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Chapter 1  
 

Introduction 
 

1.1 The phenomenon of polymer crystallization 

 

Synthetic polymers are long chain molecules with usually a broad molar mass 

distribution, depending on the way of polymerization, and they adopt a random-coil 

conformation in the molten state (melt) and in solution. In the limiting case of dilute 

solutions, the individual coiled chains do not overlap. With increasing concentration 

and notably in the molten state, viz. no solvent, the chains become more and more 

entangled and the polymer melt can be compared with cooked spaghetti. Nowadays, 

also the so-called rigid rod chains can be made, and are produced commercially for 

fiber applications such as the aramid fibers, viz. Kevlar by Du Pont and Twaron by 

Teijin (formerly Akzo Nobel). The topic of rigid polymer chains (uncooked spaghetti 

in comparison with conventional flexible chains), however, is beyond the scope of the 

thesis. 

 

In view of the fact that synthetic polymers (plastics) consist of numerous long chains 

with a large variety in chain length possessing random coil conformations, with a high 

degree of chain interpenetration and entanglement, except for dilute solutions, makes 

it hard to understand that crystallization, viz. ordering of chains in a regular lattice, 

ever can occur upon cooling, in particular in the case of cooling polymer melts.  

 

Evidence for polymer crystallization started to appear in the 1920’s when the novel 

technique of X-rays, initiated by the Bragg’s (William and his son Lawrence), was 

applied on synthetic and natural polymers, notably cellulose. In contrast with low 

molar mass substances and notably inorganic matter, the Bragg reflections were rather 

diffuse and broad.  
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In the 1920’s, the understanding of polymeric materials was virtually non existent, 

Staudinger just proposed the concept of a polymer chain, and not many colleagues 

were prepared to accept the concept of long molecules composed of chemically 

connected monomeric units. 

 

In the 1930’s, when the  scientific community slowly accepted the idea of long chain 

polymer molecules, Abitz, Gerngross and Herman [1] introduced the so-called fringed 

micelle model for polymers in the solid state. Figure 1-1 shows a schematic 

representation of the fringed-micelle-model. The molecules traverse many crystallites 

and the crystals act as physical crosslinks. This model could explain at that time many 

phenomena such as swelling and the lower density of polymers in the solid state 

compared with the unit-cell density, and last but not least the poor quality of the 

Bragg reflection when exposed to X-rays, viz. the presence of small crystallites with 

only a few polymer chain elements in register.  

 

In the 1950’s many parallel events changed the view on polymer crystals completely 

by a few striking experiments. In the time span of 1950-1955, Watson and Crick 

proposed the double helix in DNA, Wilkinson discovered Ferrocene (an important 

issue for the Metallocene catalysts developed in the 1980s) and Ziegler and Natta 

discovered stereoregular polymerization of alpha-olefins, the birth of linear 

Polyethylenes and isotactic-Polypropylene. The impact of their discovery has no 

parallel in the history of Polymer Science, as evidenced by the annual production 

volume of e.g. i-PP of over 30 million tonnes, viz. appr. 5 kg/capita!   

 

The fact that linear polyethylene (HDPE) became available in the 1950’s triggered 

research on the mechanical and physical properties of this novel PE type. Up to that 

time, only the highly branched LDPE, discovered in the mid 1930’s at ICI, was on the 

market. The linear PE type possesses a higher density in the solid state than the 

branched LDPE, indicating a better organization of the polymer chains in the solid 

state. It was also more difficult to dissolve and only upon heating to rather high 

temperatures, close to the boiling point of, for example, xylene homogenous and 

visibly clear solutions could be obtained. Upon heating a clear solution was obtained 

but upon cooling the solution became turbid and in the case of dilute solutions, a 

milky suspension was obtained. Almost independently Jacodine [2], Keller [3], Till 
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[4] and Fischer [5] reported that upon cooling from dilute solutions of linear 

polyethylenes, platelet single crystals were obtained. These platelet PE crystals, 

referred to as lamellae in literature, were very thin, in the order of ten nanometers, 

with lateral dimensions up to several microns. Keller concluded in 1957, based on 

electron-diffraction patterns, that the direction of the polymer chains run 

perpendicular to the basal plane of the crystals and since the length of the polymer 

molecules exceed by many times the crystal thickness, the polymer chains must be 

folded! 

 

 
Fig. 1-1: Schematic representation of the fringed micelle concept (left) and folded- 

    chain crystals (after A. Keller, Faraday discussions 1987; Cambridge) 

 

The phenomenon of folded-chain crystallization in long chain polymer molecules 

triggered a large interest in the polymer community and a lot of research activities in 

the new area of polymer crystallization. In retrospect, it is fair to notice that Storks  

[6] in 1938 already proposed the possibility of chain-folding when studying thin 

crystalline films of gutta percha (trans-1,4-polyisoprene). However, his work 

remained largely unnoticed by the polymer community.   
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1.2 The impact of crystallization in polymer systems 

 

Crystallization has a profound impact on the physical and mechanical properties of 

polymer systems. Crystallization is not limited to linear polyethylenes, the most 

simple polymer structure available on our planet, but occurs also for all linear and 

(stereoregular) polymers, including the polyamides (Nylon 6, 66, 46 etc.), polyesters 

(PETP, PBT) and stereoregular vinyl polymers such as i(sotactic) polypropylene, i-

polystyrene and s(yndiotactic) polystyrene and s-PP. Polymers prepared via non-

stereospecific catalysis such as the standard atactic polystyrenes and 

polyvinylchloride (PVC), are usually considered to be amorphous but particularly in 

the case of PVC, the ordering of syndiotactic units in hardly X-ray detectable 

crystallites plays an important role on the mechanical properties and high-temperature 

performance, notably above the glass transition temperature Tg. Also the pronounced 

ageing effects in standard atactic polystyrene (PS) could be related to some form of 

ordering in the solid state. 

 

Crystallization into rather well-defined single crystals is limited to supercooled dilute 

solutions with PE as the prime example. In the case of crystallization from 

concentrated solutions and from polymer melts, various morphologies can be 

obtained, ranging from axialites, dendrites to spherulites. In contrast to crystallization 

from dilute polymer solutions, in which case chain overlap and chain entanglement is 

absent, the crystallization mechanism in supercooled melt is not very well understood, 

despite various models. The author hastens to add that even in the case of dilute 

solutions, the mechanism of polymer crystallization is not settled yet and is, in fact 

one of the issues for this thesis. But in the case of polymer melts it is much more 

difficult to envisage the process of chain-folded crystallization conceptually. 

Crystallization from the polymer melt results in the formation of spherical aggregates, 

the so-called spherulites, notably at isothermal crystallization at low supercoolings. 

The origin of spherulitic growth, including nucleation, the growth of sheaf-like 

structures at the start and subsequent branching, is not understood [7] in detail.   

Rastogi c.s. made an attempt to bridge the gap between crystallization from dilute 

solutions and polymer melts by growing PE single crystals directly in the polymer 

melt [8]. They observed that crystallization proceeded via the metastable hexagonal 



Introduction                                                                                                                    5  

phase before the thermodynamically stable orthorhombic phase was attained. Strobl 

[9] distinguishes various stages during crystal growth, absorption of mesomorphic 

layers on the crystal surface, the formation of granular crystals and finally lamellar 

crystals. The question is whether one is ever able to develop a universal theory for 

polymer crystallization, including polymer melts, in view of the fact that polymers do 

not possess a uniform chemical structure. The usually broad molar mass distribution 

is a complicating factor but branching, co-monomers, (local) orientation can influence 

the crystallization behavior even more.  

 

Studying the crystallization behavior, despite its complexity, is necessary, especially 

in relation with the physical and mechanical performance of polymers. 

Crystallization/morphology plays a dominant role on properties. If crystallization 

would be absent in polymer systems, then the whole mechanical performance of 

polymers is dependent on one single parameter, the glass transition temperature Tg.   

Below Tg the system vitrifies and the stiffness, E-Modulus, increases from a few MPa 

up to 3-4 GPa, a few orders of magnitude. The glass transition temperature Tg is time 

dependent but above all dependent on the chemical structure. Intrinsic flexible 

polymers such as PE and PP, possess a Tg of appr. -100 °C and -10 °C, respectively. 

Adding phenyl rings to the polymer chain, e.g. in the case of polystyrene, increases 

the chain stiffness in terms of internal rotation barriers about C-C bonds in the main 

chain, and PS possesses a Tg of appr. + 100 °C.  Introducing phenyl rings in the main 

chain has a similar effect, e.g. Polycarbonate with a Tg  of appr. 150 °C. 

 

If the glass transition temperature was the sole determining parameter, polymers such 

as PE and PP were useless materials at ambient and higher temperatures, possessing a 

rubber-like to liquid behavior, dependent on the molar mass. Thanks to crystallization, 

polymers such as PE and PP are very well accepted in the world of plastics as 

evidenced by the production volume of Polyolefins (= PE + PP) of appr. 100 million 

tonnes, ca. 70% of the total production volume of synthetic polymers! 

 

The key issue is that due to crystallization, the stiffness (E-Modulus) is retained at 

acceptable and controllable values up to the melting temperature Tm, see figure 1-2 below.  
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Fig. 1-2: LogE vs. T(emperature), showing the difference between amorphous and 

   semi-crystalline polymers 

 

At ambient and higher temperature, polymers such as PE and PP, are above Tg, hence 

not anymore in the (brittle) glassy state and, moreover, the stiffness (E-Modulus) can 

be tuned by the chemical structure. For example, via copolymerization the degree of 

crystallinity, and hence the stiffness, can be lowered, albeit in conjunction with a 

lower Tg and Tm. 

 

1.3 Crystallization Theories 

 

The detailed observations on nucleation and growth rate, notably the morphology and 

structure of solution-grown PE single crystals, stimulated the developments of 

polymer crystallization theories. These theories have formed the basis of our present 

understanding of polymer crystallization. Various models have been proposed to 

explain the crystallization behavior of polymers, notably to explain the faceted growth 

in solution-grown crystals and the inverse relationship between the degree of 

supercooling and the fold-length, viz. the crystal thickness decreases upon lowering 

the crystallization temperature. 

 

  4.0 
 

  Tg  Tm 

  1.0 

  2.0 

  3.0 

  logE 

Amorphous 

Semi-crystalline 
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The obvious question is, why do polymer chains fold upon crystallization instead of 

forming extended chain crystals? As indicated schematically in figure 1-3 below, an 

easy answer is that the kinetic energy barrier towards folded-chain crystals is lower 

and, consequently, occurs at a faster rate in comparison with the formation of 

extended chain (EC) crystals, viz. crystallization is controlled by kinetics. 

 

 
 

Fig. 1-3: Folded-chain (FC) vs. Extended-chain EC) crystallization 

 

As a consequence, the Gibbs free energy G of folded-chain crystals is higher than in 

the case of the equilibrium extended-chain crystals, and they will melt accordingly at 

a lower temperature as shown in figure 1-4. 

 

 
Fig. 1-4: G-functions vs. T. GL = Gibbs free energy of the liquid phase 

 

G 

GL 
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GEC 

Tm Tm
o T 

EC 
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In the case of polymer crystals, we have to differentiate between the equilibrium 

melting temperature Tm
0 and the actual melting temperature Tm, which is dependent 

on the fold length or crystal thickness, as discussed below.  

 

Before discussing in more detail some current models, the various parameters will be 

introduced. In general the thermodynamic driving force for crystallization ∆G = GL –

GEC at crystallization temperature Tc, is given by: 

 
∆G = ∆H – T ∆S                                                                                             (1) 

 
at the equilibrium melting temperature, Tm

0 , ∆G = 0 and 
 

Tm
0 = ∆H/∆S                                                                                                  (2) 

 
Substituting (2) into (1) gives: 

 
∆G = ∆H (Tm

0 – T)/Tm
0                                                                                    (3) 

 
Or at a particular crystallization temperature Tc, the driving force for crystallization 

can be approximated as: 

 
∆G = ∆H ∆T/ Tm

0 with ∆T = Tm
0- Tc (4) 

 

 

1.3.1 Surface nucleation model 

 
In the surface nucleation model as proposed by Hoffman. et al. [10], the deposition of 

chains segments is considered step by step. For the addition of the first stem with 

length c, the free energy gain is - a0b0c∆Gv, in fact the volume of the 1st stem times 

the Gibbs free energy change (GL-GC) per volume. The additional surface is 2b0 c and 

the increase in surface free energy is 2b0cσ, see figure 1-5 below.   

 
Since c is the running parameter, we put the average value <c> in equation 5.  
 
1st stem: ∆G1 =  -a0b0<c>∆Gv  +2b0 <c> σ  = (2b0σ - a0b0∆Gv ) <c>             (5)
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Upon the addition of the 2nd stem, a fold is created with surface 2a0b0 and the 

additional surface energy is 2a0b0σe where σe is the surface free energy per unit area 

of the fold plane. 

 

2nd stem:  ∆G2 = - a0b0<c> ∆Gv  + 2a0b0σe  =  (2σe - <c> ∆Gv) a0b0  (6) 

 

For the subsequent stem incorporation the change in overall Gibbs free energy is the 

same, or: 

 
ith stem:   ∆Gi = - a0b0<c> ∆Gv  + 2a0b0σe =  (2σe - <c> ∆Gv) a0b0 (7) 
 
 
 

 
 

Fig. 1-5:  Addition of stems, 3-dimensional and 2-dimensional representation 

  1st stem: additional surface  2b0 <c> 

  2nd stem: additional surface 2a0b0 
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In this simple surface nucleation model, 3 situations can be distinguished, see also 

below figure 1-6: 

 

1. The term (- a0b0<c> ∆Gv  + 2a0b0σe) or  (2σe - <c> ∆Gv) a0b0 = 0  

In that case no netto gain in Gibbs free energy is obtained, see figure 1-6 

below. In fact the energy to form a fold is just compensated by the gain in 

free energy of adding the next stem. 

 

2. The term (2σe - <c> ∆Gv) = < 0 or <c>  is < 2σe/∆Gv 

In that case, the Gibbs free energy is increasing. 

 

3. The term (2σe - <c> ∆Gv) = > 0 or <c>  is > 2σe/∆Gv 

In this case, after the 1st stem, the Gibbs free energy decreases continuously. 

 

 

Fig. 1-6:  Gibbs free energy balance ∆G vs. stem addition 

 

In conclusion, stable crystal growth only proceeds if: 

 

 <c> is > 2σe/∆Gv      (8) 

 

Under steady state conditions , the kinetic model by J. Lauritzen and J. D. Hoffman 

(10) predicts: 
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 <c> = 2σe/∆Gv + kT/2b0σ[(4σ/a0 - ∆Gv)/(2σ/a0 - ∆Gv)]  (9) 

 

or <c>  = 2σe/∆Gv + δl = 2σe.Tm
0/∆H ∆T + + δl                       (10) 

 

The term δl is stabilizing the crystals, and at low supercooling the additional term δl is 

small and can be neglected. At large supercoolings, however, this term goes to infinity 

when   2σ/a0 = ∆Gv or using the approximation in equ. (4), when 2σ/a0 = ∆H ∆T/Tm
0

.  

