleation rate was 

distinctly the lowest among all the fibers, indicating a lower free energy barrier for nucleation 

on the stereocomplex crystal surface. Most of the natural and synthetic fibers presented 

quantitatively similar nucleation kinetics, although some differences could be appreciated by 

considering the most appropriate crystallization temperature region (see Figure 3.9(b)). 

Variation of more than one order of magnitude of the nucleation rates can yet be appreciated 

between for instance glass and PET fibers, or by tuning slightly the undercooling for each of 

the composite. 

 

Figure 3.9 Variation of nucleation rate I with degree of undercooling (a), according to Equation 3.1, to 

determine the interfacial free energy difference (Δσ) for the different fibers; (b) enlarged view of Figure 

3.9(a). The displayed data are average values from at least three measurements.  

From Table 3.1 we can appreciate that similar values of Δσ, ranging from about 15 to 19 

mJ/m2, were obtained for the majority of the investigated fibers, with two noteworthy 

exceptions. The interfacial free energy difference of carbon and SC fiber are in fact about 24 

and 4.3 mJ/m2, respectively, in agreement with the different nucleation efficiencies deduced 

from the POM morphological observations. We highlight that what could seem a relatively 

small difference in the  among the substrates, reflects in a very large difference in 

nucleation rate. In fact, the ratio between the interfacial free energy differences of the various 

fiber corresponds to the ratio of free energy barrier for nucleation (G*). Being the nucleation 

rate exponentially dependent on the magnitude of G*, at a given undercooling and all the 
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other parameters being equal, we deduce that the nucleation rate per unit area of 

stereocomplex PLA fiber would be, for instance, more than 80 times larger than that on the 

surface of the glass fiber. 

The values of  reported hereby for the nucleation of PLLA on different fibers lay in the 

same range of the ones found for i-PP on a variety of fibers (4 - 16.7 mJ/m2).[59] In 

particular, SC fibers display very high nucleating activity towards PLLA, similarly to Teflon 

fibers for i-PP, the best substrate reported so far for that polymer.  

Ishida et al. studied the nucleation of PCL and PE on ultra-high modulus polyethylene 

fibers, and derived the value of interfacial free energy difference by analyzing the 

undercooling dependence of the induction time for the appearance of the transcrystalline 

layer.[58, 134] Extremely low values of  i.e. 0.15 - 0.30 mJ/m2 were obtained. However, 

these cases are rather peculiar. In fact, in the all-PE composite,[58] due to the fact that the 

same crystals constitute both the fiber and the matrix, a secondary nucleation (i.e., crystal 

growth), rather than heterogeneous nucleation model, should more appropriately describe the 

phenomenon. For PE fiber in PCL matrix, the extremely low values of   is attributed to the 

existence of epitaxy among the two polymer crystals, as demonstrated by Yan et al.[172, 173] 

We recall that no epitaxial relationship has been found for PLLA α-phase crystals and 

stereocomplex PLA crystal,[164] thus justifying the relatively high value of interfacial free 

energy difference observed in the present fiber-induced nucleation experiments. The origin of 

the different nucleating efficiency of the various fibers is tentatively investigated in the 

following paragraphs.  

Table 3.1 Fiber features (diameter and roughness) and measured PLA nucleation parameter 

( and I0 from Equation 3.1, Tmax for transcrystallinity development) 

Type of Diameters    Rq        Δσ     Tmax       Log I0      

Fiber (um)     (nm)     (mJ/m2)    (ºC)     (nuclei/m2s

)  

PET 51      28     19.3     120±1     15.4     

    Kevlar 12      12     19.3     121±1     15.3     

Glass 18      16      18.7      118±1    15.4     

Hemp 20       26     16.7      120±1    14.7      

Linen 23        32     15.9      117±1     14.6     

Cellulose 12      32     14.9      119±1     14.2     

Carbon 7       19     24.1     108±1    17.5     

SC 45      57      4.3     142.5    11.5     

3.3.3 Role of Fiber Surface Roughness and Wettability 

Surface topography, or roughness, has always been recognized to have a role in fiber-
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induced nucleation in polymer composites,[59, 115, 128, 174, 175] and more generally, in 

heterogeneous nucleation.[176-182] For example, a decrease in induction time and interfacial 

free energy difference parameter of heterogeneous nucleation was found for i-PP crystallizing 

in contact with copper sheets of increasing roughness (in the micrometer scale).[178]  

 

Figure 3.10 AFM height images of different fiber surfaces. 

In the case of fiber-induced nucleation, it can be shown via atomic force microscopy 

(AFM) analysis that the fiber surface is always non-uniform and small “ridges” and “valleys” 

are usually present.[183] Such a surface topography has been suggested to enhance polymer 

nucleation for two possible reasons. On one hand, thermal stress develops at the fiber 

interface upon cooling, and might induce local orientation of polymer chain segments, 

providing efficient seeds for nucleation. Such thermal stresses are expected to be larger at 

deep “valleys” with respect to a smooth surface.[115, 117] On the other hand, it should be 
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considered that the free energy barrier required to form a viable nucleus on a flat surface is 

always larger than that of nucleation in a groove (tertiary nucleation).[59, 166] As a result, 

such nucleation in surface grooves is usually preferred. 

Therefore, the surface topography of the investigated fiber was probed by means of AFM. 

Representative AFM images are reported in Figure 3.10 and some examples of characteristic 

height profiles are provided in Figure 3.11. The line scans have been properly subtracted of 

the overall fiber curvature, as described in the Method section of the manuscript. 

 

Figure 3.11 Examples of surface height profiles derived from analysis of AFM images. Carbon, Kevlar 

and Linen fibers are reported on an extended y-axis scale (30 nm), while the y-scale of the SC fiber is 100 

nm. For the sake of comparison, the height scale of the other fibers is indicated by red dashed line in the 

height profile plot of the SC fiber. 

All the fibers present characteristic “ridges” and “valleys” features, with typical height 

variation below 30 nm, with the exception of SC fibers (see Figure 3.12, for height profiles of 

the additional fibers). In fact, stereocomplex PLA fibers present peaks on their surfaces which 

are characterized by a larger height variation. A particular topography is also observed in 

carbon fibers, in which small scale and sharp ridges and valleys occurs with high frequency, 

superposed to a smoother height variation of the surface.  
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Figure 3.12 Surface height profiles derived from the analysis of AFM images. 

From the height profiles as shown in Figure 3.11 and 3.12, the root mean square roughness 

(RMS or Rq) can be calculated. The values for the different fibers are reported in Table 3.1. 

Roughness values range from 12 to 32 nm for all the considered fibers except for 

stereocomplex PLA fiber, which presents a higher roughness (Rq equal to 57 nm), as deduced 

from Figure 3.11. 

From the data reported Table 3.1, the effect of surface roughness on the parameters of the 

heterogeneous nucleation model can be explored. Figure 3.12(a) reports the interfacial free 

energy difference form nucleation experiments, as a function of the fiber surface roughness. A 

general trend of decreasing  with increasing the roughness of the fiber can be appreciated 

indicating that fiber-induced nucleation is favored on non-smooth fibers. This result is in 

agreement with the commonly proposed association of transcrystallinity development with 

fiber surface topography,[59, 112-117] and with the measured decrease of interfacial free 

energy difference for i-PP nucleation on rougher copper substrates.[178]  

However, we note that there is no clear simple relation between  and Rq. In particular, 

carbon and stereocomplex PLA fibers deviate from the general trend, having respectively a 

higher and lower interfacial free energy difference than the one that would pertain to their 

surface roughness value. It should be considered that the sole mean roughness value might 

not be sufficient to fully characterize a complex surface topography with respect to its 

nucleation ability. This aspect was clearly evidenced by Lin et al.,[184] who showed that i-PP 

nucleates faster on Teflon surfaces characterized by a higher fractal dimension but lower 

overall roughness.  

Moreover, it is expected that, for a given surface topography, interactions between the 



Chapter 3. Nucleation of Poly(Lactide) on the Surface of Different Fibers 

40 

 

crystallizing matrix and the surface, dictated by the polymer and substrate chemistry, should 

also play a role in inducing nucleation. Despite the importance of the interactions via 

intermolecular forces between the substrates and the matrix, this role has been insufficiently 

documented in the literature of fiber-induced polymer crystallization, and even the absence of 

any surface chemistry effect on nucleation has been claimed [128]. On the other hand, the 

concept is instead rather well accepted in the nucleation of organic or inorganic molecules, 

especially from solution. [181, 185] The role of fiber matrix-interaction, or wettability, in 

PLLA nucleation will be tentatively addressed further on. 

 

Figure 3.12 (a) Interfacial free energy difference, Δσ, and (b) Log I0 derived from Equation 3.1, as a 

function of roughness for all the investigated fibers. The drawn lines are just a guide to the eyes. 

From Figure 3.9, it can be deduced that the pre-exponential factor (intercept of the fitting 

lines with the y-axis), varies with the type of fiber. Such variation is confirmed by the data in 

Table 3.1. The pre-exponential parameter of the nucleation rate equation (I0) is a temperature-

independent frequency term which is commonly considered to be linked to molecular and 

transport properties of the nucleating material.[186]  

In Figure 3.12(b), the derived I0 is plotted as a function of fiber surface roughness. A large 

variation with the type of considered fiber is apparent: while for the majority of the fibers I0 

is in the order of 1015 nuclei/m2s, a variation of several orders of magnitude is observed for 

SC and carbon fibers. In particular, the lowest value is found for stereocomplex PLA fibers, 

while it is about 106 times larger for carbon fiber. To the best of our knowledge, such 

differences in the pre-exponential factor of the heterogeneous nucleation rate equation have 

not been highlighted before in other studies of fiber-induced polymer nucleation. 

It must be deduced that such kinetic term does not depend uniquely on the crystallizing 

macromolecule, but rather on the specific polymer/substrate pair. In fact, by considering that 

I0 represents a frequency per unit area, it is plausible to hypothesize which it takes into 
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account the “effective” nucleating area of the fiber. We recall that to derive the quantitative 

nucleation rate data, the macroscopic area of the fiber has been considered. Therefore, from 

the measured value of I0, we must deduce that the carbon fiber possesses a much higher 

density of “potentially active” nucleation sites on his surface, with respect to that of 

stereocomplex PLA fiber. This notwithstanding, the overall nucleation kinetics might be 

lower, due to the higher energy barrier term (related to the value of  ). However, the 

definition of an “active nucleation site” remains elusive, and it must be linked to the matching 

between the critical nucleus size at a certain undercooling and the exact surface topography. 

We can thus speculate that the successions of ridges and valleys at that specific length scale 

in the carbon fiber provides abundant preferred nucleation sites for PLLA. In contrast the SC 

fiber, despite possessing a much higher average roughness, has fewer active sites due to the 

lack of grooves of adequate size.  

Despite the interesting correlations found between nucleation kinetics parameters and 

surface roughness, it has been recognized in the studies of heterogeneous nucleation that 

molecule-substrate interactions are of great importance. A straightforward way to quantify 

these interactions is the characterization of the substrate wettability by the crystallizing 

substance, by means of contact angle measurements. In fact, Turnbull used the melt-substrate 

contact angle to compute the decrease in the free energy barrier for heterogeneous nucleation 

with respect to the homogeneous case.[187] Experimentally, contact angle measurements 

have proven to closely correlate with the nucleation ability of solid substrates in the 

crystallization of small molecules from solution or melt,[181, 185] including the case of 

water freezing.[188] More recently, the same concept has been shown also for poly(butylene 

succinate) (PBS), which shows a smaller contact angle on hexagonal boron nitride nanosheets 

with respect to graphene, in agreement with the lower nucleating effect of the latter 

substrate.[189]  

 

Figure 3.13 Optical micrographs of PLLA knot on SC fiber at room temperature and after annealing at 210 

°C for 5 min. 