 

According the simple surface nucleation model, the average fold length <c> decreases 

initially with increasing supercooling, viz. decreases with decreasing supercooling, 

and increases at very large supercoolings. This “upswing” has never been observed 

experimentally. The reason is that with increasing supercooling the kinetic barrier for 

crystal growth because small and multiple nucleation will occur on the crystal surface 

leading to surface roughening, instead of faceted crystal growth. Consequently, this 

simple model is only able to explain chain-folded crystallization in a limited 

temperature domain.  

 

The classical experiments by Sadler showing the occurrence of ‘rounded faces’ and 

‘leaf-shaped’ morphologies of a polymer crystal can also not described by the surface 

nucleation theory. The multitude of possibilities to attach the molecules to the growth 

front should not be neglected. The experiments with low molecular weight materials 

by Sadler [11-13] led to the introduction of the entropy barrier model. It was proposed 

that there is a thermodynamic driving force for roughness arising from a surface 

entropy contribution, leading to the surface roughness on a microscopic scale. 
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1.4 Melting of polymer crystals 

 
Folded-chain crystals are metastable and melt below the equilibrium melting 

temperature Tm
0, see figure 1-4. 

 

The determining factor is the relatively small dimensions of the crystals in the chain 

direction, 10 – 30 nm, and, consequently, the surface free energy plays an important 

role (surface to volume ratio is high). 

 

Due to the surface (free) energy, the G-value for folded-chain crystals is higher 

compared with perfect extended-chain crystals, or expressed in simple 

thermodynamics. At a temperature T below the melting temperature Tm (see Fig. 1-4): 

 
GFC = GEC +  ΣσiAi  = GEC + 2abσe  + 2bcσ  + 2acσ    (11) 

 
With reference to the Liquid state: 

     
GL – GFC = GL – GEC + 2abσe  + 2bcσ  + 2acσ   (12) 

 
At the melting temperature Tm:   GL – GFC   = 0 

GL – GEC   at Tm = ∆H (Tm
0 - Tm)/ Tm

0 and    (13) 
 

∆H (Tm
0  - Tm)/ Tm

0  = - 2abσe  - 2bcσ  - 2acσ   (14) 
 
or 

Tm  = Tm
0  [1 - 2abσe/∆H  - 2bcσ/∆H - 2acσ/∆H]   (15) 

 
Normalising per unit volume = dividing by abc 
 

Tm  = Tm
0  [1 - 2σe/c.∆H  - 2σ/a.∆H - 2σ/b.∆H]   (16) 

 
Usually, a and b >> c 
 

Tm  = Tm
0  [1 - 2σe/c.∆H]      (17) 
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Fig. 1-7:  Single crystal, schematic representation    
 

The average fold length and, consequently, the thickness of lamellar crystals 

decreases with increasing supercooling. If a plot is made of the melting temperature 

Tm vs. the crystallization temperature Tc, then the intercept at Tm = Tc is the 

equilibrium melting temperature Tm
o. This is the so-called Hoffman-Weeks plot.  

Since <c> is inversely proportional to Tc, the extrapolation is for infinite thick 

crystals,.   

 

 

Fig. 1-8: Hoffman-Weeks plot; Tm
o is T∞. 
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1.5 Crystallization and melting behavior in solutions 

 

In the presence of solvents, the melting point of crystalline polymers will be 

decreased, depending on the quality of the solvent. According to general 

thermodynamic principles, when two crystallizable components are mixed, a eutectic 

point should be observed, see Figure 1-9 below. In the case of polymer systems, a 

eutectic point is only observed when the melting temperature of the solvent is not too 

far below the melting point of the polymer as discussed originally by Paul Smith [14] 

in his Ph.D. thesis. However, crystallization experiments with polymers from dilute 

solutions, notably polyethylenes, are usually performed with solvents with a high 

boiling point but low melting point such as xylene, decalin etc. and no eutectic point 

is observed in that case. 

 

The dependence of the melting point or dissolution temperature can be described with 

the Flory-Huggins equation as follows: 

 

1/Tm  - 1/Tm
0 =(R/ ∆Hm)Vu/Vl[Φ1 -  χΦ1

2]    (18) 

 

In equation (18), Tm is the melting point or dissolution temperature in the presence of 

solvent, Tm
0 is the equilibrium melting temperature, ∆Hm is the heat of fusion per monomer 

unit, Φ1 is the volume fraction of solvent and χ the Flory-Huggins interaction parameter. 

 

Equation (18) applies strictly to thermodynamic equilibrium conditions, hence refers 

to the melting point depression with respect to thermodynamic perfect crystals 

(extended chain crystals) with melting point Tm
o. In the case of folded-chain crystals 

the values for Tm will be lower. Another complicating issue is that the Flory-Huggins 

theory does not apply to dilute solutions. In the case of growing single crystals, dilute 

solutions is a prerequisite to grow well-defined single crystals. 

 

The issue in the case of crystallizing from dilute solutions is:  what is the 

thermodynamic driving force, or equivalent, what is the supercooling? This issue has 

been addressed by Berghmans recently. He observed that in the case of dilute PE 
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solutions, the melting (dissolution) temperature Tm is invariant with the concentration, 

even in the case of extreme dilution. In other words, if a crystal suspension of PE is 

heated, the dissolution temperature is constant, independent of the amount of solvent 

surrounding the dissolving crystal!! The explanation is that when a crystal melts, it 

melts in its local surrounding with a local concentration determined by the internal 

concentration of the individual polymer molecule. Assuming a random coil 

conformation of the dissolved molecule and theta conditions, the polymer concentration 

of an individual chain will be appr. 0.5 – 1%. Consequently, in this view, melting but 

also crystallization from dilute solutions is locally at a constant concentration. 

21

CRYSTALLINE GELS: THERMODYNAMIC ASPECTS OF TWO COMPONENT SYSTEM

TEMPERATURE-CONCENTRATION PHASE DIAGRAM
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Fig. 1-9: Phase diagrams of a mixture of two crystallizable components with a small 

difference in melting temperature (above) and a polymer and solvent (below, 

from H. Berghmans, lecture notes RPK Module-C, June 2004).
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1.6 Morphological details and outstanding issues of polymer   

crystals 
 

1.6.1 Current view of Morphology and chain arrangement in polyethylene (PE) 

crystals 

 

In the previous sub-chapters, polymer crystallization has been “explained” in terms of 

a kinetic model leading to chain folding and with a crystal thickness inversely 

proportional to the degree of supercooling. The melting behavior of polymer single 

crystals is completely different from low molar mass substances, the actual melting 

point Tm is dependent on the crystal thickness. 

 

The model of folded-chain crystals as depicted in Fig. 1-10, however, is 

oversimplified. When PE single crystals grow in dilute solutions, they adopt a three-

dimensional pyramidal shape as shown recently and convincingly by Toda et al. [16]. 

The single crystals adopt a flat shape when they collapse on a solid surface. PE chains 

fold themselves into thin lamellae along the growth face, forming a lozenge shape 

with four (110) sectors or a truncated-lozenge shape with four (110) sectors and two 

additional (200) sectors. The presence of the folds introduces a structural complexity 

in polymer crystals that is not found in crystals of low molar mass materials. The 

orientation of the folds at the surfaces, i.e., the orientation of the fold planes, may vary 

from one region of the crystal to another even though the lattice in the bulk of the 

crystal is continuous. Regions, consisting of portions of a crystal in which the fold 

planes have a common orientation, are termed fold domains. In flat crystals, the 

individual fold domains will be distinguishable only if the orientation of the folds can 

be measured. In PE single crystals collapsed on the substrate, two modes have been 

suggested: (1) flattening without any plastic deformation leading to tilting of polymer 

chains, and (2) plastic deformation without orientation change of straight chain 

segments [17-23]. 
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The essential feature of polymer crystals is that the molecules fold back and forth to 

form the crystal. Based on the previous experimental observations on polymer crystals 

grown from solution and melt, two simple concepts of fold organization have been 

suggested: the ‘adjacent re-entry’ of chains [24] and the random re-entry or so-called 

‘switchboard’ concept [25]. The former describes a regular organization of the chain, 

in which the chains fold themselves parallel to the growth front (Fig. 1-10a). 

However, this concept is over-simplified, because it neglects defects such as 

dislocations and entanglements. In contrast, in the latter concept (Fig. 1-10b) polymer 

chains form short and long loops, which lead to a more irregular fold surface. Though 

several experimental observations [26-28] and computer simulations [29] indicate that 

the adjacent re-entry of the chain is dominant, the presence of loops, and especially 

long loops should always be considered.  

 

    

(a) 

        

(b) 

 
Fig. 1-10: Sketches of the fold surface organization: (a) adjacent re-entry and (b) 

switchboard. 

 

1.6.2 Annealing and melting behavior of PE crystals 

 

In the classical surface nucleation theory, as discussed above, the fold length is 

assumed to be inversely proportional to the degree of supercooling and constant at a 

particular crystallization temperature Tc. However, it has been observed experimentally 

that isothermal thickening can occur during crystallization from the melt.  

 

Lamellar thickening occurs not only in the formation process, but also in the 

annealing process of solution-grown PE single crystals. The thickness of a given 
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crystal increases only upon annealing at temperatures close to but below the melting 

temperature, whereas at lower annealing temperatures no changes are detected by 

small-angle X-ray scattering (SAXS) [30-32]. The crystal thickness and its solubility 

temperature increase substantially as the temperature increases, and cavities are 

observed in the crystals (the so-called Swiss cheese morphology) [33, 34]. SAXS 

studies also indicate a time dependent increase of the lamellar thickness. 

  

From many experiments it has emerged that the overall thickness of melt-crystallized 

lamellae increases with increasing annealing temperature. A logarithmic increase in 

lamellar thickness with annealing time has been reported at a constant annealing 

temperature. This behavior can be associated with additional crystallization of 

amorphous portions at the lamellar surfaces, mass transport within the crystal (point 

defects), or partial intra-chain rearrangement (perfection) of the molecule only 

without coordinated displacement of a molecule as a whole along its molecular chain. 

The last can be described as ‘fold dislocation’ [35] and is related the quantum increase 

in lamellar thickness. In the case of nylon single crystal mats [36, 37], the doubling 

and quadrupling of lamellar thickness were observed above a threshold temperature. 

This process is schematically shown in Fig 1-11. The fold a is assumed by folds b and 

c in their drive to a larger fold length, which leads to a point defect called as ‘fold 

dislocations’. Further steps of the refolding process represent shift of the dislocation 

point along the chain. Whenever fold a leaves the original lamellar surface, the 

dislocation energy may be largely regained and thickening is with the initial fold-

length doubled. The initial fold surface structure will be of importance for the 

generation of fold dislocations, probably through buried folds [35, 36].  

 

 
Fig. 1-11: Schematic drawing of successive stages of the fold increase of single crystals on 

annealing. (from ref. [36])  
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On the other hand, a new mechanism was suggested by Rastogi et al. [37] to explain 

the observed lamellar thickening of only quantum doubling: above the �-relaxation 

temperature, the thermodynamic driving force for lamellar thickening, necessary to 

minimize the surface free energy, will cause the chains to slide within the lamellae. 

The sliding chain within one lamella will push the chain into the adjacent lamella, as 

indicated in Fig. 1-12. The cooperative slide motion of the chains between two 

adjacent lamellae along the crystal lattice leads to the generation of the doubled 

lamellae. Once the lamellae have been doubled, the polymer chains get mutually 

entangled at the surface and further thickening via mutual chain rearrangement 

between the adjacent lamellae can not occur.   

 

 
Fig. 1-12: Schematic drawing of lamellar doubling in the regularly stacked adjacent 

lamellae on annealing. (from ref. [37]) 

 

Moreover, the increase in lattice disorder can be caused by the sedimentation 

procedure of solution grown PE single crystal. The single crystals grew as hollow 

pyramids, when sedimented, settled with various degrees of tilt of the chain axis 

relative to the substrate. Thus, annealing of the crystals causes stress relief within and 

between lamellae. More details of the morphological changes during annealing were 

obtained by microscopic techniques such as TEM [33]. A non-uniform thickening of 

the remaining lamella upon annealing was found. The craterlike cavities with 

pronounced edges, thicker than the initial lamellae, were observed irrespective of the 

pressure used. The rims of the holes are about twice as thick as the initial lamellae. 

The holes are located mostly along lines running approximately parallel to the b-axis 

or in a �130� direction, which could be related to corrugation edges [38]. 

 

Two different viewpoints have been put forth to explain these morphological 

observations as well as the thickness variations. On the one hand, it has been proposed 

that folded chain single crystals maintain their regular organization during annealing. 



20                                                                                                                         Chapter 1 

  

Therefore, for the thickness to increase, the polymer chains must possess an 

extraordinarily high and coordinated mobility within the single crystal [39-41]. In 

contrast, thermodynamic arguments have indicated that, small crystal size in the chain 

direction, melting or partial melting followed by re-crystallization from the molten 

state should take place during annealing. The direct evidence supporting this 

mechanism is the observation of ‘picture frame’ of solution-grown polyethylene 

single crystals upon annealing in solution or in air [30-32, 42]. Although the 

annealing behavior of single crystals has been a subject of numerous studies, the 

details of the annealing mechanism are still not well understood. 

 

1.7 Aim and scope of this thesis 

 

Solution-grown PE single crystals, as a model system, have been studied extensively 

by spectroscopy and several microscopy techniques. These studies provided the basis 

for polymer crystallization theories and the understanding of structure-performance 

relationships. In the present study we aim at understanding the organization and re-

organization behavior in PE single crystals using the powerful technique of Scanning 

Probe Microscopy (SPM) combined with other techniques. In this thesis, advanced 

SPM techniques are applied to study the formation, annealing, and melting of 

solution-grown PE single crystals. In-situ observations have been performed to 

further understand polymer single crystals and crystallizations. 

 

Transmission electronic microscopy (TEM) is a powerful technique as such to 

visualize the morphology of individual crystal in detail and to gain local structural 

information by means of electron diffraction (ED). The main drawback of TEM is the 

sample damage caused by the interaction of the primary electron beam with the 

polymer crystal. Therefore, TEM is not a suitable technique to follow dynamic 

changes of INDIVIDUAL crystals during in-situ experiments. Using single crystal 

mats consisting of a multitude of individual crystals, the average thickness of the 

crystals and the stem length can be determined by SAXS and Raman spectroscopy. 

Even though these techniques can be used to follow AVERAGE dynamic structural 
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changes of the crystals, they cannot provide DIRECT information on INDIVIDUAL 

single crystals during temperature- or time-dependent experiments. 

 

In Chapter 2 a systematic description of the experimental set-up is given. 

 

In Chapter 3 the growth kinetics of solution-grown PE single crystals is studied on the 

basis of UHMW-PE and linear PE. 