Accordingly, we attempted to carry out PLLA wettability of the different fibers, by 

creating polymer droplets on their surface, according to the method described in the 

experimental section of the manuscript, see Figure 3.13 of the supporting information for the 
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details of sample preparation. Given the similar nucleation activity found for the majority of 

the fibers, we focused on the synthetic ones, which were more easily handled. Unfortunately, 

measurement on carbon fiber could not be performed due to its excessive brittleness.  

Figure 3.14 shows the typical droplet shapes obtained by melting the PLLA matrix on 

different fiber substrates. A very similar shape is found for all the commercial fibers, 

characterized by a droplet/fiber contact angle of around 55°, a value denoting an appreciable 

wettability.  

 

Figure 3.14 Optical micrographs showing the wettability of different fibers by PLLA. 

A very different droplet shape is observed for PLLA/SC fiber. In this system PLLA 

definitely wets the fiber much more, with a contact angle equal to about 40°. The higher 

wettability of PLA SC fibers by the PLLA matrix is reasonably explained by considering a 

low interfacial tension between the two, due to the identical chemical nature. Although we are 

aware of the possible effect of surface roughness on the measured contact angle value, we 

think that the predominant role may be played by the favorable intermolecular interactions, 

since no distinct variation of the contact angle is seen for the other synthetic fibers, despite 

the measurable difference in surface roughness (Table 3.1). Therefore, also in the case of 

PLLA fiber-induced nucleation, wettability measurements are found to correlate well with the 

observed nucleation efficiencies of the substrates. As such, this simple method is likely to 

provide reliable information on fiber-induced nucleation and could potentially be extended to 

other relevant polymer composites. 

3.3.4 Maximum Temperature for Transcrystalline Layer Development 

For a given fiber, there is a maximum crystallization temperature (Tmax) at which a 

continuous transcrystalline layer develops. Any crystallization temperature below Tmax will 

result in TCL morphology, while for T > Tmax sporadic nucleation occurs. It has been shown 

for i-PP/fiber composites, that such Tmax is related to the interfacial free energy difference: the 

lower Δσ, the higher Tmax, given the lower free energy barrier that need to be overcome to 

form a viable nucleus on the fiber surface.[59]  

The values of Tmax obtained for the investigated fibers are reported in Table 3.1, and 
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displayed as a function of Δσ in Figure 3.15(a). A general linear correlation can be seen, 

analogously to that reported for i-PP. With the variation of Δσ from 24.1 to 4.3 mJ/m2, Tmax 

increases of more than 30 °C, from 108 °C for carbon fiber to 142 °C for stereocomplex fiber. 

Thus, also for PLLA, the parameter Tmax provides a measure of the nucleating ability of a 

given fiber. 

 

Figure 3.15 (a) Tmax for TCL development in the various fiber as a function of Δσ values; (b) comparison 

of the data in 8(a) with literature data for i-PP.[59] In this case, the undercooling is correlated with the Δσ, 

for a more direct visualization of the different polymers.  

It is worthwhile to compare the behavior of PLLA with published results of i-PP.[59] 

However, given the different crystallization temperature range which characterizes the two 

polymers, instead of the maximum temperature for TCL development, the corresponding 

undercooling (Tmax) is considered, taking into account the equilibrium melting point of 

PLLA and i-PP. The results are shown in Figure 3.15(b). It can be seen that for a given 

interfacial free energy difference Δσ, much higher undercoolings are required to grow a 

transcrystalline morphology in PLLA, with respect to i-PP. Since Δσ takes into account the 

free energy required to nucleate a monolayer of the crystal in contact with the fiber surface, 

we might deduce that the TCL formation is not completely controlled by this step of the 

nucleation process, i.e., the growth of further crystalline layers on top of the first one, up to 

the attainment of a nucleus of supercritical sizes must be the controlling factor. This different 

energy barrier is related to the energetics of secondary nucleation and chain diffusion, and is 

indeed expected to be different, depending on the considered semicrystalline polymer. 

3.4 Conclusions 

The nucleating ability of different fibers towards PLLA was successfully described with a 

classical heterogeneous nucleation model, and the observed differences could be quantified in 
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terms of the interfacial free energy difference, Δσ. Among all the considered synthetic and 

natural fibers, stereocomplex PLA fibers show by far the highest nucleating efficiency. A 

general trend of decreasing Δσ with the increase of surface roughness could be grasped, 

although carbon and SC fibers displayed relevant deviations.  

Thus, we can infer that roughness cannot be considered the sole or most important 

parameter which contributes in determining the nucleating efficiency of fibers in polymer 

composites, as often assumed in the literature. In fact, the different wetting behavior of the 

fiber by PLA melt, suggests that chemical interactions between the fiber and the polymer, can 

also be of importance. Moreover, the surface topography/roughness is suggested to affect the 

availability of active nucleation sites on the fiber surface, as deduced by the largely different 

nucleation pre-exponential factors, I0, measured for the various fibers. Finally, a clear 

relationship between Δσ and Tmax, the maximum crystallization temperature at which a 

transcrystalline layer could be induced, was also observed.  

This work extends the classical studies of fiber-induced nucleation and transcrystallinity in 

composites to a different polymer-fiber system, and highlights some open issues which need 

to be addressed for a comprehensive understanding of the heterogeneous nucleation of 

polymer crystals on natural and synthetic fibers. 
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Chapter 4. Crystallization of i-PP Micro-Droplets in Immiscible 

Blends 

 

4.1 Introduction 

Heterogeneous nucleation uses foreign preexisting surfaces to reduce the free energy 

barrier opposing primary nucleation.[190] The lower overall free enthalpy would then lead to 

a faster nucleation rate, which is of great significance for industrial applications. Nucleating 

additives are routinely used in industry to shorten the injection-molding cycles, and to 

improve the optical and mechanical properties of the products due to reduced crystal 

aggregates size.[191-194]  

One of the most extensively studied polymers, for what concerns heterogeneous 

nucleation, is isotactic polypropylene (i-PP). For this material, two distinct classes of 

nucleating additives are commonly used: particulate systems, which are dispersed into the 

polymer and remain as solid particles in the polymer melt (such as talc, sodium benzoate, 

organophosphates, etc.[191, 195]) and soluble systems, such as sorbitol and its derivatives, 

which can dissolve in the polymer melt upon heating and phase separate upon cooling to 

produce the heterogeneous nucleating substrate.[196, 197] 

A commonly accepted explanation for the acceleration of nucleation by means of 

nucleating agents, invokes ‘‘epitaxy’’ between NAs and polymer crystals.[198, 199]  For 

example, Lotz et al. and Yoshimoto et al. have successfully disclosed the epitaxial 

relationship between i-PP -form crystal and different nucleating agents, by means of atomic 

force microscopy (AFM) and transmission electron microscopy (TEM).[94, 200]  

According to Fillon et al.[95, 96] a convenient Nucleation Efficiency scale (NE), defined 

in Equation 4.1, can be used for comparing the increase in non-isothermal crystallization 

temperature of a nucleated sample with that of the neat polymer, and with the one obtained by 

self-nucleating the same material at the ideal self-nucleation temperature.  



Chapter 4. Crystallization of i-PP Micro-Droplets in Immiscible Blends 

46 
 

 
𝑁𝐸 = 100

𝑇𝑁𝐴 − 𝑇0

𝑇𝑀𝑎𝑥 − 𝑇0
 (4.1) 

    In this equation, T0 and TNA are the crystallization temperatures of the bulk material and of 

the material compounded with the nucleating agents, respectively, while TMax is the maximum 

crystallization temperature achievable when a polymer is self-nucleated to the maximum 

level, without producing any detectable annealing of the original crystals, that is, at the ideal 

self-nucleation temperature (i.e., Ts,ideal). 

However, due to the combined effect of nucleation and growth processes in determining 

the overall crystallization of the bulk material, the so-derived efficiency scale remains a 

useful, but empirical, evaluation method. Ideally, one would need to probe the effect 

exclusively due to the nucleation step, and compare the different substances on the basis of 

the free energy barrier for the formation of a critical nucleus on their surfaces. 

When semi-crystalline polymers are ideally confined into isolated micro- or nano-domains, 

e.g., in immiscible blends or block-copolymers, nucleation could be the rate-determining step 

in the overall crystallization process (that includes both nucleation and growth). This can be 

evidenced by probing the overall crystallization of the system, which displays a first order 

kinetics.[37, 201-203] The study of crystallization within droplets dates back to 1880 when 

Van Riemsdyk [204] investigated the crystallization of gold droplets. He found a significant 

depression of the crystallization temperature of the droplets in comparison to bulk gold. Since 

then, many researchers have performed related studies in different materials, such as metals, 

water, alkenes and polymers.[44, 205-209] Typically, dispersed droplets will exhibit multiple 

crystallization exothermic peaks.[210-213] This phenomenon, known as fractionated 

crystallization,[40, 212, 214-219] arises from the presence of numerous dispersed droplets 

each possibly containing a different number of heterogeneous nuclei or nuclei with different 

efficiency. Therefore, each exothermic peak represents a population of droplets including a 

given nucleating heterogeneity, which can become active at a certain undercooling. At large 

undercoolings the droplets can nucleate at the surface, i.e, at the interface with the matrix, or 

homogeneously, when the nuclei are formed within the volume of the droplet by spontaneous 

aggregation of the polymer chains. If the droplets are very small and their number much 

larger (i.e., orders of magnitude) than the available heterogeneities of the material in bulk, 

they crystallize exclusively by surface or homogeneous nucleation, i.e., a single 

crystallization peak is observed at temperatures close to the glass transition.[203]  

Thus, the study of droplets crystallization can be a potentially fruitful approach for 

evaluating the nucleation kinetics of heterogeneously nucleated polymers.[209, 212, 218, 
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220, 221] Indeed, when nucleating agents are present in droplets which otherwise would 

nucleate homogeneously, it is anticipated that the resulting fractionated crystallization can 

provide further insight into the nucleation process of the heterogeneous additives.  

This strategy was adopted by Hoffmeir and Perepezko,37 who took advantage of the droplet 

emulsion technique to produce Sn metal droplets containing particles of different metal 

oxides. The heterogeneous nucleation activity of the various compounds was then evaluated 

upon cooling in terms of the achieved undercooling. Analogously, in semi-crystalline 

polymers, Santana and Müller [222] successfully altered the fractionated crystallization of i-

PP droplets dispersed into polystyrene (PS) matrix, by addition of a phtalocyanine blue 

pigment to the blend. Langhe et al.[212] applied this method more extensively to investigate 

the effect of several - and - phase nucleating agents, in droplets obtained by the breakup of 

i-PP nanolayers in a PS matrix. When the NAs were solid particles only i-PP droplets larger 

than a minimum size could be efficiently nucleated.[212] 

     Although not yet directly applied to this aim, the method of nucleating isolated droplets 

seems also promising to derive the nucleation free energy barrier, by studying the 

crystallization kinetics of the system. In this work, the nucleation process of isotactic 

polypropylene droplets dispersed in a polystyrene matrix and containing various nucleating 

agents (i.e., sodium benzoate, NA-11, quinacridone quinone), has been investigated by 

isothermal step crystallization and melting with Differential Scanning Calorimetry (DSC). 

Given the fact that crystallization kinetics in such systems is dominated by (heterogeneous) 

nucleation, the nucleating efficiency of the various heterogeneous NAs are then quantitatively 

compared on the basis of the derived free energy barrier for critical nucleus formation, ΔG*. 

Moreover, self-nucleation of neat PP/PS blend is also studied in detail, enabling to derive an 

“intrinsic” nucleation efficiency scale based on the ratio of the free energy barrier, ΔG*, of the 

various nucleation processes (i.e., homogeneous nucleation, heterogeneous nucleation on 

different substrates) with respect to that of self-nucleation. 