 

In chapter 4 the annealing behavior of solution-grown PE single crystal is revisited 

extensively by SPM: the mobility of polymer chains leads to lamellar thickening at 

temperatures slightly above crystallization temperature; the initial organizations of 

polymer chains in single crystals lead to the ‘saw-tooth-like’ picture frame with a 

defined edge orientation; the ‘lamellar doubling’ is directly observed by SPM. 

 

In chapter 5 the melting of solution-grown PE single crystal is reported: PE can melt 

and re-crystallize at a high temperature (130 °C); the polymer chain with short fold 

stem in the (200) sectors than in the (110) sectors lead to these sectors pre-melting; 

and the melting temperature of single crystals defined by micro-thermal analysis 

(SThM) has a dependence on crystal thickness.   

 

In short, the techniques mentioned above are very helpful tools for structure and 

morphology determination of single crystals, but these techniques cannot be used to 

follow dynamic changes of INIDIVIDUAL single crystals during in-situ annealing 

experiments. Therefore, local or temporary variations, different with the average 

morphology and structure evolution, of individual crystals are less or even not 

identified. It is our purpose to introduce two state-of-art microscopy techniques, 

namely low voltage scanning microscopy (LV-SEM) and SPM, for the DIRECT 

visualization of INIDIVIDUAL polymer single crystal with nanometer resolution. It 

will also be demonstrated that SPM offers distinct advantages over the other 

techniques for in-situ DIRECT observation of dynamic organization and re-

organization processes in polymer single crystals. 
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Chapter 2 

Experimental, sample preparation and techniques 

2.1 Preparation of polyethylene solution-grown crystals 

2.1.1 Materials 

 
The materials used in the present studies were linear polyethylenes, PE, and are listed 

in table 2-1.  

 

Table 2-1: Characteristics and origin of the linear polyethylene samples. <Mw> and <Mn> 

are the weight-average and number-average molecular weight, respectively. The 

samples suppliers are a: Phillips Petroleum Company, USA; b: Ruhrchemie 

(Ticona), Germany; c: Institute of Technical and Macromolecular Chemistry, 

University of Hamburg, Germany; and d: National Institute of Standards and 

Technology (NIST), Gaithersburg, USA. 

 
 

2.1.2 Preparation of solution-grown polyethylene single crystals 

 

The process of crystallization can be divided in two steps: nucleation and growth. For 

the preparation of polyethylene single crystals from solution, within experimentally 

acceptable time scales, the limiting factor is the nucleation step. To increase and to 

control the nucleation rate, the preparation technique of seeding or self-seeding has 

been developed [1]. Using a smart pre-treatment of the solution before initiating the 

PE <Mw>    <Mn>    Supplier   

Linear     96 K  85 K     Phill. Petroa  
Linear 201 K   170 K     Phill. Petroa 

Linear 100 K     99 K Phill. Petroa  

   UHMW-PE  4000 K   800 K Ruhrchemieb 
Linear    4 K    2 K 
Linear   112 K   102 K      NISTd 

Linear   264 K   246 K     NISTd 
Linear     32 K     28 K     NISTd 

     Hamburgc 
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crystallization process, the start conditions for crystal growth can be accurately 

controlled. In general, a solution is heated up above the dissolution temperature of the 

polymer, then quenched to a rather low temperature where first crystallization starts 

(the solution becomes cloudy), heated up again, close to the dissolution temperature 

(TDis), where the solution becomes visibly clear again but small residual parts of the 

crystals remain, and subsequently quenched to the desired crystallization temperature. 

The crystal remnants act subsequently as nuclei. 

 

It is important to know that temperatures commonly used for seeding depend on the 

molecular weight and concentration [1-3]. With increasing molecular weight and/or 

concentration the suitable seeding temperature increases. Some data for a fixed PE 

concentration of 0.01 wt.-% are listed in table 2-2. However, in practice a whole 

temperature range of several degrees can be used for successful seeding of nuclei. 

 

Table 2-2: Seeding temperatures (Ts) as a function of molecular weight (from refs. [1-3]).  

 

 
 

In the present study, polyethylene single crystals have been prepared from dilute 

xylene solution by varying systematically Ts for a given molecular weight, solvent 

and concentration. Dilute solutions with a concentration of 0.1-0.001 wt.-% for 

medium molecular weight PE and 0.0001wt.-% for ultra high molecular weight PE 

(UHMWPE) are applied throughout the whole study. 

 

<Mw> <Mn> Ts ( °C ) Solvent 

16 K 
   25 K 
   62 K 
   84 K 
 135 K 
 135 K 
 135 K 
 135 K 
186 K 

 451 K 

  15 K 
  24 K 
  59 K 
  80 K 

168 K 
415 K 

95.7  
96.1  
97.4  
97.6  
106  
98.3  
93.3  
100 
99.5 

100.5  

Xylene 
Xylene 
Xylene 
Xylene 
Xylene 

p-Xylene 
Decalin 
Xylene 
Xylene 
Xylene 
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A typical preparation route was as follows: a PE/xylene solution (in some cases also 

other solvents were used) was obtained by dissolving PE into the hot solvent at a 

temperature slightly below the boiling temperature (Tb) of the solvent. The hot 

solution was transferred to an oil-bath, which had a temperature TC1, and held for 2 

hours for the pre-crystallization, a crystal suspension in solvent is obtained. Then it 

was heated to Ts with a heating rate of 10 °C/min and held for 15-20 min. to form 

stabilized and uniform nuclei, consisting of remnants of the crystals. Subsequently, 

the solution was transferred to another pre-heated oil bath having a temperature TC2, 

which was the temperature for isothermal crystallization. A typically preparation 

sequence is described in Fig. 2-1a.  

 

Sometimes a so-called ‘pseudo self-seeding’ technique was applied for the 

preparation of crystals. In this case, the seeding temperature was above the dissolution 

temperature, Ts>TDis (Fig. 2-1b). 

 

     
Fig. 2-1: Typically temperature treatment to form single crystals. (a) Common self-seeding 

procedure with TCL<Ts<TDis; (b) the so-called pseudo self-seeding procedure with 

TDis<Ts<Tb. Tb: Boiling temperature; Ts: self-seeding temperature; TCL: ‘cloud-

point’ temperature where the cloud-like crystals disappear; TC1: the temperature of 

first-crystallization with the appearance of the cloud-like crystals; TC2: isothermal 

crystallization temperature; and TDis:  dissolution temperature. 

 

For the measurements of the crystals growth, the crystals were removed from the 

solution at different crystallization times (minutes to days and weeks) by simply 

dipping freshly cleaved mica or small silicon wafer pieces in the solution followed by 

subsequent drying the samples in a vacuum oven at 40 °C for 24 h. The substrates 

Time 

T 
(°C ) Tb (10 min) 

TDis 

TCL 

TC2 

TC1 (2 h) 

(b) 

Ts (15-20 min) 

Time 

T 
(°C ) Tb (10 min) 

Ts (15-20 min) TDis 

TCL 

TC2 

TC1 (2 h) 

(a) 
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used were pre-heated by immersing in a fresh solvent, which had a temperature 

similar to the crystallization temperature (TC2). This procedure was chosen to prevent 

the formation of non-isothermal crystallization of the remaining crystals in the 

solution due to the introduction of a cold substrate. Some of the samples were 

annealed after deposition on the substrates. 

 

In addition, the so-called isochronous decoration method was used to prepare PE 

single crystals as originally developed by Dosière et al. [4-6]. Using this method the 

crystallization temperature was changed in a controlled way during the crystal growth, 

as shown in Fig. 2-2. A typical temperature transition time was ~ 10 s. After 

crystallization, the single crystal suspension was quenched to room temperature. 

Then, droplets of the solution were transferred onto the glass, silicon wafer or mica 

for microscopic investigations as described below. 

  

(a) 
TDis 

  

(b) 
TDis 

 
Fig. 2-2: Temperature vs. time profiles of the two used isochronous decoration procedures. 

 

Next to crystallization from dilute solutions, viz. below the overlap concentration, 

also single crystal mats have been prepared based on ultra-high molecular weight, 

UHMW-PE, (Ruhrchemie samples) by dissolving the polyethylene at 135 °C in 

xylene. To avoid air bubbles in the mats, the solvent was degassed and flushed with 

nitrogen gas to prevent oxidation. The polymer concentration was 1 wt.-%. After 

dissolution, the hot solution was quickly transferred to an aluminum tray and left to 

cool slowly under quiescent conditions. Upon cooling, a gel was formed and the wet 

gel was stapled onto a cardboard to prevent lateral shrinkage. The gel was left to dry. 

This process took about 1 week, and we anticipate no xylene was left in the dried gel. 

The dry mats thus formed were subjected to the experimental investigations. 
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2.2 n-alkane decoration 

 

Some of the single crystals were decorated with n-alkanes following the route as 

developed by Lotz. et. al. [7] and [8]. A detailed sketch of the set-up can be found in 

figure 2-3. 

 

 
Fig. 2-3: Sketch of the n-alkane decoration set-up. 

 

For this decoration technique, polyethylene is decomposed in vacuum and the 

fragments, viz. alkanes, are deposited on the surface of polyethylene single crystals. 

For decoration a linear polyethylene sample was used possessing a weight-average 

molar mass of ~ 55 K and <Mw>/<Mn> ~ 4.5. A small piece of this material was 

placed on a Ω-type wire in the evaporator. A vacuum below 5×10-5 mbar, a voltage of 

20 V and a current of 30 A were used to uniformly decompose polyethylene. 

Moreover, a 15 cm distance between the sample and the wire in the vacuum 

evaporator was chosen to avoid possible surface melting of the PE single crystals. 

Using this set-up the resulting n-alkanes had condensed on the surface of the single 

crystal and formed rods by crystallization. The decoration was performed at room 

temperature. After decoration, and in the preferred case, the rods were aligned and 

form specific patterns, which may reflect the local organization of the fold surface of 

the crystal. 

 



30                                                                                                                       Chapter 2 

  

Based on many TEM studies the alignment mechanism can be best demonstrated 

looking at the sketch in Fig. 2-4a: the first condensed n-alkanes are considered as 

units searching for their most favorable conformation and orientation on a fairly rough 

surface (at the chain diameter scale). Since ditches or furrows exist on the surface of 

the single crystals, which are formed by folds, loops, cilia, etc., the n-alkane chains 

align parallel, rather than at an angle, to them. Subsequent accretion of the following 

n-alkane molecules results in the formation of oriented nuclei, and finally, of the rods. 

 

 

(a) 

   

(b) 

 

Fig. 2-4: (a) Schematic representation of the substrate crystal, the orientation of the 

decorating n-alkane rods, and their relative crystallographic orientation (from ref. 

[8]); (b) high magnification height-contrast image, own experiments, shows  the 

orientations of n-alkane rods decorating two (110) sectors, scanning size is 3.0 µm 

× 3.0 µm and height grey-scale is 10.0 nm. 

 

2.3 Atomic force microscopy (AFM) 

 

Since the invention of the Scanning Tunnel Microscope by Binning et al. [9] a whole 

family of scanning probe techniques has been developed. As one of these techniques 

Atomic Force Microscopy (AFM) is being widely applied for the characterization of 

polymer systems. The basic principle of AFM is that a tip located at the free end of a 
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cantilever is scanned in the proximity of or in contact with a surface, measuring local 

(attractive or repulsive) forces between the substrate and the tip, which cause the 

cantilever to bend or deflect, respectively. The intensity fluctuations of a laser beam, 

reflected from the surface of the cantilever, is measured by a detector as the tip scans 

over the sample, or the sample is scanned under the tip. The measured cantilever 

deflections allow a computer to generate a map of surface topography. Two classical 

operation methods of an AFM are contact mode and intermittent-contact mode. 

 

2.3.1 Contact mode and intermittent-contact mode 

 
In contact mode, also known as repulsive mode, an AFM tip makes soft "physical 

contact" with the sample. The tip is attached to the end of a cantilever with a low 

spring constant, lower than the effective spring constant holding the atoms of the 

sample together. As the scanner gently traces the tip across the sample (or the sample 

under the tip), the contact force causes the cantilever to bend accommodating changes 

in topography of the substrate surface. Since the tip does touch the substrate surface 

during scanning, high resolution and stable images can be obtained. However, the 

surface structure of the substrate is easily destroyed, especially when measuring soft-

materials, such as biological samples or polymers. 

 

In contrast, using intermittent-contact mode, the total force between the tip and the 

sample in the intermittent-contact regime is very low, generally about 10-12N. This 

low force is advantageous for studying soft or elastic materials. The system vibrates a 

stiff cantilever near its resonant frequency (typically from 100 to 400 kHz) with 

amplitude of a few nanometers. Then it detects changes in the resonant frequency or 

vibration amplitude as the tip comes near the sample surface. The sensitivity of this 

detection scheme provides sub-nanometer vertical resolution in the image, as in 

contact mode. By keeping the resonant frequency or amplitude constant, the system 

also keeps the average tip-to-sample distance constant. As in contact mode, the 

motion of the scanner is used to generate the data set. 
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2.3.2 In-situ AFM observation at real temperature 

 

Most of the AFM studies related to the development of the morphology in polymer 

systems are performed at room temperature [10-12]. Recently, some appealing 

investigations have shown that using intermittent-contact mode AFM equipped with a 

hot stage it is possible to follow e.g. the crystallization of a semi-crystalline polymer 

from the melt in-situ [13-17]. However, the continuous capturing of the dynamic 

morphological evaluation remains a challenge, since the tip can influence the 

crystallization behavior, e.g. nucleation, and upon melting the material becomes 

softer. 

 

2.3.3 AFM measurements 

2.3.3.1 Ex-situ annealing experiments 

 

Some investigations of the morphology evolution with increased temperature were 

performed ex-situ, which means that the annealing procedure and the AFM 

measurements were separately performed. In figure 2-5 a sketch of the procedure used 

is shown. 

 

Fig. 2-5: Sketch of the ex-situ annealing procedure. 

 

In detail, the mica substrate with the deposited PE single crystals was scratched with a 

scalpel to facilitate the repeated searching of the same sample area by means of the 

optical microscope, which was integrated in AFM. Further position refinement of the 

analyzed single crystals was performed by AFM imaging using the coordinates of 
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some characteristics landmarks and the features and orientations of the single crystals 

on the substrate. In the interval of two successive AFM investigations, the specimens 

were placed on a Linkam (Linkam Scientific Instruments, KT20 5HT, UK) heating 

stage for isothermal annealing at various temperatures and for different times. For 

annealing time dependent experiments the annealing temperature was kept constant at 

different temperatures, and the annealing time was chosen between seconds to 

minutes and hours. The temperature of the Linkam heating stage was calibrated using 

standard test materials, such as Azobenzol (Tm=68 ºC), Acetanilid (Tm=115 ºC), 

Phenacetin (Tm=135 ºC), Benzanilid (Tm=163 ºC) and Salophen (Tm=190 ºC). The 

AFM used was a Dimension 3100 from Digital Imaging, Santa Barbara, USA. The 

AFM was operated in intermittent-contact mode using gold-coated silicon cantilevers 

of the types NSC10S and NSC01S (NT-MDT Ltd., Moscow, Russia), which had force 

constants of 5-22.5 N/m and 2.5-10 N/m, and typical resonant frequencies of 190-325 

KHz and 120-190 KHz, respectively. The AFM had been calibrated using a 25 nm 

height standard grating produced by NT-MDT Ltd., Moscow, Russia and the 

previously mentioned temperature standards. 