4.2 Experimental Section 

4.2.1 Materials 

A commercial isotactic polypropylene (i-PP, HD601 CF) kindly provided by Borealis 

Polyolefine GmbH, with a weight average molecular weight (Mw) of 365 kg/mol and a 

polydispersity index (Mw/Mn) of 5.4 was used. The atactic polystyrene employed here, with 

melt flow rate of 3.4 g/10min, was purchased from Sigma-Aldrich. 
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The NAs employed in this work were sodium benzoate (SB), purchased from Sigma-

Aldrich, and an organophosphate salt, (sodium 2,2’-methylene bis-(4,6-di-tert-butylphenyl) 

phosphate), commercially named NA-11. Both NAs promote the formation of α-form i-PP 

crystals. Moreover, a β-crystal nucleating agent, quinacridone quinone (QQ), was also used. 

The NA-11 and QQ nucleating compounds were also kindly provided by Borealis Polyolefine 

GmbH. 

4.2.2 Blend Preparation 

All the samples were prepared in a Brabender batch mixer at 210 ºC, with a rotor speed of 

50 rpm for 10 min. The nucleating agents were first compounded with polypropylene and 

then the obtained masterbatches were blended with polystyrene at a constant concentration by 

weight (i-PP/PS 15/85 wt-%). The compositions of the prepared blends are shown in Table 

4.1. 

Table 4.1 Composition of the prepared blends.  

Sample Label NA11 QQ SB PP PS 

 (wt.-% in PP)             (wt.-%) 

PP/PS 0 0 0        15 85 

PP/PS/NA11-2 2 0 0 -  - 

PP/PS/SB-2 0 0 2 -  - 

PP/PS/QQ-2 0 2 0 -  - 

PP/PS/NA11-0.1 0.1 0 0 -  - 

PP/PS/NA11-0.25 0.25 0 0 -  - 

PP/PS/NA11-0.5 0.5 0 0 -  - 

4.2.3 Scanning Electron Microscope (SEM) 

The morphology of the prepared blends was observed by Field-Emission Scanning 

Electron Microscope (Supra 40 VP model, Zeiss, Germany) at an accelerating voltage of 1 

kV. The specimens were submerged in liquid nitrogen and fractured cryogenically. All 

samples were thinly sputter-coated with carbon using a Polaron E5100 sputter coater. 

4.2.4 Differential Scanning Calorimetry (DSC) 

Samples of approximately 3-5 mg were encapsulated in aluminum pans and analyzed by 

DSC, with a DSC1 STARe System (Mettler-Toledo, Switzerland), under a constant nitrogen 

flow of 20 mL/min. The DSC instrument was calibrated with indium. The detailed thermal 



Chapter 4. Crystallization of i-PP Micro-Droplets in Immiscible Blends 

49 
 

protocols are described in the following.  

4.2.5 Standard Run by Differential Scanning Calorimetry  

All the samples were first heated to 210 ºC, held there for 3 min to erase any previous 

thermo-mechanical history, and then cooled to 25 ºC and subsequently heated again to 210 ºC 

at a scan rate of 10 ºC/min. 

4.2.6 Self-nucleation Experiments 

Self-nucleation experiments, first developed for DSC by Fillon et al.[95, 223],    and 

recently reviewed by Michell et al.[224], involved partial melting of a crystalline standard 

state followed by recrystallization, which takes advantage of the self-nuclei created during 

this first thermal treatment. For neat PP/PS blend, the standard self-nucleation process was 

first performed to identify the three self-nucleation domains, as defined in the literature.[216, 

223] The detailed procedure is described as following: (a) erasure of crystalline history by 

heating the blends to 210 ºC for 3 min; (b) cooling down to -10 ºC at 10 ºC/min to create a 

standard crystalline state; (c) heating at 10 ºC/min to different self-nucleation temperatures 

(Ts) and holding for 5 min; (d) cooling scan from Ts to -10 ºC at a rate of 10 ºC/min, to detect 

the effect of thermal treatment on the crystallization behavior of the blends; (e) DSC heating 

scan from -10 ºC to 210 ºC at a rate of 10 ºC/min. Three domains can be defined, on the basis 

of the re-crystallization and melting behavior. Domain I, where Ts is so high that nor 

crystalline fragments, neither crystalline memory is left; Domain II, where Ts is high enough 

to melt most of the crystals, while still produces self-nuclei, detected by the shift of the 

subsequent crystallization temperature to higher values compared to those of Domain I. Until 

now, the nature of self-nuclei is still controversial, since the self-nucleation phenomenon has 

been attributed to a residual local segmental orientation in the melt, to the effects of non-

equilibrium entanglement density or to the survival of stable remnants of pre-existing 

crystals.[71, 223, 225-231] Domain III, locates at Ts low enough that only partial melting takes 

place, meanwhile part of the crystals still remain intact. Therefore, the unmolten crystals will 

be annealed during the 5 min holding at Ts, while the molten part of the material produces 

self-nuclei in the subsequent cooling process. 

4.2.7 Isothermal Step Crystallization  

The isothermal crystallization kinetics of droplets was determined by the indirect method, 

Isothermal Step Crystallization.[232, 233] Self-nucleated or heterogeneously nucleated i-PP 

droplets were first heated to 210 ºC, held for 3 min to erase crystalline history, and then 
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cooled down directly to crystallization temperature (Tc) at a rate of 10 ºC/min. For neat PP/PS 

blend, samples were also cooled down to Tc from different self-nucleation temperatures Ts in 

Domain II. Then, isothermal crystallization was performed at Tc for different times for all the 

samples, and the crystalline fraction developed in the crystallization process was indirectly 

measured by quantifying the melting enthalpy in the subsequent heating scan.[232, 233] 

4.2.8 Polarized Light Optical Microscopy  

The crystal growth rate of bulk i-PP sample was studied with a Polyvar Pol optical 

microscope under crossed polarizers. Micrographs were acquired by using a computer-

controlled digital camera (Optika), and the thermal program was imposed and controlled by a 

calibrated Mettler-Toledo hot-stage. Thin polymer film samples with thickness around 20 - 50 

m were prepared between microscope coverslips; then they were melted at 210 ºC for 3 min 

and cooled (10 ºC/min) down to isothermal crystallization temperature, where the evolution 

of the morphology was observed. 

4.3 Results and Discussion 

4.3.1 Morphology of Immiscible Blends  

 
Figure 4.1 SEM micrographs of the prepared blends: (a) PP/PS; (b) PP/PS/NA11-2; (c) PP/PS/SB-2; (d) 

PP/PS/QQ-2. 

Representative SEM micrographs of the fractured surfaces of the prepared polymer blends 

are shown in Figure 4.1. The minority component, isotactic polypropylene, is well dispersed 

in the polystyrene matrix and exhibits a characteristic droplet morphology. The number and 
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volume average diameter (dn and dv), dispersity (D), volume fraction of dispersed phase (Xv) 

and particle number per cm3 (Ni) were calculated in Figure 4.2 according to standard 

equations proposed in the literature,[40] by measuring more than 200 particles from different 

regions of the various samples. 

 

Figure 4.2 Size distribution of i-PP droplets in PS blends: (a) PP/PS; (b) PP/PS/NA11-2; (c) PP/PS/SB-2; 

(d) PP/PS/QQ-2. 

The values are collected in Table 4.2. The spherical micro-domains in the neat PP/PS 

blends possess a number-average diameter dn of approximately 1.0 m and an average 

concentration, Ni, of 3 1011 cm-3. The blends with NAs present similar morphology in 

comparison with the neat blends, namely average droplet size and concentration of domains. 

This will thus allow to neglect, as a first approximation, the effect of polydispersity and 

morphology on crystallization, when comparing differently nucleated i-PP droplets.  

Table 4.2 Morphological characterization of the prepared blends. 

        dn (m) dv (m) D Xv Ni (cm-3) 

PP/PS       0.98 2.60     2.67     0.18     3.23  1011       

PP/PS/NA11-2     1.11 3.64      3.27    0.18    4.70  1011       

PP/PS/SB-2    0.88 2.47      2.81     0.18     2.34  1011       

 

     

   

PP/PS/QQ-2    1.06 3.17      2.99     0.18     4.09  1011       

 

     

   
4.3.2 Results of Standard DSC Run 

The DSC scans resulting from cooling and heating at a rate of 10 ºC/min, for bulk i-PP, 

neat PP/PS blend, and nucleated PP/PS/NA11-2, PP/PS/SB-2, PP/PS/QQ-2 blends are 
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compared in Figure 4.3.  

Fractionated crystallization can be interpreted as due to the crystallization of distinct 

droplet populations containing different nucleating heterogeneities. If very active nucleating 

impurities are present in the droplets, these will crystallize at low supercooling, similar to 

what occurs in the bulk. Meanwhile, droplets containing less efficient impurities will nucleate 

at higher supercooling, which is characteristic of the nucleating efficiency of the given 

heterogeneity. Finally, droplets that do not contain any impurities will nucleate at the largest 

supercooling - typically by homogeneous nucleation or by nucleation at the interface with the 

matrix phase. Thus, the exothermic peaks at 70 ºC and 100 ºC found in the neat PP/PS blend 

can be ascribed to the heterogeneous nucleation of  i-PP droplets on less efficient impurities 

(100 °C) or onto PS surface (70°C), since homogeneous nucleation of polypropylene is 

expected to occur around 35-40 ºC (depending on the microdomain size), according to 

previous literature results.[212, 216, 234]  

 
Figure 4.3 Cooling (a) and heating (b) curves of bulk i-PP and of the prepared PP/PS, PP/PS/NA11-2, 

PP/PS/SB-2, PP/PS/QQ-2 blends. 

With the addition of the nucleating agents, the crystallization events at 70 ºC and around 

100 ºC tend to disappear, while a new exotherm, close to 120 °C, becomes evident. The exact 

shape and position of this crystallization peak, which occurs at temperatures slightly above 

that of the bulk non-nucleated i-PP, depends on the particular employed nucleating agent. It is 

thus natural to assign this peak to the crystallization of nucleated i-PP droplets. We also note 

that the melting curves of the samples are substantially analogous, beside the presence of a 

double melting peak for the i-PP droplets nucleated with Quinacridone Quinone, with the 

lower melting endotherm reasonably assigned to the presence of a certain amount of trigonal 

-polymorph in the crystallized sample.  
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 The effect of varying nucleating agent concentration in the immiscible blends is shown in 

Figure 4.4. At very low concentration (0.1 wt%), the behavior of the nucleated blend shows 

no differences with respect to that observed for the neat PP/PS sample (except for the 

presence of a new small exotherm at 45 ºC, which could be explained by the crystallization of 

a small population of clean droplets that are able to undergo homogeneous nucleation). On 

the contrary, when the same amount of NA-11 is added to bulk polypropylene, a clear 

nucleation effect is evidenced (not shown). This indicated that either the quantity of NAs is 

insufficient to nucleate the exceedingly large number of droplets, or that part of it is 

transferred from the compounded polypropylene to the bulk of PS matrix, diminishing the 

actual concentration available in the i-PP droplets.[235] 

 
Figure 4.4 Cooling (a) and heating (b) curves of the PP/PS/NA11 blends with different concentrations of 

NA11. 

For higher concentrations, a dual effect is observed: on one hand a slight increase of 

crystallization temperature, on the other hand a clear increase of the area of the high 

temperature peak, indicating a larger amount of nucleated droplet and/or a faster 

crystallization kinetics due to the higher average number of nucleation seeds per 

droplet.[236] Moreover, in the blends containing low amounts of nucleating agent, at about 

45-50 °C one can notice a small exothermic peak, which can be attributed to the fraction of 

heterogeneity free droplets with smaller diameter, given the observed polydispersity in the 

size distribution (Table 4.2). Interestingly, such peak also disappears when the concentration 

of NA-11 is sufficiently high, in agreement with the expectations, since a higher 

concentration of heterogeneities is required to nucleate the smaller droplets.[237, 238] 
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4.3.3 Self-nucleation Results 

In 1995, Morales et al.[215] applied the self-nucleation technique to a blend of immiscible 

polymers with a crystallizable minor phase, and they successfully verify for the first time that 

fractionated crystallization is due to the lack of heterogeneous nuclei in the droplets of the 

dispersed phase. Since then, several researchers have employed the same technique to various 

immiscible blends.[37, 40, 211, 216, 218, 239] The results of self-nucleation protocol 

applicated to our neat PP/PS blend are provided in Figure 4.5, where the cooling scans of the 

sample from the indicated Ts, and the subsequent heating scans are shown. 

 
Figure 4.5 (a) DSC cooling scans from the indicated Ts values for the neat PP/PS blend; (b) subsequent 

DSC heating scans performed after the cooling runs shown in (a). The different colours of the curves 

represent the different self-nucleation Domains: Domain I (red), Domain II (blue) and Domain III (green). 

On the basis of the DSC crystallization and melting traces shown in Figure 4.5, the 

aforementioned different self-nucleation Domains will be discussed. Until self-nucleation 

temperatures down to 164 °C, the cooling curve is identical to the one obtained in the DSC 

standard run (cooling from 210 °C), and the system is therefore in Domain I. Starting from a 

Ts of 163 °C, the lowest temperature exotherm disappears, while the one around 100 °C 

becomes sharper and more defined. Although this might be considered as first sign of the 

occurrence of self-nucleation, and hence the cross-over to Domain II, we conventionally set 

the Domain I/Domain II boundary at 162 °C, where a peak at distinctly higher crystallization 

temperatures (around 120 °C) starts to appear. Such peaks become progressively larger with 

decreasing Ts, at the expenses of the crystallization event at 100 °C. No changes in the 

melting endotherm after re-crystallization from the self-nucleated melt can be appreciated, 

down to a Ts equal to 159 °C. This temperature thus demarks the Domain II/Domain III 

boundary. The ideal self-nucleation temperature in this case is 160 ºC, as this is the 
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temperature that causes the maximum self-nucleation (i.e., maximum increase in Tc values or 

in nucleation density) without annealing, or the minimum Ts temperature within Domain II. 

For a better visualization, Figure 4.6 reports the recorded crystallization temperature (for 

the highest temperature exotherm) as a function of Ts, superposed on the standard melting 

endotherm of the material. It can be seen that Domain II is located just at the end of the 

melting endotherm, as typically found in the case of isotactic polypropylene.[224]  

 
Figure 4.6 Representation of the self-nucleation domains for the PP component within a neat PP/PS blend 

superimposed on top of the standard DSC melting trace. Data points represent crystallization peak 

temperatures (plotted using the right-hand y-axis) as a function of Ts values (on the x-axis). 

Self-nucleation is a common phenomenon in polymer crystallization, where 

recrystallization of a semi-crystalline polymer depends strongly on the nature of its initial 

melt state. Several interpretations have been proposed for its explanation, including the 

existence of a precursor metastable state, local clustering of chain segments in the melt, and 

topological effects due to entanglements.[71, 223, 225-231]  Under  the assumption that the self-

nucleated melt state is an intermediate state between isotropic melt and the crystal, it can be 

shown that the transition between this heterogeneous melt and the crystalline state becomes 

faster than the direct crystallization from the isotropic melt. In particular, the accelerated 

crystallization was attributed by Muthukumar to a faster primary nucleation.[225, 228]  

On the other hand, Lorenzo and Müller[240] have estimated the nucleation and growth 

contributions to the overall crystallization energy barrier for isothermally crystallized PPDX 

(polyparadioxanone), PCL (polycaprolactone) and PE (polyethylene) samples, crystallized 

from different melt states (i.e., varying the self-nucleation temperature). They demonstrated 

that, after SN at the ideal temperature, the primary nucleation step is entirely completed and 

the overall crystallization rate data obtained by DSC contain information on crystal growth 
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(or secondary nucleation) only. In order to understand whether the same situation holds when 

the material is dispersed as microdroplets, instead of being in the bulk, and for the subsequent 

quantitative evaluation of the nucleation efficiency of different nucleating agents, the overall 

crystallization rate of self-nucleated PP/PS blend at various isothermal temperatures is 

measured. 

The melting curves of neat PP/PS blend isothermally step crystallized for different times at 

146 C after SN at 160 C are shown in Figure 4.7(a), while Figure 4.7(b) presents the 

evolution of the relative melting enthalpy (which are proportional to the crystallization 

enthalpy) as a function of time, at different crystallization temperatures. 

 

Figure 4.7 (a) Melting after isothermal step crystallization of PP droplets within neat PP/PS blend 

crystallized for different times at Tc = 146 ºC after self-nucleation at Ts = 160 ºC; (b) evolution of the 

relative crystallization enthalpy as a function of the overall crystallization time at the indicated 

temperatures.  

The melting curves of PP/PS blend isothermal step crystallized for different times at 146 

C after SN at 160 C are shown in Figure 4.7(a), while Figure 4.7(b) presents the evolution 

of the relative crystallization enthalpy as a function of time, at different crystallization 

temperatures. The isothermal crystallization kinetics is quantitatively compared with the 

classical Lauritzen and Hoffman model (LH), which provides an expression for the linear 

growth rate (G) as a function of supercooling. According to the theory, the growth rate can be 

expressed as: 

𝐿𝑜𝑔 𝐺 = 𝐿𝑜𝑔 𝐺0 −
𝑈∗

2.303𝑅(𝑇𝑐 − 𝑇∞ )
−

𝐾𝑔

2.303𝑇𝑐∆𝑇𝑓  
   (4.2) 

where G0 is a growth rate constant, R is the gas constant, T∞ is the limiting temperature at 

which the polymer segmental motion ceases, U* is the activation energy for the diffusion of 

crystallizing elements across the phase boundary, ΔT is the undercooling (= 𝑇𝑚
0- Tc), Tc is the 
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crystallization temperature, and f is a correcting factor (= 2Tc/(Tc + 𝑇𝑚
0 ). Kg is the nucleation 

constant, which is proportional to the energy barrier for secondary nucleation. Values of U*, 

𝑇𝑚
0  and T∞ for α-form i-PP crystal can be taken from the literature, respectively being 6280 J 

mol-1, 458 K, 232 K.[241] 

 
Figure 4.8 Lauritzen and Hoffman plots for DSC determined overall crystallization rate (expressed as the 

reciprocal of the half-crystallization time) of neat and self-nucleated i-PP droplets and for PLOM 

spherulitic growth rate data for bulk i-PP. Solid lines are the fits to the theoretical model (Equation 4.1). 

Even though the LH treatment was originally developed for describing crystal growth only, 

it has been widely employed to describe overall crystallization process, due to its suitability 

to fit the data.[240, 242-245] When isothermal crystallization kinetics data obtained by DSC 

are employed, instead of growth rate, the energy barrier reflected by the “apparent” Kg
 value 

is that for the overall crystallization, which contains contributions from both primary 

nucleation and crystal growth.  

Table 4.3 Values obtained by fitting the isothermal data of i-PP, obtained either from  

PLOM (growth rates) or DSC (overall crystallization rate). 

Method Tc Range (C)          Kg × 10-4  (K2)      

POM (Kg
G)              

               

DSC (Kg
)      

Ts =160            

Ts =161             

Ts =162            

Ts =210             

130 -144          

144 -150           

             

142 -150          

136 -144           

130 -138          

106 -112          

24.3            

12.9           

              

26.5           

36.6           

40.5           

193.2          
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Figure 4.8 shows how the LH theory was applied to fit the overall crystallization kinetics 

data (1/t0.5) as a function of Tc for neat and self-nucleated i-PP droplets. The calculated Kg 

values are listed in Table 4.3, together with those obtained by LH theory applied to the 

spherulitic growth rates for the same material in bulk. 

We can observe a good agreement between the value of Kg
 of ideally self-nucleated i-PP 

droplets (Ts = 160 °C) obtained by overall crystallization via DSC, and that for spherulitic 

growth measured by PLOM (Kg
G). This is also evidenced in Figure 4.8, where the two slopes 

of the LH plots for the ideally self-nucleated i-PP droplets data and for the growth rate data 

are nearly identical, although a shift of the Regime II-Regime III transition temperature is 

present in the growth rata data of bulk material but not observed for self-nucleated droplet 

overall crystallization. It thus seems that self-nucleation caused a shift of Regime III 

crystallization to lower supercooling values. As such, the overall crystallization of droplets 

self-nucleated at the ideal temperature shows a negligible energy barrier for primary 

nucleation, and the kinetics is dominated by secondary nucleation-controlled crystal growth. 

On the other hand, with the increase of Ts, the value of Kg
 increases continuously, indicating 

a more important contribution of primary nucleation to the overall crystallization rate, since 

not 100 % of the i-PP droplets are nucleated, and part of the droplets are without “seeds”. A 

similar trend was reported by Feng et al. for polypropylene homopolymer and 

copolymers.[246]  

4.3.4 Heterogeneous Nucleation of i-PP Droplets 

Differently from self-nucleation, where self-seeds are efficiently injected into the droplets 

and the barrier for primary nucleation is overcomed, nucleation is still the rate-determining 

step for the overall crystallization of i-PP micro-droplets containing nucleating agents. In fact, 

in this system, as it will be shown further in this section, the time necessary for growing 

crystallites to cover the entire droplet volume is much shorter than the primary nucleation 

time. In the case of nucleation-controlled crystallization, the overall rate follows a first order 

kinetics and can be described by the equation:  

 1 - X/Xmax = exp(-Ivt) (4.3) 

where X/Xmax is the fraction of droplets already crystallized, I represent the average 

nucleation rate and v the droplet volume.  

The melting curves of PP/PS/NA11-2, PP/PS/QQ-2 blends after isothermal step 

crystallization for different times at the indicated temperatures are shown in Figure 4.9(a) and 
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(b), respectively. The melting enthalpy increases gradually with the crystallization time. 

Notably, for the PP/PS/QQ-2 blend in Figure 4.9(b), two melting peaks appear during the 

heating process, differently from the other blends containing α-nucleating agents. The low 

temperature peak at around 145 C is identified as the melting peak of β-crystals, while the 

second peak around 156 C is due to the melting of -phase, most likely generated by β-α 

recrystallization process occurring during heating.[212, 247, 248] 

 
Figure 4.9 Melting of PP/PS/NA11-2 (a) and PP/PS/QQ-2 (b) blends after isothermal step stepwise 

crystallization at 144 ºC (NA11) and 134 ºC (QQ) for different times.  

In order to verify the comply to a first order kinetics for heterogeneously nucleated 

droplets, the data obtained from the isothermal step crystallization was further analyzed by 

the Avrami equation:  

 1 – Vc(t) = exp(-k(t-t0)
n) (4.4) 

where, t0 the induction time, n the Avrami index, and k the overall crystallization rate constant 

(i.e., containing contributions from both nucleation and growth), and Vc is the relative 

transformed volume fraction, calculated from the enthalpy-based weight fraction of crystals, 

wc, according to: 

 
Vc=

wc

wc+
ρ

c

ρ
a

(1-wc)
 

(4.5) 

where c and a are the densities of the crystalline and amorphous fraction, respectively. 
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Figure 4.10 Evolution of the crystalline volume fraction as a function of effective overall crystallization 

time for: (a) PP/PS/NA11-0.25; (b) self-nucleated i-PP droplets from Ts 160 C (Domain II); (c) self-

nucleated i-PP droplets from Ts 210 C (Domain I). 

Even though not so many data are available for the early stages of crystallization (i.e., for 

conversions between 3 and 20 %), the analysis of the data was performed according to the 

suggestions provided by Lorenzo et al.[249] Examples of the fittings for heterogeneously 

nucleated droplets and for droplets self-nucleated from different Ts  are shown in Figure 4.10. 

For heterogeneously nucleated droplets (with the nucleating agent NA-11), the Avrami 

index is close to 1.0, reflecting a first order kinetics, consistently with nucleation being the 

rate-determining step for the overall crystallization. We note that this exponent is obtained in 

spite of the fact that the most effective NA, from all those tested in this work, was employed. 