 

2.3.3.2 In-situ annealing measurements at real temperature 

 

In-situ AFM investigations, so direct measuring during heating/annealing, of the 

morphology evolution of PE single crystals were performed using a Smena P47H 

(NT-MDT Ltd., Moscow, Russia), which was specially designed for scanning force 

microscopy measurements in a controlled environment, and which was equipped with 

a hot-stage. The hot-stage was controlled to a temperature stability of better than 0.1 ºC. 

The symmetric design of the hot-plate fixation greatly reduces vertical expansion or 

contraction, leading to a low thermal drift during AFM imaging. 

 

The AFM was operated in intermittent-contact mode in air using silicon cantilevers 

with spring constants k of 11-15 N/m (NT-MDT Ltd., Moscow, Russia), which were 

coated with a gold layer for higher laser beam reflectivity. Typical resonance 

frequencies were in the range of 210 - 230 kHz, thus the probe was able to overcome 

the adhesive tip-sample interaction, when the tip scans over polymer samples near to 



34                                                                                                                       Chapter 2 

  

their melting temperature. The AFM had been calibrated using a 25 nm height 

standard grating produced by NT-MDT. Ltd., Moscow, Russia. 

 

Lamellar thickness data presented in this study are the average of at least five 

thickness measurements (cross sections) per single crystal. At least five different 

single crystals prepared from at least two different solution batches of similar 

treatment have been investigated for each data point. The total error in thickness was 

calculated to be below 4%. 

 

2.3.4 Atomic force acoustic microscopy (AFAM) 

 

Atomic Force Acoustic Microscopy (AFAM), as a member of the dynamic atomic 

force microscopy modes family, is introduced to discern local elastic data 

quantitatively by evaluating the cantilever vibration spectra at ultrasonic frequencies. 

AFAM images can be obtained, in which the contrast depends on the elasticity of the 

sample surface [18-21]. 

 

When the sensor tip was brought to approach a sample surface (as shown in Fig. 2-6), 

the tip-sample interaction modify the boundary conditions of the vibrating cantilever, 

leading to some change of the resonance frequencies and the damping constant, like 

normal scanning force microscopy. However, the constant resonance vibrations are 

excited by an ultrasonic transducer, which emits longitudinal acoustic waves into the 

measured samples. Out-of-plane vibrations of the sample surface are transmitted into 

the cantilever via the sensor tip. An external frequency generator provides a stable 

sinusoidal excitation of a piezoelectric transducer coupled to the backside of the 

sample. 

 

Figure 2-6 demonstrates the working principle of the AFAM mode. The frequency for 

excitation induced by a transducer was selected close to a constant resonance 

frequency, which depends on the shape of the tip and the local elasticity. When the tip 

scans the sample surface, a lock-in output signal was fed into an auxiliary channel of 

the AFM controller, digitized, and displayed as an image [21]. From the obtained 

AFAM images the stiffness of the local sample area can be calculated from the 
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measured contact resonance frequencies of the cantilever. A gold-coated silicon 

contact mode cantilever CSG01 (NT-MDT Ltd., Moscow, Russia) was used in both 

contact-mode and AFAM measuring having a typical resonant frequency of 7-16 KHz 

and force constant of 0.01-0.1 N/m. Their typical curvature radius was ~10 nm. The 

AFM has been calibrated by a 25 nm height standard grating produced by NT-MDT 

Ltd., Moscow, Russia, before all the measuring is performed.  

 

 
Fig. 2-6: Working principle of contact spectroscopy to measure local elasticity. From the 

measured vibration spectra of a cantilever in an AFM, the vertical contact stiffness k* 

is evaluated. The contribution of adhesion forces to the contact stiffness is made small 

by applying a sufficiently high static force on the cantilever so that the Hertzian 

contact forces are dominant (above), principle of the AFAM imaging mode (below) 

(from ref. [21]).  
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2.4 Low voltage scanning electron microscopy (LVSEM) 

 

Some morphology investigations of polyethylene solution-grown single crystals were 

performed using a Philips, now FEI Co. (Eindhoven, The Netherlands) environmental 

scanning electron microscope XL30 ESEM-FEG, which was equipped with a field 

emission electron source, using low voltage mode (LVSEM) and a secondary electron 

detector. The detailed operation principle of LVSEM is described in reference [22]. 

 

The development of LVSEM techniques has been driven by practical applications, 

initially in the semiconductor industry, based on the very different characteristics of the 

electron beam/specimen interaction at low voltages, of acceleration voltages E0~1 keV, 

and despite the reduced performance of electron columns under these conditions. 

Most important for investigation of non-conducting materials such as polymers is the 

ability to produce quality images at low accelerating beam voltages, which minimizes 

beam damage to the sample [23], and affords an operating window where the sample 

does not build up negative charge. At sufficient low voltages the total electron yield 

may reach unity, which may gain enhanced contrast and high resolution in the case of 

non-conductive samples. This obviates the normal requirement to coat samples with a 

conductive layer. Moreover, the penetration depth of primary electrons in polymers 

(mainly carbon) is in the order of a few 10 nm for low acceleration voltages. Thus, 

many more secondary electrons are generated close enough to the surface to escape 

from the sample, which may increase the signal to noise ratio. 

 

To minimize charging and its associated problems, the incident beam energy must be 

carefully chosen to be the so-called value E2 at which the dynamic charge balance is 

obtained. Primary electron energies above E2 result for insulating materials in 

localized negative charge assembly, which drastically reduces or even obstruct image 

quality. For electron incident at energies below E2, and horizontal and flat samples, 

the electron yield is greater than unity. In a conductor, the excess electrons required 

for charge balance are drawn from ground as specimen current. For an insulator, 

positive charging will occur, but because the positive potential leads to recollection of 

secondary electrons emitted from the sample, the extent of the charge is limited. Data 

of E2 for different materials can be measured using a SEM at various accelerating 
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voltages or can be calculated mainly by means of Monte Carlo modeling [24-26]. 

Typical E2 values are: carbon ~0.7 keV, silicon oxide ~2-3 keV, gold ~6-8 keV, 

respectively. Therefore, the choice of appropriate primary electron energy prior to 

observation can minimize the possible irreversible build up of charge-related artifacts. 

Also, at low voltages, the attainable beam current is low, thus minimizing beam 

damage. 

Penetration depths of the primary electrons can be calculated using Monte Carlo 

simulations. For incident electron beam energy of 20 keV, as used for conventional 

investigation, the electron range in a carbon target is in the order of 2 µm; for beam 

energy of 1 keV the electron range in carbon is reduced to approximately 20 nm. In 

case of a gold target, the electron range for 20 keV is 0.5 µm and for 1 keV shorter than 

10 nm, respectively. 

 

     
(a)                                           (b)                                           (c) 

Fig. 2-7: Set of LVSEM images of a 10 nm thin gold film evaporated on a copper grid coated 

with an ultra-thin carbon film, secondary electron detector and different 

acceleration voltages are used: (a) 20 keV; (b) 5 keV; and (c) 1 keV. The contrast 

enhancement of the thin gold layer can be followed best by observation of the hole 

located at the right top of the sample. 

 

To demonstrate the influence of the incident beam energy on surface sensitivity of the 

LVSEM technique, we have performed the following experiment: a 10 nm thin gold 

film was evaporated on a copper grid coated with an ultra-thin carbon film and 

subsequent imaged changing the acceleration voltage from 20 keV to 1 keV. Figure 2-

7 shows LVSEM images of this sample. For the highest acceleration voltage only the 

copper grid can be imaged (Fig 2-7a). Additional sample features become visible by 

lowering the acceleration voltage: a thin film seems to cover the holes of the copper 

grid (Fig 2-7b). For a beam energy of 1 keV the copper grid is hardly visible, the gold 

layer dominates the contrast formation of the image (Fig 2-7c). The contrast 
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enhancement of the gold layer through the accelerating voltage set can be followed 

best by observation of the hole in the coating layer located right top of the sample. 

 

In the present study, PE single crystal samples deposited on mica or silicon wafer 

substrates were investigated using acceleration voltages between 700 V and 1000 V, a 

secondary electron detector, and without any additional sample treatment. 

 

2.5 Differential scanning calorimetry (DSC), high 

performance DSC (HPer-DSC), and scanning thermal 

microscopy (SThM) 

2.5.1 Conventional and HPer- DSC 

 
A Perkin-Elmer calorimeter Pyris-1 was used. The DSC was gallium-calibrated before 

measuring the single crystal samples. Approximately 1 mg of sedimented PE single 

crystals was used for the DSC measurements. The DSC scans were recorded at a 

heating rate of 10 °C/min. The sample chamber was kept under a constant flux of 

nitrogen. 

 

The HPer- DSC measurements have been performed using a modified Perkin-Elmer 

Pyris-1 as developed by Mathot et al. [27]. A mixture of 10% helium and 90% neon 

was used as inert gas atmosphere. The HPer DSC was temperature calibrated using 

zinc, adamantine and 4, 4-azoxyanisole. 0.01 mg to 0.1 mg of sedimented PE single 

crystals was used for the measurements. For both conventional and HPer DSC peak 

melting temperature and calculated melting temperature (temperature at which the 

tangential fit through the endothermic area of the curve crosses the baseline) were 

used for reason of comparison. 

2.5.2 Scanning thermal microscopy (SThM) 

 
The term scanning thermal microscopy or micro-thermal analysis is originally used 

for the localized thermal analysis using a near-field microscopy. In standard set-up, a 

Wollaston wire is used as the probe. This incorporates a resistive thermal element at 
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the end of the cantilever. The arms of the cantilever are made of silver wires. The 

resistive element at the end, which forms the thermal probe, is made from platinum or 

a platinum/10% rhodium alloy (Fig. 2-8) [28, 29]. 

 

 

Wollaston 
Wire 

Platinum 
Filament 

Mirror 

(a)                 
 

 

Fig 2-8: (a) Image of Wollaston probe. The temperature is sensed by the apex of a V-shaped 

~5 µm diameter platinum/10% rhodium wire. Typical values of spring constant are 

in the range of 5-20 Nm-1. The probe can be heated to ~ 1000 °C; (b) Typical 

signals measured during the melting of paraffin crystals: (1) is the sensor/tip height 

position, (2) the difference AC power signal, and (3) is the DC power change). 

 

The working principle can be simply described as follows: the probe is first pressed 

against a chosen region of the substrate, leading to a deflection of the cantilever with a 

given initial force. The temperature-calibrated probe is then heated/cooled to apply an 

upward and downward temperature ramp, and its deflection along z-axis is recorded. 

When the substrate undergoes a phase transition with the change of the local 

mechanical properties, the tip will indent into the substrate leading to the change on 

the cantilever deflection [30]. During this procedure three signals can be collected: (a) 

the sensor height position, (b) the different AC power required to change the probe 

temperature and (c) the DC power change, all reported vs. the programmed 

temperature. From figure 2-8b it is evident that the sharp signal variation with the 

programmed temperature identifies the melting transition of the paraffin sample. Due 

to the small size of the heating element and the low amount of material involved, 

heating and cooling is very fast. On the other hand, the sample’s mass is unknown, so 

that the measurements are quantitative only in identifying transition temperatures: 

melting of the sample is seen as a step change in the power required to heat the probe, 

whereas glass transitions are seen as a change in the slope of the curve [31]. 

(1) 

(2) 

(3) 

(b) 
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The SThM used was a Micro-Thermal Analyser (µTA 2990) from TA-Instruments 

(Alzenau, Germany). The microscope was operated after calibration of the probe 

using paraffin C32H66 (Tm =70 °C), LDPE (Tm =105 °C), HDPE (Tm =128 °C), and iPP 

(Tm =163 °C). Local thermal analysis was performed using heating and cooling rates 

of 5 °C/s and 20 °C/s; 20 data points were collected per second. The probes have a 

spring constant of about 10 N/m. All experiments have been carried out in contact 

mode with a contact force of about 10 nN resulting in a contact pressure of about 1.7 

kPa. The contact force was regulated to be constant by addressing the z-piezo. Peak 

melting temperature and calculated melting temperature (temperature at which the 

tangential fit through the endothermic area, in case of SThM the difference AC power 

signal, of the curve crosses the baseline) were used for reason of comparison. 

 

2.6 Small angle X-ray scattering (SAXS) 

 

In-situ small-angle x-ray scattering experiments of the reorganization of sedimented 

PE single crystal mats during annealing experiments were performed using 

monochromatic x-rays of wavelength 0.1 nm and a high flux synchrotron radiation 

source, the material science beamline ID02 at the European Synchrotron Radiation 

Facility (ESRF), Grenoble, France. The samples were filled in a glass capillary, which 

was fixed in a Linkam THMS600 heating-stage (Linkam Scientific Instruments, KT20 

5HT, UK). The capillary was mounted perpendicular to the x-ray beam. 

 

For time-resolved SAXS measurements an image intensifier coupled to a Frelon CCD 

camera with a pixel array dimensions of 1024×1024 was used. The exposure time for 

each pattern was ~ 1 sec. and the delay time between two subsequent images was 

adjusted to record 5 frames per minute. In combination with a heating rate of 5 ºC/min 

this set-up resulted in the acquiring of one image per 1 ºC. The obtained two-

dimensional x-ray patterns were transformed into one-dimensional plots by 

performing integration along the azimuthal angle using the software FIT2D (ESRF). 

The x-ray patterns were obtained using a sample-to-detector distance of 5 m. The set-

up was calibrated using a standard specimen of silver Behenate. 
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Chapter 3 

Formation of solution-grown PE single crystals 

3.1 Introduction 
 

In this part of the study the focus is directed to understand the interaction between 

preparation conditions used, e.g. influence of molecular weight, concentration, solvent 

and crystallization temperature, the nucleation process, and the final organization of 

the formed single crystals. One specific research topic will be the investigation of the 

crystal formation dependency on the self-seeding temperature Ts used, which has been 

given little attention in the past.  

 

3.2 Results and discussions 

3.2.1 Nucleation and growth of PE single crystals 

3.2.1.1 Isochronous decoration technique 

 

For the exact determination of the growth rates of solution-grown PE single crystals 

the technique of ‘isochronous decoration’ had been used [1-3]. For this technique a 

dilute solution of PE in xylene was prepared and nucleation was initiated using the 

self-seeding procedure, see Chapter 2. During the crystal growth, the crystallization 

temperature was rapidly changed several times between two temperatures resulting in 

two different thicknesses within one individual lamella. A typical result is shown in 

figure 3-1. 