This means that NA-11 is not as efficient as PP self-nuclei produced at the ideal self-

nucleation temperature, as expected on the basis of the respective differences in Tc values 

during cooling from Ts,ideal or from a melt containing NA-11.  

On the other hand, ideally self-nucleated i-PP droplets in Figure 4.10(b), show an Avrami 

exponent close to 3, indicating a situation closer to the one in bulk i-PP sample, where 

predetermined nuclei grow as 3-D spherulites (even when droplets are only 1 m in size). 

Self-nuclei are in fact present in every droplet (when the SN is performed at a Ts = 160 C) 

and are so efficient that all the nucleation step occurs instantaneously during SN, hence the 

overall crystallization is dominated by the rate-determining growth rate. However, with 

increasing Ts from 160 C to 210 C in Figure 4.10 (c), all the memory effect is erased 

(Domain I) and the droplets no longer contain self-seeds. As such, primary nucleation 

becomes again the rate-limiting step of crystallization, and the Avrami index correspondingly 

changes from 3 to 1.   

Figure 4.11 reports the fitted Avrami index for all the prepared blends and crystallization 

conditions, in order to validate the above describe trends. Remarkably, it is clearly seen that 

both the droplets containing the different nucleating agents and those of the neat blend cooled 
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from Domain I, crystallize with a first order kinetics. Despite that, in both cases, nucleation 

controls the overall kinetics, a large difference in the explorable range of supercoolings exist, 

due to difference in the nucleating efficiency of heterogeneous nucleants (Tc =125-145 °C) 

and pre-existing impurities/PS surfaces (Tc =100-115 °C).  

 

 

Figure 4.11 Avrami indexes for pure PP/PS blend with different self-nucleation temperatures (Ts), and for 

PP/PS/NAs blends as function of crystallization temperature (Tc). 

Crystallization of self-nucleated droplets show instead a sigmoidal kinetics with n between 

2 and 3, compatible with predetermined nucleation and two- or three-dimensional crystal 

growth. With decreasing Ts, both the achievable crystallization temperature range and the 

Avrami index increase. The lower exponent for partially self-nucleated samples might 

indicate a certain contribution of primary nucleation to the overall crystallization energy 

barrier, as previously discussed (Figure 4.8 and Table 4.3). 

It is noted that, while first-order crystallization kinetics has been already reported by 

Dalnoki-Veress for droplets heterogeneously nucleated on the surface of amorphous or 

semicrystalline substrates,[50, 250] this is to our knowledge the first example showing the 

expected trend in the case of droplets containing nucleating particles. Similarly, the change 

from sigmoidal to first-order kinetics in droplets self-nucleated in Domain II/Domain I is also 

evidenced for the first time. 

It should be stressed that first order kinetics can be obtained for both homogeneously and 

heterogeneously[50] nucleated droplets, as the origin of the change in kinetics (from 

sigmoidal to first order) is the switch to nucleation control in the overall crystallization 

kinetics. 

    To further test the different role of the nucleation and growth stages in the two cases, a 

dimensionless number can be considered. This number is the ratio between the time required 
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for a crystal growing in a droplet of volume V to completely solidify the micro-domain, i.e., 

the “growth time” (V1/3/G), and the time for nucleation to occur in the same droplet (1/(IV)). 

For this calculation, we consider the volume average droplet diameter and assume that the 

crystallization of i-PP droplets occurs by a mononuclear mechanism, i.e., one nucleus per 

droplet. The value of nucleation rate I is taken by fitting the isothermal crystallization data 

with Equation 4.3, while for the self-nucleated system, the half-crystallization time is 

considered (assuming it equal to the nucleation time, for testing the hypothesis of 

solidification controlled by nucleation also in this case). 

The data obtained for the different systems and at various crystallization temperatures are 

shown in Figure 4.12. For i-PP droplets containing nucleating agents, as well as for the neat 

blend where i-PP nucleates on impurities or at PS interfaces, the ratio is much lower than 1. 

In particular, the time for a nucleation event to occur in a droplet is 10 - 100 times larger than 

the time it would take to grow a micro-spherulitic crystal inside the same domain. This 

confirms that in these cases the nucleation is the rate-determining step in the overall 

crystallization kinetics. The same is not true, instead, for droplets self-nucleated at Ts = 

160 °C, where the ratio is always very close to unity, suggesting that the droplets are basically 

nucleated instantaneously, and that the solidification rate is controlled by the time required to 

grow the i-PP micro-spherulitic crystals inside the microdomains.   

 

Figure 4.12 Comparison between growth time and nucleation times at different temperatures for i-PP 

droplets in the indicated systems.  

These important results suggest that self-nucleated melts present a negligible primary 

nucleation barrier, differently from what is foreseen by recent theoretical framework for the 

interpretation of melt-memory effects in polymer crystallization.[228] The data are consistent 

with the retention of chain clusters in the self-nucleated melt, possessing the supercritical size 
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at the chosen crystallization temperature, and thus being able to spontaneously (and 

immediately) grow. Our findings show that this behavior, already reported for self-nucleation 

experiments in bulk polymers,[240] can still hold for dispersed and isolated micro-domains 

with average size of one micrometer. 

On the other hand, crystallization of the i-PP droplets with NAs is dominated by 

nucleation, as nucleation is the rate-determining step (and approximately first order kinetics 

are observed in all the samples with NAs). Therefore, when we plot ln(1-X/Xmax) versus time 

using isothermal step crystallization data, a line with slope -Iv is found. For the sake of 

simplicity, given the small difference between volume and weight-based transformed 

fraction, the raw melting enthalpies have been used to calculate X/Xmax in the following data 

analysis. Some examples are shown in Figure 4.13, for NA-11 and QQ nucleating agents 

crystallized at various temperatures. For PP/PS/QQ-2 blend, only the melting enthalpy of the 

first peak, attributed to the β-form, is considered. An obvious decrease of the nucleation rate 

(we have neglected any contribution of growth rate, given the results presented in Figure 4.13 

and their analysis) with increasing temperature can be observed.  

 
Figure 4.13 Nucleation kinetics at different temperatures for PP/PS/NA11-2 (a) and PP/PS/QQ-2(b) 

blends. Induction times are subtracted for the sake of clarity. 

According to the heterogeneous nucleation theory, the nucleation rate I of i-PP on different 

substrates can be expressed by: 

 𝐿𝑜𝑔 𝐼 = 𝐿𝑜𝑔 𝐼0 −
𝑈∗

2.303𝑅(𝑇𝑐 − 𝑇∞ )
−

16𝜎𝜎𝑒∆𝜎𝑇𝑚
0 2

2.303𝑘𝑇𝑐(∆𝑇∆ℎ𝑓𝑓)
2   (4.6) 

where I0 is a constant independent of temperature, 𝑇𝑚
0  is the equilibrium melting temperature 

of i-PP, Δhf is the enthalpy of fusion per unit volume of bulk crystal at 𝑇𝑚
0 , σ and σe are the 

lateral and fold surface free energies of the crystals, respectively. The parameter Δσ is 
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denoted as the interfacial free energy difference, which accounts for the substitution of a 

substrate/melt interface with a crystal/substrate and a crystal/melt interface with the 

formation of the nucleus. The interfacial free energy difference, Δσ, has been commonly used 

to characterize and evaluate the nucleating ability of different substrates toward a given 

polymer. The lower the value of Δσ, the higher the nucleating ability of the corresponding 

surface will be. As stated above, Δσ is defined as σsc + σcm - σsm, where σsc is the substrate-

crystal interfacial free energy, σcm is the side surface free energy of the i-PP crystal, and σsm is 

the substrate-melt surface free energy. 

For the application of Equation 4.6 to our data, values of Δhf and σσe for α-form i-PP 

crystal were taken from the literature as 208 J cm-3 and 732 erg2 cm-4,[241] while the other 

parameters are mentioned earlier in the text. For evaluating the data of PP/PS/QQ-2 blend, 

the used values of 𝑇𝑚
0 , Δhf and σσe for β-form i-PP are  443 K, 194.9 J cm-3, 520 erg2 cm-4, 

respectively.[251-253]   

Figure 4.14 reports the values of the nucleation rate of i-PP droplets in the various neat 

and nucleated blends. From the slope of the fitting lines, according to the heterogeneous 

nucleation theory, (Equation 4.6) the interfacial free energy difference, Δσ, can be derived. 

The values of Δσ for the different nucleating agents are calculated and shown in Table 4. The 

peak at around 100 ºC (see Figure 4.3) during the fractioned crystallization of neat PP/PS 

blend is attributed to the presence of some impurities. For the sake of comparison with other 

NAs, we consider these impurities as a less efficient α-form nucleating agent, and the 

corresponding Δ is also obtained from isothermal kinetics data of neat blend crystallization. 

 
Figure 4.14 Temperature dependence of nucleation rate of i-PP droplets in different blends (neat or 

containing NAs) according to Equation 4.6. 

It can be seen from Table 4.4 that Δσ increases in the order: PP/PS/NA11-2 < PP/PS/SB-2 



Chapter 4. Crystallization of i-PP Micro-Droplets in Immiscible Blends 

65 
 

< PP/PS (Impurities), which corresponds to an analogous decrease in the nucleation 

efficiency of the different surfaces. Obviously, the PP/PS/QQ-2 blend cannot be directly 

compared with the other α-nucleating agents, since quinacridone quinone promotes the 

formation of β-form crystals. 

Table 4.4 Values of Tc, Δσ and NE determined from nucleation study for i-PP on different substrates. 

Type of 

substrate 

Tc 

(ºC) 

NE 

(Eq. 3.1, %) 

Δσ 

(erg/cm2) 

  ΔG* 

(kJ/mol) 

NEG 

(ΔG*/∆G0
*
) 

Self-nuclei 134 100 - 40.9 1.00 

NA-11 125 85 4.22 66.2 1.62 

SB 121 79 5.72 87.1 2.13 

QQ ( crystal) 117 - 1.96 57.2 1.39 

Impurities 98 43 11.18 184.5 4.51 

Homogeneous 

nucleation 40 - - 378.4 9.25 

    In order to verify that the obtained nucleating efficiency scale is independent from the 

nucleating agent concentration, the temperature dependence of nucleation rate for 

PP/PS/NA11-2 and PP/PS/NA11-0.25 blends is compared in Figure 4.15. The higher 

nucleation rates for PP/PS/NA11-2 blend can be explained by a higher number of 

heterogeneous nuclei per droplet. However, the interfacial free energy difference, Δσ, derived 

from the slope of the lines in the plot, on the basis of the heterogeneous nucleation theory, 

does not change for the two systems. In fact, Δσ is an intrinsic property of the substrate, 

independent of nucleating agent concentration. 

 
Figure 4.15 Nucleation rate as a function of temperature for PP/PS/NA11-2 and PP/PS/NA11-0.25 blends 

according to heterogeneous nucleation theory (Equation 4.6). 
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It is of interest to compare the derived value of interfacial free energy difference with 

analogous data reported in the literature. The nucleation efficiency of various fibers towards 

i-PP has been evaluated by using Equation 4.5 by Wang et al.[59] The values ranged from 17 

erg cm−2 for syndiotactic polystyrene fibers, to about 5 erg cm−2 for the highly nucleating 

poly(tetrafluoroethylene) (PTFE) ones. Thus, the values of  for SB and NA-11 are 

comparable or slightly lower to the one of PTFE fiber, the best nucleating fiber. This result is 

in line with the expectations since both nucleating agents promote epitaxial nucleation with i-

PP -phase.[94, 200]  Different values of interfacial free energy differences have been found 

for the same NAs in previous literature works, including a recent publication by our 

group.[93, 254] However, the discrepancies are justified by the use of different methods or 

nucleation models. This notwithstanding, the ratio of the free energy barriers of the two 

nucleating agents that can be derived from the present work and previous literature is within 

15 %.  