 

In this case, the initial PE (NIST, <Mw> = 112K; PDI = 1.1, see table 2-1) 

concentration was 0.001 wt.-%, and the crystallization temperatures were 82 °C and 

87 °C. It is obvious that the single crystal has a lozenge shape with faceted growth 

fronts, and a dominant central pleat along the crystallographic b-axis indicating its 

initial hollow pyramidal habit in the solution [4]. The pattern, which is a result of the 

changed crystallization temperature during the growth process, indicates two different 

thicknesses of the lamellae. Precise AFM measurements show that during the whole 
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crystallization process both thicknesses are constant with 12.7 nm (for TC=82 °C) and 

14.8 nm (for TC=87 °C), respectively, and are thus independent of polymer concentration 

in the solution, related to a constant supercooling as discussed in Chapter 1. 

 

(a) 

   

(b) 

 
Fig. 3-1: Single crystal grown using the technique of isochronous decoration; the two 

different heights are visible, which correspond to the two different crystallization 

temperatures. (a) Height- and (b) amplitude-contrast images recorded by AFM in 

intermittent-contact mode; scanning size is 20.0 µm × 20.0 µm, the grey scale 

corresponds to a height difference of 40.0 nm. 

 

Further, if one knows the crystallization time corresponding to one single growth step 

before changing again the temperature – and assuming that after complete 

crystallization of the crystals no, or at least almost no dissolved polymer molecule is 

left in the solution; and that this concentration can be ignored compared with the 

initial polymer concentration –, calculations of the polyethylene concentration in the 

solution and the growth rate could be performed as discussed before by Dosière [1-3]. 

However, the approached used is only valid for low supercoolings and low 

concentrations, especially to prevent interference between the growth of neighboring 

crystals. More details about the calculation method used can be found in Appendix 1. 

The measured thickness and growth width data within the individual crystallization 

temperature steps and the calculated concentrations and growth rates are shown in 

table 3-1. 
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Table 3-1: Data obtained from an isochronous decoration experiment. TC: crystallization 

temperature; Ti: crystallization time at temperature step i; Ln: lateral distance 

from the centre of the crystal to the growth fronts; Ci: the instant concentration; 

Gi: growth rate at i step; and LD: crystal thickness including two fold surfaces.  

 

 
 

   

Fig. 3-2: Growth rates as a function of the actual solution concentration for (a) 82 °C and 

               (b) 87 °C. 

 

From the calculated growth rates as shown in table 3-1 and plotted in figure 3-2, it is 

evident that the growth rate decreases with lower polymer concentration in the 

solution. For the chosen crystallization temperatures an almost linear relation between 

growth rate and concentration has been measured. In general, it is accepted that the 

growth rate should decrease with increasing crystallization temperature for a given 

molecular weight and concentration of polymer in solution. This behavior could be 

confirmed within the present study. However, next to the mentioned parameters, the 

Step   
(N)   

Ti   
(min)   

Ln   
( nm )± 10   

Ci  
( wt% )  

Gi 
( nm/min ) 

LD  
( nm )± 0.2  

1   87  16  944   0.001  59  14.8  
2   82  1  532    0.000992  532  12.7  
3   87  16  611   0.00096  39  14.8  
4   82  1  415   0.00088  415  12.7  
5   87  20  

602   
0.000817  35  14.8  

6   82  2  
473   

0.000653  301  12.7  
7   87  20  

611   
0.000504  24  14.8  

8   82  4  

708   

0.000345  153  12.7  
188   9   87  33  
188   

0.000149  5.7  14.8  
10   82  1440 ? 0.000070  ?  12.7  

TC   
(°C )  
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growth rate depends on the concentration. This relationship can be described by the 

equation 19 [5-7]. 

                                                             G ∝ Cα                                                         (19) 

G: growth rate; C: polymer concentration; α: a constant, concentration exponent.  

 

For controlled crystal growth experiments, the exponent α has been estimated via 

TEM measurements to be between 0.45 and 0.60 [5, 7], and to depend somewhat on 

crystallization temperature, increasing with the crystallization temperature [6]. 

However, in the present study the exponent � is measured to be close to unity, and 

shows no influence of the crystallization temperature (Fig. 3-3). However, the 

presented data are too limited to draw any major conclusions concerning the 

dependence of the growth rate on polymer concentration.  

 

 

   
   Fig. 3-3: Double logarithmic plot of the growth rates vs. concentration. (a) The lines 

indicate the linear fits for the crystallization temperatures of 82 °C and 87 °C, 

respectively; and (b) linear fit of all data points together. 

 

The observation that the exponent α in Equation 19 is independent of the 

crystallization temperature, 82 °C and 87 °C, but in particular that the growth vs. time 

is continuous, is to some extent remarkable. In these experiments, following the 

temperature jumps as shown in figure 2-2b, the thickness of the crystals, acting as the 

(secondary) nucleus for crystal growth at higher temperatures, is smaller that the new 

deposited crystal layers, viz the fold-length or more precise the stem length. This 

observation is beyond the concept of current surface-nucleation theories which 

assume that molecules nucleate (secondary nucleation) on the crystal faces (substrate) 
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which is larger or equal to deposited layers. In the case of a thicker substrate, such as 

in shish-kebabs, it is in general accepted that for the secondary nucleation (the kebab) 

the surface free energy is reduced by the substrate (the shish). This yields to the 

formation of a transition zone, in which the folded chain crystal gradually decreases 

its thickness down to a stable value [8, 9].  

 

In contrast, in the present case, the stable nucleus exceeds the thickness of the 

substrate if the crystallization temperature is increased (as in the isochronous 

decoration experiments). There should be a prolonged (gradual) induction time for 

nucleation to form a stable crystal thickness, which certainly will slow down the 

overall crystal growth rate, and should yield to a crystallization temperature 

dependent exponent α. However, this behavior could not be confirmed in the present 

study; the exponent α is independent of the crystallization temperature. One 

conclusion from this observation is that the crystal growth is a continuous process and 

independent of the substrate size, and only depends on the access of molecules (which 

depends on the concentration).  

 

To strengthen this observation the crystal growth process was critically evaluated 

using the technique of isochronous decoration. Beside the clear evidence that for the 

experimental set-up used, less than 10 sec. were required for the stabilization of the 

crystallization temperature after a temperature change, morphological investigations 

of the thickness steps within the crystals had been performed. 

 

(a) 

(c) 

 
( To be continued ) 
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(b) 

(d) 

 
Fig. 3-4: High magnification height-contrast images and their corresponding topography 

line scans on thickness steps formed at (a, c) decreasing and (b, d) increasing 

crystallization temperature; scan size is 400 nm × 400 nm. 

 

Figure 3-4 shows AFM height-contrast images of the thickness steps resulting from a 

decrease (Fig. 3-4a, from 87 °C to 82 °C) or increase (Fig. 3-4b, from 82 °C to 87 °C) 

of the crystallization temperature, and their corresponding topography line scans 

(Figs. 3-4c,d). Two apparent features can be observed from the images: a pattern 

spreading over the entire lamella, which might be caused by sedimented residues onto 

the lamella surface, and a sharp thickness step reflecting the crystallization 

temperature changed. In both cases the morphological appearance of the thickness 

step is identical having a height of ~1.8 nm and a width of ~16.5 nm, which might be 

in line with the statement of continuous nucleating and growing independent of the 

size of the substrate. 

 

To further evaluate the correctness of the AFM measurements at the thickness steps 

for increasing and decreasing temperature jumps, a discussion of the influence of the 

AFM-tip size and shape on the height and especially on the lateral information 

accuracy has to be made. The tip has, in a two dimensional representation, a 

hyperbolic shape with a contact area, which can be fitted as a circle. Because of this 

shape it is possible that the tip interacts with the sample surface not only with, in the 

ideal case, a single atom located the head of the tip, but infrequently also with its 

flanks, especially when the sample surface has some roughness or height steps. 
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Figure 3-5a represents a sketch of the tip geometry in contact with a rough sample 

surface. It is obvious that dependent of the tip radius and the height of the sample 

surface an error occurs in the lateral precision of the AFM measurement. Using 

simple geometric mathematics an approximation of this error can be made (Fig. 3-5b). 

However, the calculations do not consider the effective tip-sample contact area, which 

depends on the imaging conditions. For a height step of 2 nm, as in the case of the 

isochronous decoration experiment, even for a bad tip having a radius of 50 nm the 

precision of lateral measurements is better than 15 nm, in case of a standard tip having 

a radius of less than 10 nm a value of ~5 nm for the imprecision of the lateral 

measurement can be achieved. Thus, the measured thickness gradient for decreasing 

as well as for increasing crystallization temperatures as shown in Fig. 3-5 is a real 

feature. Of course, during the AFM measurements scan direction and scan speed as 

well as contact force or oscillation amplitude are systematically varied to prevent 

measurement artifacts. Thus, looking on the similar morphology of the thickness steps 

for increased or decreased crystallization temperature supports the observation that 

the exponent α is independent of the crystallization temperature, and the growth 

process is continuous. 

 

     
Fig. 3-5: (a) Sketch of the tip-sample contact geometry, RT is the tip radius, LS the step 

height, LC the lateral error. (b) Lateral uncertainty of AFM measurements 

depending on tip radius and step height. 

 

3.2.1.2 Ex-situ observation of nucleation and growth 

 

The formation of solution-grown PE single crystals has been followed. Crystals were 

“fished” from solution at several times, dried and subsequent investigated using low 



50                                                                                                                       Chapter 3  
 

  

voltage scanning electron microscopy and atomic force microscopy. An ultra-high 

molecular weight PE was chosen for the experiments with conc. 0.0001 wt % in 

Xylene. However, similar crystal growth experiments had been performed using 

intermediate molecular weight PE and had shown comparable time dependent grow 

behavior. Only the data from UHMWPE will be discussed, because up to now in 

literature discussion of their growth from solution is rather limited. Figure 3-6 shows 

a set of LVSEM images obtained after different crystallization time at a crystallization 

temperature of 85 °C. LVSEM is used mainly because it allows fast screening of a 

large sample area, which helps finding suitable crystals for imaging. Of course, the 

images represent different crystals. 

 

(a) 

   

(b) 

 

(c) 

   

(d) 

 
Fig. 3-6: Set of LVSEM images of UHMWPE single crystals deposited on mica after 

crystallization in solution for (a) 20 min., (b) 40 min., (c) 50 min and (d) 240 min.  

 

Using the self-seeding technique after a crystallization time of 20 min. a single crystal 

is already formed, and its growth continues up to a crystallization time of 

approximately 1 h. Several morphological features can be seen in figure 3-6: the 

truncated lozenge shape of the crystals and the central pleat. The crystals are 

surrounded and sometimes partly covered by residual polymer material. It is evident 
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that the amount of residual material decreases with increasing crystallization time, 

which indicates that the crystal growth process is almost finished after 50 min. In 

addition, from figure 3-7 the growth rates of the crystals have been determined as 

141±2 nm/min in <200> direction and 97±2 nm/min in <110> direction, respectively. 

In contrast to the isochronous decoration experiments described before, the influence 

of the reduced polymer concentration during crystallization can not be measured. 

 

As seen from figure 3-6 the residual polymer material is only surrounding the growing 

crystals and cannot be found elsewhere onto the substrate, which might be an 

indication for some physical connection between the polymer chains still being in 

solution and the growth front of the lamellae. Of course, using a molecular weight of 

about 4000 kmol/g chain entanglements are an important issue and might explain the 

appearance of the residual molecules as dense network, even for the used 

concentration of 0.0001 wt.-%. However, because they are located only nearby and in 

contact with the growing crystals some molecule parts might be already adsorbed at 

the growth front of the crystal and it seems that the local polymer density at the 

growth front is enriched. 

 

 
Fig. 3-7: Plot of half the crystal size in <200> and <110> direction. 

 

To prove this assumption further experiments had been performed. During the 

crystallization a drop of the solution was transferred into another fresh solvent 

preheated to the same crystallization temperature, which had resulted in a spontaneous 

change of the concentration to at least < 0.00001 wt.-%. This procedure is called 
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washing. Subsequently, after few seconds, crystals were deposited on mica substrate 

by fishing. Figure 3-8 shows two single crystals, one prepared without and one with 

additional ‘washing’ treatment. It is obvious that the amount of residual polymer 

material is drastically reduced due to the ‘washing’ treatment, but still only connected 

with the growth front of the crystal. This result indicates that molecules close to the 

growth fronts continue to be incorporated in the crystal, but molecules not connected 

with the crystal were washed away. 

 

Complementary annealing experiments were performed to gain more insight on the 

local organization of the residual molecules, which might be attached to the growth 

front of the crystal. After crystallization of 40 min. at 85 °C crystals were directly 

deposited onto mica and dried in a vacuum oven at 40 °C overnight. Then, the sample 

was annealed at 120 °C for 30 min and observed by AFM.  

 

(a) 

 
 

(b) 

 
Fig. 3-8: LVSEM image of an UHMWPE single crystal grown from solution for 40 min. at 85 °C, 

and subsequently transferred into fresh solvent and deposited on mica. The arrows 

point to the residual material.  

 

Figure 3-9 shows AFM height contrast images of a single crystal before and after the 

annealing treatment. Several features can be observed: some nanometer domains 

spread throughout the whole sample, the mica substrate and the crystal, indicating 

residue solidified during the fishing and drying process, and residual molecules 

attached to the crystal growth front.  

 

From the described experiments, quenching of the crystallization process, ‘washing’ 

and annealing, it is evident that the crystal growth process can be stopped and the 
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resulting morphology can be observed. Besides the fact that the formation of 

UHMWPE solution grown single crystals is observed as well, all experimental results 

indicate that molecules are already partly attached with the growth surface during the 

process of crystallization, and they are at the same time still entangled with other 

molecules. However, annealing forces the collective re-organization of certain extent 

attached molecules towards thicker but still rough growth edges of the crystal. A 

complete attachment of all residual molecules has not been found; possibly hindered 

by the absorption at the mica surface and thus limited mobility of the molecules. 

 

 

 

(a) 

  

(b) 

 
 

Fig. 3-9: Height-contrast AFM images of UHMWPE single crystals fished after growing in 

xylene at 85 °C for 40 min. and annealed at 120 °C; scanning size is (a) 6 µm × 6 

µm, and (b) 1 µm × 1 µm, grey  scale is 100 nm. 

 

Similar nucleation and crystal growth experiments were performed using 

polyethylenes having molecular weights of 100 kmol/g and 32 kmol/g, respectively. 

However, even though similar features of molecules partly attached to the growing 

front could be detected, the re-organization could not be followed. Possibly, because 

of the lower molecular weight adsorption, attachment and incorporation of entire 

molecules is much faster. Only occasionally, some interesting morphological features 

related to the crystal growth process can be observed. 
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(a) 

 
 

(b) 

 

 

(c) 

 

 

(d) 
Dendrite-like 

Thinner-edge 

Host-body 

 
 

(e) 

 

Fig. 3-10: (a, c) LVSEM images and (d, e) corresponding AFM height-contrast images of PE 

single crystals deposited on mica after crystallization in solution for (a, d) 20 

min., (b, e) 30 min., and (c) 1 h; scan sizes are (d) 6.5 µm × 6.5 µm and (e) 8.0 

µm × 8.0 µm, grey scale corresponds to a height range of 100 nm. 