The particularly low value of  found for the QQ nucleating agent should not be 

surprising.  In fact, considering that the two modifications grow at very similar rates,[251] 

and that the -phase always crystallizes at lower supercoolings with respect to the -form, a 

much larger -phase heterogeneous nucleation rate compared to -phase nucleation rate on 

common impurities is required for the trigonal -modification to prevail, on a volume basis, 

in the final sample.  

The obtained  data for the different substrates can be conveniently used to define a 

nucleation efficiency scale. An empirical efficiency scale for classifying the nucleating agents 

was proposed by Fillon et al. (Equation 4.1),[95, 96] by comparing the increase of non-

isothermal crystallization temperature of a nucleated sample with respect to that obtained by 

self-nucleating the same material at the optimal Ts. This methodology can also be applied to 

our blended samples. Accordingly, the crystallization temperatures for blends containing NAs 

(TNA) is obtained from the standard non-isothermal cooling procedure while the maximum 

crystallization temperature, Tmax, which is around 134 ºC, is obtained for self-nucleated 

droplet crystallizing from the ideal self-nucleation temperature (160 ºC). Eventually, the 

standard non-isothermal crystallization temperature of neat droplets at 70 ºC is taken as T0. 

The values of nucleation efficiency according to Equation 4.1 are reported in Table 4.4 for 

our samples. 

Alternatively, the average nucleation barrier in the crystallization temperature range 130 - 

142 ºC for blends containing NAs can be calculated on the basis of the obtained interfacial 

free energy difference, Δσ. However, as previously discussed, for an ideally self-nucleated 
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system, self-nuclei seem to be already present in the droplets at the beginning of the 

crystallization process, i.e., a barrierless primary nucleation occurs, and the overall 

crystallization process kinetics is controlled by crystal growth only. Thus, being the growth 

step unavoidable, for a meaningful comparison the nucleation barrier for secondary 

nucleation, as derived from the obtained Kg values, should be considered. Therefore, in Table 

4.4 the energy barriers for heterogeneous nucleation on the various substrates and for self-

nucleation (secondary nucleation) are reported as well. For the sake of comparison, the 

homogeneous nucleation free energy barrier is also calculated, according to: ∆𝐺∗ =

32𝜎𝜎𝑒𝑇𝑚
0 2

/(∆ℎ𝑓∆𝑇)2, and  using the aforementioned parameters for the crystalline -phase. 

Clearly, the energy barrier for self-nucleation is the lowest, and that for heterogeneous 

nucleation on different substrates is still much lower than for the homogeneous nucleation 

case.  

 
Figure 4.16 Correlation between the ratio of ΔG* of heterogeneous nucleation on different substrates to 

that of secondary nucleation (∆G0
*
) and Lotz’s empirical nucleation efficiency scale.  

Eventually, on the basis of the nucleation barriers for the different nucleated blends, an 

“absolute” or “intrinsic” nucleation efficiency scale can be derived, considering the ratio of 

ΔG* between the given nucleation process and that of secondary nucleation (∆G0
*
). In Figure 

4.16, the G* ratio is correlated with the empirical NE values derived from Equation 4.1. It 

can be seen that the two values are in fact intimately related. A decrease in nucleation 

efficiency from 100 to 40 % corresponds to an increase in the free energy barrier ratio from 1 

to above 4.  

More interestingly, from interfacial free energy difference derived by isothermal 

crystallization measurements and related to various nucleants/impurities (Table 4.4), and by 

taking into account that fractionated crystallization upon immiscible blends with droplet 
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morphology is commonly interpreted as the result of nucleation-controlled crystallization, we 

can tentatively explore the relation between a given non-isothermal crystallization 

temperature and the Δσ of the substrate which originates the related fractionated 

crystallization peak.   

Therefore, in Figure 4.17, a working line for fractionated crystallization of i-PP droplets in 

immiscible blends is proposed. The curve is constructed from the data of Table 4.4, 

considering the Δσ and crystallization peak temperature on cooling for the various NAs and 

unknown impurities. In addition, the Tc of the neat PP/PS blend self-nucleated at the optimum 

temperature can be related to an “apparent” Δσ. In fact, as shown above, in this specific case 

the crystallization kinetics is only associated with crystal growth (i.e., the nucleation barrier is 

equal to that of secondary nucleation). However, we can calculate the corresponding Δσ of a 

hypothetical “self-nucleus substrate” which would result in the same energy barrier we have 

measured. Of course, this is just a convenient assumption, to be able to report the self-

nucleation data on the same plot as those of the various nucleating surfaces in Figure 4.17. 

We can finally see that all the four filled experimental symbols in Figure 4.17, derived 

from heterogeneous nucleation or self-nucleation data, nicely fall into a single line, with the 

higher Tc values corresponding to lower values of interfacial free energy difference. Now, the 

validity of this correlation curve for i-PP fractionated crystallization in the particular PP/PS 

blends under investigation can be tested.  

 

Figure 4.17 A plot of Δσ versus Tc for various NAs to reveal their nucleating abilities for 

i-PP crystallization. 

At first, we note that the homogenous nucleation temperature range for i-PP droplets can 

be correctly predicted. In fact, from the theory of heterogeneous nucleation, we know that the 

nucleation energy barrier on a given substrate becomes equal to that of homogeneous 
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nucleation in the bulk when the Δσ equals two times the lateral surface energy of the crystal 

(2σ).[255] If the working curve of Figure 4.17 is extrapolated to Δσ = 2σ, a non-isothermal 

crystallization temperature of about 45 °C is obtained, perfectly in line with the typical values 

reported in the literature for homogeneous nucleation of i-PP droplets.[256] We underline that 

the temperature of crystallization in systems where homogeneous nucleation dominates is 

related to the droplet volume. Therefore, the curve derived in Figure 4.17 is supposed to be 

strictly valid for ensembles of i-PP droplets with similar average size and polydispersity as 

those reported in Table 1.  

    Eventually, the constructed correlation line can be used to derive the interfacial free energy 

difference of the impurity or nucleating surface giving rise to a particular fractionated 

crystallization peak. For example, the fractionated crystallization peak at 70 C measured for 

neat PP/PS blend (Figure 4.3) corresponds to a Δσ of 17.1 erg/cm2. Interestingly, this value is 

very close to the one found by Wang et al.[59] for the nucleation i-PP on the surface of 

syndiotactic polystyrene fibers (16.7 erg/cm2). On the basis of this similarity, the fractionated 

crystallization peak at 70 °C in neat PP/PS blend is likely to be caused by the nucleation of 

the i-PP droplets at the interface with the atactic polystyrene matrix. 

4.4 Conclusion 

The crystallization kinetics of heterogeneously nucleated i-PP droplets dispersed in PS 

matrix was quantitatively investigated by DSC. The overall crystallization exhibits a first-

order kinetics, as previously observed in the literature for the case of homogeneously 

nucleating microdomains. It was demonstrated that this is related to a heterogenous 

nucleation-controlled crystallization, enabling us to assess directly the kinetics of the 

nucleation process.  Different temperature dependences of nucleation rate were found for the 

various samples, corresponding to variations in the free energy barrier for nucleation, ΔG*. 

Considering the ratio of the free energy barrier for heterogeneous nucleation on different 

substrates with respect to that of secondary nucleation appears to be a reasonable method to 

derive an “absolute” nucleation efficiency scale, which correlates well with the empirical 

nucleation efficiency scale derived by Fillon et al..[95, 96] Finally, knowing the interfacial 

free energy difference for the heterogeneous nucleation of several nucleating agents or 

substrates in PP/PS immiscible blends with droplet morphology, a working curve which 

relates this parameter to the non-isothermal crystallization temperature measured for 

fractionated crystallization of these blends is derived. A linear relation between Δσ and Tc 

holds, throughout the explored temperature range and down to the region dominated by 
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homogeneous nucleation (i.e., for impurity-free droplets). 

The proposed approach shows the ability to derive quantitative and important information 

for the scouting of nucleating agents with improved efficiency, other than the potential to be 

used to study polymorph-selective substrates for i-PP β-phase.  
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Chapter 5. Differential Scanning Calorimetry Study of Cross-

Nucleation in Isotactic Poly(1-butene) 

 

5.1 Introduction 

Polymorphism, the ability of a material to crystallize into different crystallographic 

structures, is a widespread phenomenon both in small[257] and macro-molecular[258, 259] 

systems. Examples of extremely rich polymorphism can be found for instance in 5-methyl-2-

[(2-nitrophenyl)amino]-3-thiophenecarbonitrile (ROY), which displays ten different known 

structures, and the semi-crystalline polymer poly(vinylidene fluoride) (PVDF), for which five 

polymorphs have been found.[102, 260] Naturally, polymorphism can lead to much diverse 

characteristics, thus playing an important role in determining the final performance of 

products.[257] For example, the same semi-crystalline polymer can be brittle or ductile at 

room temperature, depending on the prevailing crystalline structure.[261, 262] Thus, being 

able to understand the mechanism of polymorphic crystallization and control the polymorph 

formation is of paramount importance. 

Much emphasis is put on the nucleation step: for instance, by “seeding” the melt or 

solution with crystals of the desired polymorphic modification. In polymers, the use of 

polymorph-selective heterogeneous nucleating agents is effective and an industrially 

appealing solution to control structure formation. For example, γ-quinacridone red pigment is 

a very good β-nucleating agent for isotactic polypropylene[263], KBr can help to obtain the 

γ-modification of Poly(vinylidene fluoride) (PVDF)[264], while hexagonal boron nitride 

nanosheets (BNNSs) significantly facilitate the formation of α-form crystal of poly(butylene 

adipate) (PBA).[265] 

In view of a more comprehensive understanding of polymorphic nucleation, cross-

nucleation[100] i.e., the nucleation of one polymorph on another crystalline substrate of the 
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same substance but with different structure, is of importance. 

It has been found that in order to observe nucleation of a “daughter” phase on the surface 

of a “parent” polymorph, the first one must always grow faster than the latter, while the 

relative thermodynamic stability of the two structures is not a determining factor.[101, 266-

271] The topic was extensively explored by Yu et al. for small organic molecules such as D-

Mannitol and ROY, both in spontaneous and seeded crystallization.[102, 266, 268] A 

quantitative determination of cross-nucleation kinetics in D-Mannitol/poly(vynilpyrrolidone) 

mixture, achieved by analysis of the crystallized morphology, indicated that the nucleation 

rate increases with the undercooling and the content of additive. [266] 

More recently, sporadic works on cross-nucleation in semi-crystalline polymers also 

appeared.[272, 273] Cavallo and Alfonso have shown that much more overlooked examples 

exist in the polymer crystallization literature.[274-276] Moreover, the systematic extension of 

the quantitative approach to cross-nucleation to different macromolecules (isotactic poly(1-

butene), polypivalolactone and isotactic polypropylene)[107-109, 276, 277], allowed to 

understand that the nucleation of one polymorph on another can be regarded as a special case 

of heterogeneous nucleation, unless the parent phase grows at rates comparable to those of 

the daughter polymorph.[108, 109] 

All the wealth of information so far obtained on cross-nucleation has been exclusively 

gathered by optical microscopy analysis of the developing morphology. On the other hand, 

typical studies of heterogeneous nucleation process, especially in semi-crystalline polymers, 

are commonly based on Differential Scanning Calorimetry (DSC). Despite that Polarized 

Optical Microscopy (POM) has revealed to be an intuitive and informative approach, its 

quantitative application is limited to systems in which the two polymorphs display 

distinguishable and optically resolvable morphologies. In particular, the size of the cross-

nuclei and distance between them should be adequate to allow their direct observation and 

counting. Therefore, in this work we explore the possible use of DSC to investigate the effect 

of cross-nucleation on crystallization. Cross-nucleation of Form II-on-Form I in seeded 

crystallization of isotactic poly(1-butene) was chosen as a case study. The crystallization 

kinetics of Form II is accelerated by the presence of Form I seeds, both in non-isothermal and 

isothermal conditions, to an extent which is dependent on the amount of Form I’ crystal 

surface available. The simple approach can potentially be extended to other polymorphic 

small organic molecules and semi-crystalline polymers. 
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5.2 Experimental 

5.2.1 Materials and Methods 

The polymer used in this work was a commercial Ziegler-Natta isotactic poly(1-butene) (i-

PBu), kindly provided by Lyondell-Basell (tradename BR200), with a weight-average molar 

mass (Mw) of 850 kg/mol and a polydispersity index of 6.8. 

To prepare the in-situ seeded samples, i-PBu films of about 150 m thick were prepared in 

between two glass slides, by manual compression on a heating stage held at 180 °C. The 

appropriate thermal protocol for sample preparation (described later on in the text) was 

imposed by a calibrated Mettler Toledo FP-82 microscope hot-stage. The initial 

crystallization and final morphology of the samples were checked by means of Polarized 

optical microscopy using a Polyvar Pol optical microscope under crossed polarizers. 

Micrographs of the seeded samples before cross-nucleation experiments were acquired by 

using a computer-controlled digital camera (Motic 2.0).  

The actual cross-nucleation experiments were performed by Differential Scanning 

Calorimetry. A flat disk of approximately 5 mm diameter and weight of about 4 mg was cut 

from the seeded i-PBu films and placed in an aluminum pan. The calorimetric 

characterization of isothermal and non-isothermal crystallization of the samples was 

performed with a Perkin-Elmer DSC 7, under a constant nitrogen flow of 20 ml/min. 

Temperature and heat flow were calibrated using a standard indium sample. 

5.2.2 Sample Preparation and Cross-Nucleation Experiment: Thermal Protocol 

In the case of i-PBu polymorphism, it is well known that the metastable tetragonal 

modification (Form II) is kinetically favored, and the only one obtained upon melt 

crystallization. Afterwards, upon room temperature aging, it slowly transforms into the 

thermodynamically stable trigonal Form I.[278, 279] 

In order to investigate the effect of Form I polymorph’s surface on Form II crystallization, 

samples of i-PBu containing different concentrations of Form I spherulites of various sizes 

were prepared. To this aim, a modification of previously developed in-situ seeding 

strategy[107] for i-PBu was adopted, as briefly sketched in Figure 5.1. 
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Figure 5.1 Schematic diagram of the thermal history applied for sample preparation. 

The film was first heated to 175 °C and annealed for 3 min, to erase crystalline thermal 

history. Subsequently, the sample was cooled down to selected temperatures, Tc1, and allowed 

to crystallize for a given time. Large Form II spherulites are obtained, with their average 

concentration and size turned by varying the chosen crystallization temperature and time. 

After the high temperature crystallization step, the film was quenched to room temperature 

(by dipping it in a water bath), at which the remaining amorphous material solidified in small 

Form II crystals. Then, the samples are allowed to transform into Form I by room 

temperature aging for approximately 4 weeks.  

The result of this process is a dual morphology sample, consisting of large Form I 

spherulites of high-melting point, surrounded by microcrystalline and low-melting point 

spherulites of the same structure. The DSC melting curve of such sample is shown in Figure 

5.2(a). The as prepared sample presents a relatively sharp melting peak around 125 °C and a 

broad peak at lower temperature, around 118 °C. These peaks correspond to thicker and 

thinner lamellar crystals of Form I, respectively. 

 

Figure 5.2 DSC heating scans for: (a) as-prepared (4 weeks aged) sample; (b) partially molten and re-

crystallized sample before cross-nucleation experiment. 
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Before the actual cross-nucleation experiment, the as-prepared sample is submitted to a 

thermal treatment directly in the DSC, in order to erase the thinner Form I crystals from the 

systems, and thus excluding possible self-nucleation effects. To this aim, the samples were 

first heated to 122 °C (corresponding to the valley between the two Form I melting peaks) 

and held there for 3 minutes, before cooling down to room temperature. The molten part of 

the material recrystallizes into Form II. After this temperature protocol, the difference in 

melting temperatures between the Form I seed and the rest of the material is enhanced, as 

demonstrated in Figure 5.2(b). The cross-nucleation experiments are thus performed on this 

sample, containing Form I seeds and lower-melting point Form II crystals. 

To probe the effect of Form I seed on Form II re-crystallization, the above conditioned 

sample was first annealed to 120 °C for 3 min, to erase any possible memory effect of 

previous Form II crystals, while leaving intact Form I spherulitic seeds. Subsequently, the 

crystallization kinetics of seeded i-PBu was probed either in non-isothermal conditions (by 

cooling at a rate of 10 °C/min to room temperature) or in isothermal experiments at selected 

temperatures (Tc2) for adequate times (see Figure 5.3). 

 

Figure 5.3 Schematic diagram of the thermal history adopted for cross-nucleation experiments with the 

DSC. 

5.3 Results and Discussion 

5.3.1 Characteristics of Form I Seeded i-PBu Samples 

Some examples of the morphology of Form I-seeded i-PBu samples prepared in different 

conditions are shown in Figure 5.4. The concentration and size of spherulitic seed can be 

varied independently by tuning the crystallization temperature Tc1 (Figure 5.1) and time. 

Although the spherulites are mostly isolated, a certain degree of impingement can be present. 

As the subsequent Form II cross-nucleation occurs on the surface of Form I spherulites, it is 

reasonable to characterize each seeded sample by quantifying the relative amount of available 
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Form I surface. 

 

Figure 5.4 Examples of micrographs of Form I-seeded samples partially crystallized under different 

conditions: (a) Tc = 97 °C, t = 112 min; (b) Tc = 92 °C, t = 10 min; (c) Tc = 88 °C, t = 6 min. 

Considering disk-like Form I spherulites, with cross-nucleation of Form II occurring on 

their lateral surface, the approximate amount of specific seed’s surface (i.e., surface of Form I 

seeds per unit of i-PBu sample volume) is given by:  

 
 
𝑆𝑠𝑒𝑒𝑑

𝑉
= 2𝜋 ∙ 𝑡 ∙ 𝑅𝑎𝑣𝑔 ∙ 𝑁 (5.1) 

where t represents the sample thickness；Ravg, the average spherulite radius；N, the 

number of spehrulites per unit volume. 

The main characteristics of the prepared Form I-seeded samples are reported in Table 5.1. 

The values of average seed’s radius (Ravg) and nucleation density (seed’s concentration) are 

derived from the analysis of POM micrographs and refer to at least ten spherulites and 4 

different area of the sample. The samples have an average thickness of 150 micrometers, 

which is optimized for the subsequent DSC measurement, while the approximate Sseed/V 

covers a range of about one order of magnitude. It should be noted that these values can be 

considered as approximate only for several reasons: i) the assumption of disk-like spherulite 

is strictly correct only for Ravg >> t/2; ii) all the lateral surface of the seed is considered 

available for cross-nucleation, neglecting the fraction of area impinged with neighboring 

morphologies; iii) the actual cross-nucleation probably occurs only on Form I lamellae, the 

total area should thus be corrected by the crystallinity of the seeds. Nevertheless, the 

estimated Sseed/V is expected to be a fairly adequate parameter to establish a correlation 

between seed morphology for a given sample and the cross-nucleation effect. 
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Table 5.1 Characteristics of Form I seeded i-PBu samples. 

Sample Tc,seed tc,seed Sample thickness Nucleation density Average Radius Sseed/V 

code (°C) (min) (m) (spherulites/cm3) (m) (m-1) 

Sseed/V_01 97 112 170 6.6E+3 209 1.5E+03 

Sseed/V_02 97 112 140 1.1E+4 220 2.2E+03 

Sseed/V_03 98.5 120 140 1.0E+4 337 3.0E+03 

Sseed/V_04 92 10 175 8.2E+4 86 7.7E+03 

Sseed/V_05 92 20 175 6.6E+4 129 9.3E+03 

Sseed/V_06 88 6 160 1.2E+5 78 9.4E+03 

Sseed/V_07 88 6 160 1.4E+5 86 1.2E+04 

Sseed/V_08 80 2 150 1.7E+5 81 1.3E+04 

5.3.2 Self-Nucleation of Form II and Seeded Form I Crystals 

In order to safely exclude possible Form II self-nucleation, that would not allow to 

distinguish the sole role of Form I seeds surface on i-PBu re-crystallization, preliminary self-

nucleation experiments were performed both on as-crystallized Form II and Form I-seeded 

samples. 

To this aim, a standard self-nucleation procedure[223, 224] was followed. The standard 

crystalline state was created by annealing the sample at 140 °C (or 120 °C for Form I-seeded 

sample) for 3 min, before cooling to 30 °C at 10 °C/min. At this stage, the sample was heated 

to a selected self-nucleation temperature (holding time of 5 minutes), and the subsequent 

crystallization temperature upon cooling at 10 °C /min was recorded. 

 

Figure 5.5 Effect of self-nucleation temperature on re-crystallization for i-PBu samples containing 

exclusively Form II and some amount of Form I seeds. Self-nucleation domains are indicated with dashed 

vertical lines. The red dashed line describes the expected self-nucleation behavior of Form I seeded 

samples. [280] 

The effect of self-nucleation temperature on crystallization temperature for both Form II 

and Form I-seeded samples is shown in Figure 5.5. The limits of the self-nucleation 
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domains[223, 224], corresponding to the absence of memory effects (I), exclusive self-

nucleation (II) and self-nucleation and annealing of surviving crystals (III) are indicated with 

dashed vertical lines. 

Standard Form II i-PBu samples exhibit no self-nucleation effects for melt-temperatures 

above about 117 °C. In the same domain I, the sample containing Form I seeds crystallizes 

about 10 °C higher than as-crystallized Form II i-PBu. Thus, this larger nucleation effect (i.e., 

Tc values upon cooling from the melt are proportional to the active heterogeneity density in 

the material) can be attributed almost exclusively to the nucleating ability of Form I surfaces, 

since no crystalline memory effect of Form II crystal is found in this temperature range. The 

self-nucleation domain II related to the original Form II crystals begins at slightly lower 

temperatures for Form I-seeded i-PBu, with respect to as-crystallized Form II. This is due to 

the overwhelming effect of cross-nucleation on self-nucleation: the memory effect starts to be 

noticeable only at self-nucleation temperature low-enough to produce a number of nuclei 

comparable to those provided by the Form I seed’s surfaces. The constancy of crystallization 

temperature with melt-annealing temperature above ca. 114 °C in Form I seeded i-PBu thus 

indicate that we can neglect any self-nucleation contribution to the measured crystallization 

enhancement with respect to non-seeded samples in that temperature range. The chosen melt 

temperature of 120 °C is therefore appropriate also for i-PBu with low Form I Sseed/V, being 

located in domain I also for the as-crystallized Form II samples.   

We note that if Form I seeded samples are heated above the seed’s melting point, the 

standard Form II crystallization kinetics is restored. This has been verified by non-isothermal 

crystallization from a melt-temperature of 140 °C (see Figure 5.6). The exact temperature of 

disappearance of seed’s nucleation effect has not been tested. However, on the basis of 

previous work on Form I self-nucleation,[280] it is expected to be around 125 °C, as 

suggested by the dashed red line of Figure 5.5. 

5.3.3 Non-isothermal Crystallization of i-PBu with Seeded Form I Crystal 

Selected examples of non-isothermal crystallization curves of i-PBu with different Form I 

Sseed/V are reported in Figure 5.6(a) and compared with that of a non-seeded sample. 
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Figure 5.6 (a) DSC cooling scans for i-PBu with different seed’s surface per unit volume, for sample code 

see Table 5.1; (b) peak crystallization temperature as a function of the approximate Sseed/V. The line is 

drawn to guide the eyes. 

A distinct change in the crystallization behavior as detected with DSC is noticed with the 

increase of the amount of specific Form I surface, i.e., going from sample Sseed/V-04 to 

Sseed/V-08 (see Table 5.1). A broadening of the exothermic peak, with respect to the relatively 

sharp non-seeded i-PBu is observed. In particular, a high crystallization-temperature tail is 

evident in the Form I seeded samples, together with an overall shift of the peak towards lower 

undercooling. 