 

Figure 3-10 shows a series of LVSEM and AFM images obtained from crystals grown 

at 85 ºC using a PE having a <Mw> of 100 kmol/g (c = 0.001 wt.-%), deposited on 
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mica after a crystallization time of 20 min. and 30 min., respectively. After 

crystallization for 20 min. surrounding residual material organized in a dendrite-like 

fashion and a lozenge-shaped crystal body with a dominant central pleat is visible. 

Further, looking to both the LVSEM and the AFM images a pronounced rim can be 

seen being thinner than and bordering the central crystal body. From the AFM image 

thicknesses of 12.3 nm for the core and 10.0 nm for the rim can be measured, 

respectively. Furthermore, the AFM image indicates some small single crystal or 

dendrites settled on the surface of the main lamella. Increasing the crystallization time 

all morphological features related to the solidification of the residue disappear. The 

thinner rim still is visible, however, as measured from the AFM image, its width is 

reduced, which might be an indication for further re-organization of the crystal body 

with time. Finally, after crystallization for one hour, both residues and the thinner rim 

are not anymore detectable; the growth and re-organization process is finished. It has 

to be stated again, that this behavior is observed only one time, and a crystallization 

temperature decrease during the experiment cannot be excluded. At least, the sharp 

thickness step can be used as an indicator that only a temperature jump might be 

occurred. 

 

3.2.1.3 Pseudo self seeding 

 

Up to now, all data presented in this part of the study are related to the preparation of 

solution-grown polyethylene single crystals using the technique of self-seeding. 

Nevertheless, systematic investigation are performed on the growth process of crystals 

treated according to the ‘pseudo’ self-seeding technique using a seeding temperature 

of 105 ºC for a PE having a molecular weight of 110 K solved at a concentration of 

0.001 wt % in xylene and crystallized at 85 ºC.  

 

Figure 3-11 shows typical LVSEM images of a sample immediately removed from 

the crystallization solution (Fig. 3-11a), and a sample deposited on mica after 

crystallization for 60 min. Because of the absence of seeds in this experiment only 

small dendrite-like structures can be found. However, there is clear evidence that 

already after few seconds some organization within the solution is present, even for 

this high seeding temperature. Another surprising feature is that already after 

crystallization for 60 min. single crystals are present having pronounced lozenge 
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shape and a size in the order of 200 nm (Fig. 3-11b) but still surrounded by some 

dendrites. Crystallization for 6 h results in crystals having a size in <010> direction in 

the order of 5 µm. (Fig. 3-11c). No central pleat or corrugation lines are visible, 

indicating that the crystal has been flat already in the solution, instead of the hollow 

pyramidal habit of crystals self-seeded at lower temperatures. In the case of the 

‘pseudo’ self-seeding technique, the overall growth for the identical crystallization 

temperature (and identical concentration) is at least one order of magnitude lower than 

the growth rate of crystals prepared by the ordinary self-seeding procedure, in fact for 

the present case 3.9 nm/min. vs. 70.3 nm/min, respectively. 

 

(a) 

 

(b) 

  

(c) 

 

Fig. 3-11: LVSEM images of PE single crystals deposited on mica after growing in solution 

at 85 °C for (a) few seconds, (b) 60 min, and (c) 360 min. Ts is 105 °C. 

3.2.2 Morphological description of solution-grown PE single crystals 

 

Figure 3-12 shows typical solution grown crystals having lozenge (Fig. 3-12a) and 

truncated lozenge shape (Fig. 3-12b). The single crystals have been prepared from 

dilute xylene solutions, using a self-seeding temperature of 88 °C, which is Ts<TDis. 
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Several morphological features can best be discussed using the AFM height contrast 

image of the truncated lozenge crystal: the four (110) and two (200) sectors, the 

characteristic central pleat, and the pronounced corrugation lines around the pleat and 

within the (200) sectors. In more detail, the central triangular pleat has an 

approximately triple-thickness compared with the lamella and is aligned along the 

crystallographic <010> direction. Further, smooth lateral {200} and {110} growth 

faces and striations along the <310> direction in the (110) sectors or the <200> 

direction in the (200) sectors can be observed. These features indicate that the crystal 

had a hollow pyramidal shape in solution and has collapsed during the process of 

sedimentation on a substrate [10-11]. 

 

(a) 

  

(b) 

 

Fig. 3-12: Height contrast images recorded on (a) a lozenge and (b) a truncated lozenge PE 

single crystal prepared from solution by the common self-seeding technique. 

Scanning size of (a) 8 µm × 8 µm and (b) 10 µm × 10 µm, grey scale corresponds 

to a height range of 100 nm. 

 

In contrast, figure 3-13a shows a three-dimensional representation of a single crystal 

grown from dilute xylene solution at 85 °C via the preparation route of setting Ts>TDis 

(see section 2.1.2, Fig. 2-1b). This crystal has a lozenge shape with a smooth folding 

surface and a rough lateral growth plane. Since there is neither a characteristic central 

pleat along the crystallographic <010> direction nor any pronounced corrugation 

lines, it is expected that the original crystals has been flat already in the solution 

before sedimentation. However, detailed WAXS analysis of the tilt angle of the 
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molecules within the crystal had not been performed; only some preliminary electron 

diffraction investigations indicate that for this type of crystals the chain tilt angle is 

approximately zero. 

 

The corresponding topography line scan of the crystal is shown in Fig. 3-13b, which 

indicates a height of approximately 12.3 nm and a smooth folding surface. Using 

different sections of an individual single crystal, it is obvious that such a crystal is 

uniform through the whole lamella with a deviation of ± 0.2 nm, which may 

correspond to the surface roughness. 

 

(a) 

       

(b) 

 
Fig. 3-13: (a) Three-dimensional representation of a single lamellae grown from dilute 

solution at 85 °C by the method of setting Ts>TDis, and (b) topographic line scan 

of this single crystal indicating a height of approximately 12.3 nm and a rather 

smooth folding surface. 

 

On the basis of the observation that, depending whether the self-seeding (Ts<TDis) or 

pseudo self-seeding (Ts>TDis) preparation technique is applied, the appearance of the 

single crystals is different further experiments were performed. Both ‘types’ of 

crystals were treated using the n-alkane decoration technique [12, 13]. Figure 3-14 

shows two AFM images in height contrast. In the case of following the standard self-

seeding procedure alignment of the n-alkane rods parallel to the <110> direction with 

a clear border between two sectors can be seen. The right side of the image represents 

n-alkane rods laying on the mica substrate. In contrast, using the pseudo self-seeding 

technique, which means that the seeds are completely destroyed before starting the 

isothermal crystallization, no pronounced surface organization can be detected. A 

possible explanation might be that in the latter case the organization of the crystal is 

much disordered. In Chapter 4 and 5 the organization of the different ‘types’ of single 

crystals will be discussed in more detail, based on additional experimental results. 
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(a) 

 

(b) 

 
 

Fig. 3-14: Height contrast AFM images of n-alkane decorated single crystals. (a) Ts<TDis, and 

(b) Ts>TDis; scan size is (a) 3 µm × 3 µm and (b) 2 µm × 2 µm, respectively, grey 

scale corresponds to a height range of 10.0 nm. 

 

 

3.2.3 Thickness determination of solution-grown PE single crystals 

 
Several batches of PE single crystals were grown from solution in xylene at various 

crystallization temperatures, using a range of self-seeding temperatures as well as the 

isochronous decoration technique. Thickness measurements were performed using the 

AFM in intermittent-contact mode and contact mode. In general, the observed 

thickness depends only on the crystallization temperature and is independent of all the 

other varied preparation parameters. 

 

The measured lamellar thicknesses as a function of crystallization temperatures are 

summarized in table 3-2 and in figure 3-15, and are compared with well-established 

small angle X-ray data from ref. [14]. 
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Table. 3-2: Comparison of thickness data obtained within the present study using AFM and 

by SAXS (data from ref. [14]). TC is the crystallization temperature, Ts the self-

seeding temperature, and C the concentration, respectively. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3-15: Plot of single crystal thickness versus crystallization temperature, the single 

crystals were prepared by A: the ‘pesudo-self-seeding’ technique (Ts>TDis); B: the 

‘self-seeding’ technique (Ts<TDis); and C: SAXS data from ref. [14].  

 

AFM height data of single crystals always represent the core crystal thickness (LD) 

together with the two amorphous surface layers covering the core on both sides. Each 

amorphous layer is considered as having a thickness in the order of 0.2 nm. This 

means that the thickness data measured by AFM are larger than long period data 

obtained by SAXS. However, taking the error range in account, the measured data 

match the well-established and widely accepted SAXS data. 

 

14.7   

Crystallization conditions 
C: 0.0001 (wt%) 

Ts above 105 °C 

Crystallization conditions 
C: 0.001 (wt%) 

Ts below 105 °C 

Crystallization conditions 
C: 0.01 (wt%) 
SAXS (Mandelkern) 

TC (°C ) TC (°C ) 
 

TC (°C ) 
 

LD ( nm )±0.2 
 

75   10.7   79  11.3   75   11.5   
78   11.4   81   11.73   
80   11.7   83  12.4   85   12.3   
85   12.3   85  13.0   88   14.7   
86   13.1   87  90   15.6    
88   14.5   89  16.4   92    17.5    

LD ( nm )±0.2 
 

LD ( nm )±0.2 

A 

B 

C 
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(a) 

 
 

(b) 

 
Fig. 3-16: (a) Height-contrast and (b) amplitude-contrast images recorded in non-contact 

mode AFM of crystals prepared by systematically decreasing the crystallization 

temperature in a isochronous decoration experiment; scan size is 15 µm × 15 µm, 

grey scale corresponds to a height range of 100 nm. 

 

Table. 3-3: Data obtained from an isochronous decoration experiment with decreasing 

crystallization temperature. TC: crystallization temperature; Ti: crystallization 

time at temperature step i; Ln: lateral distance from the centre of the crystal to 

the growth fronts; Ci: the instant concentration; Gi: growth rate at i step; and 

LD: crystal thickness including two fold surfaces.  

 
 

Additional investigations of growth rate, thickness step heights, etc. had been 

performed using the technique of isochronous decoration to prepare pyramid shapes 

or terrace-like single crystals just by systematic decline of the crystallization 

temperature. Fig 3-16 shows one of these crystals. The central pleat indicates the 

initial hollow pyramidal habit of the crystal in solution, and the striations along the 

<130> direction were formed because of collapsing during the sedimentation on the 

Step   
(N)   

TC   
(°C )  

Ti  
(min)   

Ln   
( nm )   

Ci 

( wt% )  
Gi 

( nm/min ) 
LD  

( nm )  

1   89  150  1650   0.001  9.73  16.4  
2   87  25  790   0.000944  31.6  14.7  
3   85  9  850   0.000868  94.4  13.1  
4   83  5  940   0.000764  188  12.4  
5   81  5  

1130   
0.000612  300  11.7  

6   79  1440 ?  0.000304  ?  11.3  

1500   
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substrate. Detailed measurements on the lamellar thickness and lateral length of each 

terrace have been performed and can be found in table 3-3. 

 

The data indicates that the growth rate of the single crystals increase apparently with 

decreasing of the crystallization temperature; despite that the decrease of the 

concentration results also in the decreasing of growth rate. Further, comparing the 

thicknesses of the terraces with other data collected in this study the lamella thickness 

is independent of the actual concentration. The thickness depends only on the 

crystallization temperature. Figure 3-17 shows a plot of the measured thickness data 

vs. 1/∆T, assuming an infinite dissolution temperature of 110.5 °C for PE (<Mw> ~ 

110 K) in xylene. The non-linear relationship of thickness and 1/∆T agrees well with 

the theoretical predication [15]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3-17: Plot of LD as a function of 1/∆T 

 

1/∆∆∆∆T: (1/ °C) 
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3.3 Summary 
 

In the present part of the study concerning the organization and reorganization of 

solution grown polyethylene single crystals, the nucleation and growth process of 

such crystals has been analyzed.  

 

� An apparent relation between actual polymer concentration during one 

crystallization experiment and the crystal growth rate could be established. It should 

be noted that Dosière. et. al. have already discussed a similar relationship between 

actual polymer concentration and growth rate [3]. However, no quantitative 

calculation of the concentration could be performed, because of the lack in local 

quantitative thickness data. 

� The concentration coefficient α could be calculated to be unity and independent of 

the crystallization temperature for the two cases investigated in our study. 

� Within the experimental accuracy the secondary nucleation at the growth front of a 

crystal is independent of the length of the substrate (as seen from the isochronous 

decoration experiments). 

� Crystal growth rates of individual solution-grown ultra-high molecular weight 

polyethylene single crystals have been calculated. 

� Attachment of individual molecules and increase of local polymer density at the 

crystal growth front could be observed. Even for dilute concentrations chain 

entanglements are present near to the growth front. 

� The (‘pseudo’) self-seeding temperature determines habit and organization of the 

single crystals. For low seeding temperatures (Ts<TDis) initial hollow pyramidal 

crystals with clear sectorization are grown in solution, at high seeding temperatures 

(Ts>TDis) the crystals seem to be grown in the solution with a flat habit and, at least, 

their surfaces are disordered (seen from n-alkane decoration experiments). 

� Atomic force microscopy and low voltage scanning electron microscopy are useful 

techniques for morphological investigations of polymer single crystals. Especially, 

AFM can be used for quantitative lateral size and height measurements. 
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Chapter 4 
 
Annealing behavior of solution-grown PE single crystals 

4.1 Introduction 

 

The annealing behavior of solution grown single crystals has been studied intensively 

[1-17]. The main techniques used in these studies are small angle X-ray diffraction 

(SAXS), Raman spectroscopy and transmission electron microscopy (TEM) including 

electron diffraction. Figure 4-1 presents some representative SAXS results showing 

that with increasing annealing temperature the lamellae thickness rises. A similar 

behavior is observed for time dependent experiments performed at constant 

temperatures above the original crystallization temperature near to but below the 

melting temperature. This characteristic can be seen in the low temperature part of 

figure 4-1: only for annealing temperatures above 110 ºC the crystal thickness 

increases (Fig. 4-1 a), and the thickness increases for long annealing times (Fig. 4-1b). 

( a )  
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( To be continued ) 
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Fig. 4-1: (a) Long periods of polyethylene single crystal mats as a function of the annealing 

temperature; (b) Long periods of PE single crystals as a function of annealing time 

for three constant annealing temperatures ( from refs. [15, 17]).  

 

For SAXS as well as Raman spectroscopic experiments single crystal mats are used, 

which means that the obtained data represent the average behavior of millions of 

crystals. In contrast, studies on the reorganization of individual crystals are performed 

using TEM. Some characteristic results can be seen in figure 4-2. Local features of the 

reorganization of solution-grown single crystals are e.g. the formation of a so-called 

Swiss-cheese morphology, which means the formation of holes having a pronounced 

thicker rim throughout the entire lamellae (Fig. 4-2a [18]), and the formation of a 

picture frame morphology [19] after the annealing treatment. However, the main 

drawback of TEM is that monitoring of individual crystal during annealing 

experiments cannot be performed, mainly for the reason that sample damage is caused 

by the electron beam. 

 

To overcome the limitations of TEM, in the present study we have applied atomic 

force microscopy (AFM) as a main investigation technique. Most of the AFM studies 

( b ) 

130 °C 

120 °C 

125 °C 
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related to the morphological development in polymer systems are performed at room 

temperature [20-22].  

 

(a) 

   

(b) 

 

Fig. 4-2: TEM bright-field images of solution grown polyethylene single crystals (a) after 

annealing in silicone oil at 120.7 ºC forming the Swiss-cheese morphology; and (b) 

after an annealing treatment in the growing solution at a temperature above the 

crystallization temperature, which forms the picture frame morphology with 

dissolved  crystal bodies (from refs. [18] and [19]). 

 

It is generally accepted that the reorganization behavior during annealing experiments 

depends on the initial organization of the polymer chains within a single lamellae. 

Thus, it is the purpose of the present chapter to investigate the local annealing 

behavior of individual solution-grown polyethylene single crystals using mainly 

atomic force microscopy. The most important annealing experiments are performed 

in-situ at real temperature. 

 

4.2 Results and discussion 

4.2.1 Morphology development of polyethylene single crystals on annealing 

4.2.1.1 Swiss-cheese morphology 

 

Annealing of solution-grown PE single crystals near to but below the melting 

temperature forces the reorganization of the lamellae. Figure 4-3a shows a 

representative AFM image obtained in height contrast mode, and its corresponding 

line scan of a crystal annealed in air at 120 °C for 30 min. The initially crystal 
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thickness is 11.7 nm for crystallization from solution at a temperature of 80 °C. After 

the annealing treatment, the image is recorded at room temperature. Obviously, the 

Swiss-cheese morphology can be observed. From the AFM line scan the height of the 

remaining lamella body, the thickened rims and the crystal edges can be measured 

quantitatively (Fig. 4-3b). For the present experimental conditions the remaining 

lamella body still has a thickness of 11.7 nm, and the thickness of the rims and edges 

could be determined to be ~24 nm, which is approximately twice the initial thickness. 

These results are in accordance with TEM investigations of Roe et al., who have 

shown that the rims around the wholes are twice as high as the lamella body [18]. 

 

 (a) 

   
 

 
Fig. 4-3: (a) Height-contrast AFM image and (b) the corresponding line scan of PE single 

crystals after annealing at 120 °C for 30 min.; scan size is 8.0 µm × 8.0 µm, the 

grey scale corresponds to a height difference of 50 nm. 

 



Annealing behavior of solution-grown PE single crystals                                            69 

4.2.1.2 In-situ annealing study at real temperature of seeded single crystals 

 

Another interesting feature of AFM is its capability to follow the dynamic of 

processes [20-25], or in particular to follow in-situ at real temperature the 

reorganization of an individual single crystal during an annealing experiment. For this 

type of experiments the lamellae are deposited on mica and put onto the temperature 

calibrated hot stage of the AFM. Images are obtained at elevated temperature during 

slow heat up of the sample. In contrast to the previously discussed common annealing 

behavior of PE single crystals, an unforeseen morphology formed during 

reorganization will be introduced, which is up to now not described in literature. 

 

Figure 4-4 shows a set of images of one individual (centre) and two stacked single 

crystals (left bottom) during one single real time annealing experiment, recorded in 

height- and phase-contrast mode. Especially the latter is useful to improve the edge 

contrast and to get information on the local viscoelasticity of the polymer sample [26-

29]. For all images the phase shift difference, represented by the different grey levels 

in the images, is kept constant. Image acquiring always has started after 2 min of 

temperature equilibration, and time for complete imaging was in the order of 6 min. 

 

The as-crystallized single lamella has a central pleat and some corrugation lines 

indicating the initial hollow pyramidal shape of the crystal before deposition (Figs. 4-

4a, b) [15-17, 30-34]. For the crystallization conditions used the initial crystal 

thickness of the lamella is 12.3 nm. The appearance of the crystals did not change 

significantly for annealing temperatures up to 118 ºC (Figs. 4-4c, d); only the 

corrugation lines close to the central pleat  become more pronounced. Annealing to 

119 ºC (Figs. 4-4e, f) results in a roughening and a distinct contrast enhancement of 

the lamellae edges. The top lamella of the stacked crystals in the left bottom corner of 

the images shows a serrated, saw-tooth-like reorganization at the edge. For further 

annealing at 120 ºC, all the edges of the three lamellae visualized in the images are 

serrated and form saw-tooth-like patterns (Figs. 4-4g, h). The crystal bodies of the two 

crystals in contact with the substrate still seem to be unchanged; in contrast the top 

one of the stacked crystals might be already melted and recrystallized, even at the 

temperature of 120 ºC. 
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( To be continued ) 



Annealing behavior of solution-grown PE single crystals                                            71 

 

(g) 

  

(h) 

 
Fig. 4-4: Series of height- and phase-contrast images obtained during one real-time 

annealing experiment. Annealing temperatures are (a, b) 25 °C, (c, d) 118 °C, (e, 

f) 119 °C, and (g, h) 120 °C, respectively. The grey scale corresponds to a height 

difference of 50 nm, and the phase scale is 15 degree, respectively. Each image is 

acquired within ~ 6 min. 

 

Figure 4-5a is a high magnification height contrast image of the edge region of the 

single lamella introduced in Fig. 4-4g, and the corresponding topography line scan 

(Fig. 4-5b), which shows the increased thickness of the edge compared to the lamella 

core. The thickness of the edges can be measured to be approximately 32 nm, whereas 

the remaining and unchanged crystal body has still its initial thickness of about 12.3 

nm. Similar observations based on in-situ AFM investigations at real temperature 

have been published recently, indicating a melting/recrystallization process during 

annealing starting at the edges of the crystals [25]. 

 

In previous studies related to the annealing behavior of polyethylene single crystals 

the formation of the so-called picture frame morphology was described [30-32]. This 

morphology should be caused by a local melting/dissolution and recrystallization 

process of the initial crystal edges, which results in an increased thickness and 

temperature stability of these edges, whereas the cores of the initial lamellae 

disappear. In the present in-situ study a quite different morphological evolution of 

polyethylene single crystals during annealing is observed: the crystal rim shows a 

serrated, saw-tooth-like pattern. 

 



72                                                                                                                       Chapter 4 

  

Figures 4-5c and d show in detail the regular organization of these serrated areas. 

Starting from the original {110} grow edge of the single crystal the two other sides of 

the triangular-shaped area are approximately parallel to the crystallographic <b>-axis 

and the <310> direction, which has an angle of 72-76º relative to the <b>-axis. The 

formation of the saw-tooth-like edges has been observed also for crystals initially 

grown at different crystallization temperatures and is independent of the substrate 

used (e.g. mica, oxidized Si-wafer, amorphous or crystalline carbon; results not 

shown) as indicated also by the reorganization behavior of the top of the two stacked 

crystals in Fig. 4-4. 

 

(a) 

  

  (b) 
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<b> 

{110} 

{110} (c) 

 

  

<b> 

<b> 

<310> 
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Fig. 4-5: (a) High magnification height-contrast image and (b) the corresponding 

topography line scan of the edge region of the lamella during an in-situ annealing 

experiment at 120 °C (scales in nanometer); (c) overview (same as Fig. 4-4h) and 

(d) high magnification phase-contrast images showing the characteristic 

crystallographic directions found after annealing at 120 °C. 
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For better understanding the origin of this reorganization behavior further experiments 

have been performed; single crystals are transferred from the growing solution to 

decalin, dispersed and subsequently annealed. Figure 4-6a shows a single crystal, 

which is annealed at a temperature of 90 °C, which is slightly below its dissolution 

temperature in decalin [35-37]. Still, the central pleat and the original lozenge shape 

of the crystal are detectable. At higher magnification evidently the saw-tooth-like 

edge patterns are present having the same crystallographic orientation as discussed for 

the annealing experiments in air: one edge is approximately parallel to the <010> axis 

of the single crystal, and the other edge is parallel to the <310> direction (Fig. 4-6b). 

In contrast to the experiments performed in air, annealing in solution does not result in 

a thickening of the edges; only the characteristic saw-tooth patterns are formed. It is 

assumed that the high annealing temperature of 90 °C close to the dissolution 

temperature of 93 °C and the very low concentration (few crystals in 50 ml decalin) 

prohibit recrystallization of dissolved molecules. N-alkane decoration of annealed 

crystals visualizes the well-known sectorization of the single crystal (Figs. 4-6c, d). 

 

It is evident that at this state of the study it is difficult to give a conclusive concept 

that explains the formation of the observed saw-tooth-shaped edge pattern after 

annealing of polyethylene single crystals in air or solution. It is expected that the 

morphological evolution during the described experiments is strongly linked with the 

initial organization of the single crystals as grown in solution. Thus, further 

experiments are performed to gain information on the local organization of as-grown 

lamellae. Direct observation of the fold surface of solution grown single crystals using 

high-resolution AFM and n-alkane decoration are performed. 
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Fig. 4-6: (a) Low magnification and (b) high magnification height-contrast AFM images of a 

PE single crystal after annealing in decalin at 90 °C; scan sizes are 20 µm × 20 µm 

and 6 µm × 6 µm, respectively, The grey scale corresponds to a height difference of 

50 nm. 

 

Figure 4-7 shows a high-resolution height-contrast image of the fold surface of a 

solution grown polyethylene single crystal using the isochronous decoration method 

(introduced in Chapter 3), thus the dark “valley” crossing the image from bottom left 

to top right represents the thickness step caused by the change of the crystallization 

temperature and is parallel to the crystallographic (110) direction. The image is 

recorded in non-contact mode and shows tiny features spreading over the whole 

surface and having a preferred orientation parallel to the (110) crystallographic 

direction. However, some of these features have a different orientation: they are 
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aligned parallel to the (310) direction. The heights of the features are in the order of 

0.2 nm and the widths are 30 nm to 50 nm. These features may reflect fold-domains, 

and thus also fold irregularities. The possibility exists that some cilia attached to the 

crystals’ surface maybe crystallize after removal from the solvent to make similar 

domains. However, it can be imaged that such domains should have similar height 

feature to n-alkane decorated rods (Fig. 4-8) due to the existence of some possible 

attached cilia. On another hand, the quenched procedure used after crystallization also 

provides the formations of such domains. 

 

 
Fig. 4-7: Height-contrast image showing features, which may reflect fold-domains of the 

single crystal surface; scan size is 400 nm × 400 nm and the grey scale 

corresponds to a height difference of 3 nm. 

 

Direct visualization of single crystal fold surfaces may cause artifacts, and 

interpretation of the results is very difficult, and sometimes doubtful. Thus, further 

analysis of the organization of the fold surface has been performed using the 

technique of n-alkane decoration [38, 39]. Figures 4-8a and b show the height- and 

phase-contrast images of a lozenge-shaped solution-grown single crystal after n-

alkane decoration. In both images the four (110) growing sectors are evidently visible, 

however, the contrast in the phase image is enhanced due to the pronounced phase 

shift difference between the sectors, which is caused by the different orientations of 

the n-alkane rods with respect to the AFM tip scanning direction. At the first glance, 

the n-alkane rods are aligned perpendicular to the {110} growth front in each sector. 



76                                                                                                                       Chapter 4 

  

(a) 

<200> 

<010> 

 

(b) 

<200> 

<010> 

 

(c) 

<010> 

<200> 

<010> 

<310> 

 

(d) 

 
Fig. 4-8: (a) Height- and (b) phase-contrast AFM images of PE single crystal decorated with 

n-alkane rods; (c) high magnification height contrast AFM image and (d) the 

corresponding topography line scan of the area marked by the square in the images 

(a) and (b). Arrows indicate important crystallographic directions. Scan sizes are 8.0 

µm × 8.0 µm for (a) and (b), and 1.5 µm × 1.5 µm for (c), respectively.  

 

The high magnification image, which is recorded at the position marked by the square 

in the figures 4-8a and b, shows more details of the local organization and orientation 

of the n-alkane rods (Fig. 4-8c). Because of the low amount of decorating material 

used individual rods can be easily distinguished, which have average heights of 5.0 

nm and widths of 10 nm, respectively (Fig. 4-8d). Most of the rods are aligned 

perpendicular to the {110} growth plane of the sector, whereas apparently some of the 

rods are arranged in a different fashion. Accurate orientation analysis has 

demonstrated that these rods are aligned parallel to the <010> direction or parallel to 

the <310> direction. 
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The presented data are the results of careful AFM measurements performed at various 

conditions: the influence of oscillation amplitude and applied force used in non-

contact or intermittent-contact mode (from soft to hard tapping), scan rate and 

direction as well as accurate calibration of the x-, y- and z- axes of the scanner used 

and the temperature control of the heating stage guarantee that the observed 

morphological features (e.g. directions of the n-alkane rods, direction of the edge 

borders during/after annealing) are authentic and the quantitative height 

measurements are reliable. For example, figure 4-9 shows a series of height-contrast 

images, which are recorded using different scanning rates. All images show identical 

features related to the orientation of the n-alkane rods. 

 

Because the in-situ annealing experiments are performed at real temperature using 

single crystals deposited on a substrate, the substrate may influence the reorganization 

behavior observed. However, we have used several different substrates and the 

separated crystals are randomly distributed on the substrate; and always a similar 

reorganization of the crystals during in-situ annealing experiments has been observed. 

Moreover, crystals annealed in a solvent show similar morphological features so that 

an influence of the substrate can be neglected. 

 

The decoration experiments have shown the presence of n-alkane rods being aligned 

almost parallel to the <010> or <310> directions not only at the edges of the crystals; 

these rods are distributed over the entire crystal surface, which indicates that a 

possible high defect concentrations at the edges of the crystals is not the reason for the 

formation of the saw-tooth-like edge pattern. Besides regular back and forth folding of 

the chains to form the four {110} growth fronts of lozenge-shaped single crystals, fold 

defects should be always present and have to be taken in account to explain the 

presented results. On basis of previous dark-field TEM studies it is suggested that 

within one {110} growth sector micro-sectors are present having different fold 

directions [40-43]. Mainly internal boundaries in <010> and <200> direction could be 

visualized. At these boundaries folds might be rotated slightly about their normal. 