The peak crystallization temperature measured for all the seeded sample is shown as a 

function of the approximate specific seed’s surface area in Figure 5.6(b). With the increase of 

Form I surface per unit volume, the crystallization temperature stays roughly constant, until 

about Sseed/V = 6000 m-1, and then increases steadily. A maximum increase of peak 

temperature of more than 10 °C, with respect to non-seeded sample, is revealed for i-PBu 

with Sseed/V slightly above 10000 m-1. No apparent saturation of the crystallization 

temperature value is detected in the explored range of seed’s area, suggesting that a larger 

nucleating effect could be attained by injecting in the system a higher amount of Form I 

crystals’ surface per unit volume. 

The almost negligible nucleation at low Sseed/V values can be understood by considering 

that two distinct types of nucleation contribute to the overall crystallization kinetics of Form 

II in the seeded system. In fact, Form II crystals can grow both from nuclei developed by 

heterogeneous nucleation on the surface of foreign materials in the bulk of the sample, and by 

cross-nuclei originated by the purposely added Form I spherulitic seeds. As long as the 

concentration of cross-nuclei is lower than that of naturally occurring heterogeneous Form II 

nuclei, the effect of the extra seed surface on crystallization cannot be noticed. When more 

and more specific Form I area is present, the cross-nucleation process effectively dominates 



Chapter 5. Differential Scanning Calorimetry Study of Cross-Nucleation in Isotactic Poly(1-butene) 

80 
 

the crystallization, and the nuclei formed via heterogeneous nucleation on other surfaces 

become negligible. A similar situation is encountered in other cases in which two or more 

nucleation mechanisms are active: for instance, the presence of nucleating agents hides the 

effect of flow-induced nucleation[280], and the weak nucleation induced by pressure pulses is 

masked by quiescent heterogeneous nucleation at low undercoolings.[281] 

By comparison of the results in Figure 5.6(b) and the self-nucleation tests of Form II 

(Figure 5.5), is it possible to estimate the nucleation efficiency of Form I spherulites towards 

Form II. According to Lotz et al.[95], a convenient nucleating efficiency scale can be built by 

conventionally attributing 0 and 100 % efficiencies to the neat polymer and to ideally self-

nucleated sample (i.e., that nucleated at the lowest temperature within domain II, a condition 

that yields the maximum generation of self-nuclei), respectively.  

Considering the maximum crystallization temperature obtained with the highest content of 

Form I seed specific area, a nucleation efficiency of 60 % can be calculated. We note that this 

nucleation efficiency is rather high, comparable to that of most polymer nucleating 

agents,[34] but is not outstanding. While a very efficient nucleation could be in principle 

expected, given the identical chemistry of the nucleating and crystallizing substrates, we note 

that the “degree of dispersion” of the in-situ produced Form I seeds is by far not optimal. In 

fact, all the common nucleating additives generally exhibit sub-micrometer particle size. It 

should be noted that when high degree of dispersion is achieved, such as in specially prepared 

nanocomposites, the nucleation efficiency can even exceed 100 %, a condition termed super-

nucleation.[34] As such, while at this stage it is not possible to derive an “intrinsic” 

nucleation efficiency of i-PBu Form I towards Form II, a fairly good nucleation capability is 

demonstrated and the important role of dispersion underlined. 

5.3.4 Isothermal Crystallization of i-PBu with Seeded Form I Crystal 

The crystallization of Form I seeded i-PBu was additionally probed in isothermal 

conditions. Figure 5.7(a) presents typical crystallization isotherms of samples with varying 

amounts of seed surface, as well as non-seeded, at 140 °C. A clear acceleration in the 

crystallization rate is observed as the specific content of Form I crystals area in the sample is 

increased, with peak crystallization time decreasing from values of around 6 minutes for neat 

i-PBu to less than 2 minutes when Sseed/V exceeds 10000 m-1. 
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Figure 5.7 (a) DSC crystallization exotherms recorded during isothermal crystallization at 85 °C of i-PBu 

with varying content of seed surface; (b) peak crystallization times as a function of temperature for 

different seeded i-PBu samples. 

The characteristic crystallization peak times obtained for i-PBu with varying Sseed/V 

crystallized at different temperatures is shown in Figure 5.7(b). Form I seeds allow Form II to 

crystallize with a faster rate at lower undercoolings. Noticeably, the effect of cross-nucleation 

is more evident at the highest crystallization temperatures, where the nucleation on foreign 

heterogeneities is more difficult.  

The kinetics parameters of the cross-nucleation process cannot be straightforwardly 

derived from the isothermal crystallization DSC curves, as those shown in Figure 5.7(a). In 

fact, as previously mentioned, two concomitant nucleation processes are active during the 

crystallization. While the nucleation on bulk heterogeneities may be typically predetermined, 

i.e., it can be considered that the concentration of heterogeneous nuclei is constant at a given 

temperature within a certain time interval, cross-nucleation on form I spherulites is “pseudo-

homogeneous”, with the surface density of Form II nuclei linearly increasing with time.[107-

109] Moreover, the amount of seeds surface available for cross-nucleation is similarly time-

dependent, being progressively occupied by Form II morphologies growing on the substrate 

or impinging from neighboring seeds. Therefore, the application of a simple crystallization 

model, such as Avrami, is meaningless. More complex kinetic equations, accounting at least 

for the parallel action of the dual nucleation mechanism, could in principle be derived, but 

their test on these DSC cross-nucleation data is out of the scope of the manuscript.  

5.4 Conclusions 

In order to advance the quantitative understanding of the cross-nucleation phenomenon, in 

this work we propose a Differential Scanning Calorimetry investigation method. The 
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approach is applied to the seeded cross-nucleation of i-PBu Form II-on-Form I. A clear 

enhancement of Form II crystallization kinetics, with respect to non-seeded samples, is 

detected. The method is validated by measuring samples with Form I spherulites of various 

sizes and concentration. A strict correlation between the polymorphic seed morphology and 

the subsequent crystallization behavior is established. The crystallization of Form II becomes 

progressively controlled by the presence of Form I seeds, rather than by accidentally present 

foreign surfaces, as the specific amount of Form I area in the sample is increased. 

In future works, the proposed method can be tested in other cross-nucleating systems, 

particularly in conditions where the crystallizing daughter phase morphologies are below the 

optical resolution. 
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Chapter 6. Conclusions and Outlook 

    The aim of this research thesis was to improve the understanding of heterogeneous 

nucleation in semicrystalline polymers and contribute with new experiments and approaches 

to the scientific problems related to the evaluation of the nucleating ability of solid substrate, 

also of importance for industrial application. In particular, the thesis addressed the nucleation 

behavior of some important polymers (i.e., poly(lactide), isotactic polypropylene) on various 

commonly used substrates (fibers and nucleating agents). Moreover, a special nucleation 

phenomenon, known as cross-nucleation, between different polymorphs in isotactic poly(1-

butene) was also studied.  

The main outcomes of these works and potential outlook can be summarized as follows:  

In Chapter 3, the nucleation process of biodegradable poly(lactide) on a series of fibers 

was studied by means of in-situ polarized optical microscope during crystallization. Several 

synthetic and natural fibers (PET, carbon, Kevlar, glass, hemp, linen and cellulose) were 

employed, and compared to custom-spun fiber of stereocomplex enantiomeric PLA blend. 

Meaningful differences in the nucleating ability towards PLA could be found for all the 

considered fibers. Stereocomplex PLA fibers display extremely high nucleating efficiency, 

with the development of a continuous transcrystalline morphology on their surface, up to high 

crystallization temperatures. Quantitative measurement of the nucleation rate allowed a 

comparison of the different fiber substrates in the light of classical heterogeneous nucleation 

theory, by considering the interfacial free energy difference parameter, Δσ, directly related to 

the nucleation barrier. The topography of the fibers surface was investigated by atomic force 

microscopy (AFM), and tentatively related to the measured nucleation ability. While a 

general effect of surface roughness on lowering the heterogeneous nucleation energy barrier 

can be deduced, deviations can be observed, in particular for carbon and stereocomplex PLA 

fibers. The different fiber wettability by PLA melt suggests that chemical interactions 

between the substrate and the crystallizing polymer also play a meaningful role in promoting 

the nucleation, although this aspect is generally disregarded in the literature - in favor of 

surface roughness. Moreover, the specific surface topography is shown to largely affect the 

density of available nucleation sites along the fiber. However, the interplay between surface 

roughness and chemical interaction between the matrix and fiber in promoting nucleation is 

quite complex and not easy to be resolved. Therefore, further experiments with chemically or 

topographically modified model surfaces should be carried out for a better understanding. 
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In Chapter 4, we have studied nucleating agents (NAs), which are common polymer 

additives widely used for speeding up processing and tuning the final mechanical properties. 

Despite their industrial importance, the scouting of different substances in search of highly 

efficient NAs is still mainly empirical. When semi-crystalline polymers are confined into 

isolated micro- or nano-domains, nucleation often turns out to be the rate-determining step 

for the overall crystallization. A novel approach was proposed, according to which, the 

heterogeneous nucleation process of isotactic polypropylene (i-PP) droplets containing 

nucleating agents (i.e., sodium benzoate, NA11, quinacridone quinone) dispersed in an 

immiscible polystyrene matrix has been investigated by isothermal step crystallization and 

melting with Differential Scanning Calorimetry (DSC). Moreover, self-nucleation of neat i-

PP droplets is also studied in detail, enabling to derive an “intrinsic” nucleation efficiency 

scale based on the ratio of the free energy barrier, ΔG*, of heterogeneous nucleation on 

different substrates with respect to that of self-nucleation, which is found equivalent to the 

secondary nucleation barrier for crystal growth. Such ratio correlates well with the empirical 

efficiency scale of heterogeneous NAs proposed by Lotz et al. Moreover, having established 

the interfacial free energy difference parameter () governing the heterogeneous nucleation 

kinetics of i-PP onto different substrates, a simple correlation curve useful to describe non-

isothermal fractionated crystallization of i-PP/PS blends with droplet morphology was 

constructed. It is found that, being fractionated crystallization typically nucleation-controlled, 

a close correlation between the measured crystallization temperature and Δσ exist, and it can 

be conveniently exploited to attribute a particular crystallization peak of immiscible i-PP 

blends to a heterogeneous nucleating impurity or surface with a given efficiency, or to 

homogeneous nucleation occurring in the bulk of the phase. The proposed approach in this 

chapter shows the ability to derive quantitative and important information for the scouting of 

nucleating agents with improved efficiency, meanwhile, it can be extended to different 

nucleating systems in the future, for example for searching polymorph-selective nucleants for 

i-PP β-phase.  

 In the last Chapter, cross-nucleation of a “daughter” polymorph on another pre-existing 

(“parent”) structure of the same substance was investigated. Polarized Optical Microscopy is 

commonly used to study both the morphology and the kinetics aspects of cross-nucleation in 

polymers and small molecules. However, we propose a Differential Scanning Calorimetry 

(DSC) approach for the quantitative investigation of isotactic poly(1-butene) Form II-on-

Form I nucleation. Seeds of trigonal Form I crystal were produced in PB1 samples, and their 

amount and characteristic size were varied by appropriate choice of the thermal protocol. 
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DSC isothermal and non-isothermal crystallization measurements of Form I seeded samples 

were performed, highlighting a meaningful nucleation effect of the stable polymorph on 

Form II. As expected, the nucleating efficiency is highly dependent on the specific content of 

Form I seeds (i.e., area of Form I spherulites per unit of sample volume). Depending on the 

seeding and crystallization conditions, Form II crystallization is dominated either by 

nucleation on foreign heterogeneous surfaces or on Form I crystals. The described 

quantitative approach can be extended to the study of cross-nucleation in polymorphic 

systems in which morphological evidences are not sufficiently informative. 
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