These fold asymmetry immediately might result in the formation of {310} fold 

planes, as present e.g. in dendritic grown crystals. Further, the occurrence of fold 

irregularities forces the formation of domains within a (110) sector, which have the 

same fold pattern as the initial irregularity, parallel to the <010> or <310> direction. 
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Fig. 4-9: Series of high magnification height-contrast AFM images recorded on a (110) sector of 

a PE single crystal after n-alkane decoration using different scanning rates of (a) 0.5 

µm/S, (b) 1.0 µm/S, (c) 1.5 µm/S and (d) 2.0 µm/S. Scan size is 1.5 µm × 1.5 µm, the 

grey scale corresponds to a height difference of 10 nm. 

 

For reason of better illustration, Figure 4-10 shows a sketch of a (110) sector 

including some of these micro-sectors having {010} and {310} boundaries. Because 

of the additional intra-sector boundaries and the imperfect folding of the micro-sectors 

their thermal stability during annealing experiments is lower than of the regular folded 

micro-sectors, which causes local melting or reorganization of these irregular folded 

domains, especially when they are located at the edges of the single crystals. This 

feature might explain the observation of the saw-tooth-like edge patterns after 
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annealing of single crystals in air or in dispersion. However, it cannot explain the 

large size of the reorganized saw-tooth-like areas. 
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Fig. 4-10: (a), Sketch of the organization of the crystal growth front and the oriented n-

alkane rods; (b), (c), and (d) presents the decorated rods of <110>, <010>, and 

<310> respectively viewed from the top, a filled dot represents the items of  fold 

chain viewed from the top: the sold lines represent folds on the top surface, the 

dash lines represent the folds at the bottom, and the un-joined dots represent 

random folds, loose loops, and chain-ends. etc.: (b), the initial nucleation 

orientation of the decorated paraffin folded chain depends mainly on the local 

<110> folds below; (c) and (d), the initial possible nucleation orientation of the 

decorated paraffin folded chain mainly effected by the local-concentrated defects.  

 

4.2.1.3 Annealing of ‘pseudo’ self-seeded single crystals 

 

Polyethylene solution grown single crystals prepared using the ‘pseudo’ self-seeding 

procedure (Ts>TDis) have been investigated during annealing experiments. Figure 4-11 

shows a typical sequence of height contrast AFM images corresponding to the 

evolution of an individual single crystal during annealing experiments. It should be 

noted that all these height images are recorded ex-situ, a description of the procedure 

used can be found in chapter 2. The crystals are originally grown in xylene at 85 °C, 
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and have a thickness of ~12.3 nm. In contrast to the previously described lamellae no 

dominant seed along the crystallographic <010> direction is visible and the crystals 

have a rather smooth folding surface and rather rough growth edges (Fig. 4-11a). 

 

 

(a) 

 
 

(b) 

 

 

(c) 

 
 

(d) 

 

Fig. 4-11: Series of height contrast images of two individual single crystals during an ex-situ 

annealing experiment. The annealing temperature are (a) as crystallized, (b) TA = 

90 °C, (c) TA = 100 °C, and (d) TA = 105 °C; scan size is 5 µm × 5 µm, the grey 

scale corresponds to a height difference of 20.0 nm. 

 

On annealing distinct morphological changes can be seen: numerous cavities scattered 

throughout the surface completely crossing the lamellae thickness. The cavities are 

essentially round at low annealing temperatures and elliptical or shapeless at higher 

annealing temperatures. They are located mostly along lines running approximately 
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parallel to the <010> or the <130> direction that could be related to corrugation edges 

[17, 30-37]. For a given annealing temperature, the number and size of the cavities are 

fairly uniform, whereas at high annealing temperatures the cavities coalesce. 

Annealing only 1 °C above the original crystallization temperature already results in 

small cavities uniformly distributed over the entire lamellae. Up to annealing 

temperatures of 110 °C, the lamellae keep a smooth surface as well as its original 

shape besides the cavities. 

 

Fig. 4-12: Plot of the lamellar thickness of one individual crystal as function of the annealing 

temperature. 

 

Besides the observed morphological alteration of the lamellae, the lamellae thickness 

increases continuously with increasing annealing temperature. The average thickness 

data vs. annealing temperatures are plotted in figure 4-12. However, thickness data 

were measured after annealing for 30 min.; for other annealing times the thickness 

will differ, whereas for longer annealing times the lamellae become thicker. 

 

As described in the introduction of this Chapter solution grown single crystals become 

thicker with increased annealing temperature and annealing time. Usually, this holds 

for temperatures below but near to the melting temperature of the crystals. However, 

the observed ‘pseudo’ self-seeded crystals start to thicken already for annealing 

temperatures one degree above the initial crystallization temperature. 
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Fig. 4-13: Series of amplitude contrast images of one individual single crystal recorded during 

an ex-situ annealing experiment performed at constant temperature TA = 95 °C for 

annealing times of (a) 0 s; (b) 5 s; (c) 60 s, and (d) 720 s; scan size is 5 µm × 5 µm. 

 

Figure 4-13 shows a series of four amplitude contrast images of one individual single 

crystal grown at 85 °C and annealed at 95 °C for various times. After annealing the 

sample is subsequently quenched to room temperature, the AFM imaging is performed 

and, if needed, the sample is further annealed. For annealing at this quite low 

temperature the initial homogeneous lamella has already after an annealing time of only 

5 s distinct holes, which are dispersed over the entire crystal (Fig. 4-13b). Continuing 

the annealing for further 55 s (total annealing time of the sample is now 60 s) the 

reorganization of the crystal proceeds (Fig. 4-13c), but no noticeable morphological 

changes can be observed for further extended annealing times (Fig. 4-13d). The 
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remaining lamella is thickened to Ld = ~14 nm, which is above its initial thickness but 

somewhat lower than in the case of temperature depending annealing experiments 

with annealing times of 30 min. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

Fig. 4-14: Series of height contrast images of two individual single crystals during an ex-situ 

annealing experiment performed at the annealing temperature TA = 110 °C for 

annealing times of a) 0 s, (b) 2 s, (c) 6 s, and (d) 120 s; scan size is 6 µm × 6 µm, 

the grey scale corresponds to a height difference of 100 nm. 

 

A similar annealing experiment has been performed at a temperature TA = 110 °C 

(Fig. 4-14). After two seconds, which is the shortest practical annealing time to 

guarantee that the annealing temperature aimed has been reached, pronounced cavities 

have been observed distributed over the entire lamella (Fig. 4-14b). The lamella 
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continues to reorganize on further annealing (Fig. 4-14c). For longer annealing times 

the number of cavities is reduced because of coalescence of cavities to form larger 

ones. The final thickness of the remaining lamella is ~16 nm. 

 

(a) 
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Fig. 4-15: High magnification height contrast images of the morphological evolution of holes 

formed in a single crystal during an ex-situ annealing experiment performed at the 

annealing temperature TA = 110 °C for the annealing time of (a) 2 s and (c) 120 s, 

scan size is 1µm x 1µm; (b) and (d) are the corresponding topography line scans 

with a height scale of 50 nm, respectively. 

 

Further morphological details have been observed related to the local reorganization 

nearby the cavities. Figure 4-15 shows a series of two AFM height contrast images 

and the corresponding line scans. After annealing at 110 °C for two seconds cavities 

are formed, which are surrounded by a rim that is thicker than the remaining lamellae 

(Fig. 4-15a and c). The lamellae thickness is measured to be ~12.5 nm, and the rims 

have an additional thickness of about 3 nm. Annealing for 120 seconds results in 

larger cavities but smooth lamella thickness without visible rims (Fig. 4-15b and d). 

The entire lamella has now a thickness of ~16 nm. It seems that for high annealing 
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temperatures the reorganization of the lamellae can be followed starting from cavity 

formation with pronounced rims, and ending with homogeneous thickening of the 

entire lamellae. 

 

The observed reorganization of solution grown polyethylene single crystals prepared 

using the ‘pseudo’ self-seeding procedure for an annealing temperature of only 1 ºC 

above the initial crystallization temperature and for annealing times in the order of 

seconds has not been discussed in detail before. However, these observations are in 

accordance with the concept of chain mobility in a crystal [44, 45]. The presence of 

high chain mobility is well established for polyethylene when crystallized at high 

hydrostatic pressures [18, 30-32, 46, 47]. Extended chain crystals of close to 100% 

crystallinity are formed under these crystallization conditions. 

 

In the present case the specific organization of the crystals allows the mobility of the 

chain stems within the crystal and thus the reorganization of lamellae towards a 

thermodynamic favored state. As discussed elsewhere [48] and in Chapter 3, 

application of the ‘pseudo’ self-seeding procedure results in solution-grown crystals 

having initially a flat habit in the solvent, rough edges, and show no distinct 

sectorization after n-alkane decoration, which is in contrast to the appearance of 

conventional seeded single crystals. Electron diffraction studies indicate the common 

single crystalline organization of ‘pseudo’ self-seeded crystals, before and after 

annealing. However, a possible reason for the fast reorganization of polyethylene 

solution-grown single crystals even at rather low annealing temperatures and short 

annealing times might be the organization of the as-grown lamellae, e.g. a high 

number of stem insertion defects and irregular chain folding at the crystal surfaces. 

Thus, the overall morphological appearance of the crystals during the annealing 

experiments, and the low temperatures required to initiate the reorganization indicate 

that the organization of the crystals is less perfect than assumed for solution-grown 

polyethylene single crystals. Moreover, the observed reorganization at temperatures as 

low as only 1 ºC above the crystallization temperature of the crystals points to the 

assumption that a solid-state reorganization process is involved. 
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4.2.2 Lamellar doubling of solution-grown single crystals 

 

Besides the investigation of separated individual single crystals, the annealing 

behavior of samples, in which at least two lamellae are partly stacked, has been 

investigated intensively in the present study. Since small-angle x-ray scattering and 

Raman spectroscopy experiments performed during real time annealing of ultra-high 

molecular weight polyethylene single crystal mats, but also for other polymers, have 

indicated that beside the common lamellae thickening merging of the crystals at 

elevated temperatures happens, the so-called lamellar doubling [18, 46]. The lamellar 

doubling process is caused by a cooperative motion of chains between stacked 

crystals, and can be observed at temperatures near but below the melting temperature 

of the crystals. In the present study this process has been analyzed and, compared with 

the previous study, the number of conditions for the preparation of the single crystals 

has been extended. Further, next to SAXS the annealing behavior of stacked crystals 

has been observed using AFM. 

ºC 

 

Fig. 4-16: Integrated SAXS patterns of a time-resolved experiment during annealing with a 

heating rate of 5 ºC/min.  

 

Typical SAXS data can be seen in figure 4-16. The sample is a single crystal mat 

crystallized at 85 ºC in 0.01wt.-% xylene solution using the self-seeding technique 

(<Mw> = 100 K). From the SAXS data a long period of 12.4 nm could be calculated, 

which is well in agreement with the AFM data for similar but individual lamellae. 

Characteristic features of the SAXS plot at low temperatures are the signal cutting off 
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for low q values because of the use of a beam stopper, a first scattering peak at 0.053 Å-1, 

which represents the mentioned long period of 12.4 nm, and a corresponding second 

order reflection at 0.11 Å-1. 

 

Detailed investigations of the lamellar spacing during annealing experiments were 

performed using time-resolved SAXS with a heating rate of 5 ºC/min. The appearance 

of the SAXS plot changes with elevated temperature. Upon annealing the second 

order reflection disappears at around 121 ºC, and the intensity of the first order 

reflection drops. At the same temperature an additional reflection at q = 0.025 Å-1 

appears and becomes stronger with further rised temperature. From the q value a long 

period of 25 nm can be calculated. Thus, the experiment shows lamellar thickness 

doubling as seen in refs. [18, 46]. 

 

Further time-resolved annealing experiments were performed, in which the crystal 

mats used had different initial crystallization temperatures. The crystallization 

temperatures were 83 ºC, 85 ºC and 88 ºC, respectively, which gave initial long 

periods of 11.5 nm, 12.4 nm, and 13.8 nm. Figure 4-17 shows the evolution of the 

long period with increased temperature at the same heating rate and the appearance of 

the additional signal representing the lamellar doubling. The process of lamellar 

doubling can be observed independent of the initial lamellar thickness. The transition 

to larger lamellar thickness does not occur spontaneously; within a temperature 

interval of around 5 ºC both lamellar thicknesses coexist, whereas the thinner lamellae 

disappear slowly with increased temperature. Moreover, from figure 4-17 it can be 

seen that with increased initial lamellar thickness the transition temperature rises. 

Besides, the occurrence of the lamellar doubling process the common lamellar 

thickening can be seen, which means that with increasing temperature the thickness 

continuously increases. A possible influence of the heating rate applied on the 

reorganization of the samples has not been studied, however, a shift of the transition 

temperature range to higher temperatures is assumed for higher heating rates. 
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Fig. 4-17: Evolution of the long period with increased annealing time for three different 

solution-grown single crystal batches, initially grown are 83 ºC, 85 ºC and 88 ºC, 

respectively. 

 

Further in-situ experiments at real temperature are performed using AFM. Figure 4-18 

shows a series of height contrast images of individual (marked A) and stacked single 

crystals (marked B) monitored during an annealing experiment. Annealing at 119 ºC 

results in distinct morphological changes. The lamellar edges of area A start to 

reorganize and to form a rough and thicker rim. For further annealing at 120 ºC the 

edge reorganization continues and the saw-tooth edge morphology as described earlier 

in this chapter (Fig. 4-5) can be seen. In contrast, it seems that the reorganization 

process is accelerated in area B of the stacked lamellae. Already at 119 ºC the top 

lamella shows pronounced saw-tooth edges, and at 120 ºC the lamella seems to be 

completely melted and recrystallized. With AFM we are able only to analyze the 

surface of the sample, we don’t get any information whether a cooperative 

reorganization between the top and the bottom lamella has been started. However, 

looking at the different annealing behaviors of areas A and B, and combine these 

results with the SAXS data the enhanced chain mobility within stacked lamellar 

crystals is obvious. 
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Fig. 4-18: Height contrast AFM images recorded during a real-time annealing experiment, (a) 

TA is room temperature, (b) 119 °C and (c) 120 °C. Areas marked A and B 

correspond to a single lamella and a stacked lamellae part, respectively, the grey 

scale corresponds to a height difference of 40 nm for (a) and (b), and 70 nm for (c). 

 

Up to now the only morphological features of stacked lamellae correspond to crystals 

prepared using the self-seeding technique (Ts<TDis) have been reported. In this part of 

the study the focus is directed to the observation of stacked single crystals prepared 

using the ‘pseudo’ self-seeding technique (Ts>TDis). However, preparation of this kind 

of sample for SAXS studies is difficult [49] and has not been performed. Thus, only 

AFM data of individual or stacked single crystals have been obtained during 

annealing experiments. 

 

Figure 4-19 shows typical AFM images in height contrast corresponding to the 

evolution of isolated as well as stacked single crystals before and after annealing. The 
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experiment is performed ex-situ. The single crystals are originally grown in xylene at 

85 °C and have a thickness of 12.3 nm, or of 25.0 nm for regions where two crystals 

are overlapped. It is obvious that after annealing cavities are present widely spread 

over the individual crystals (region marked as A), whereas no formation of cavities is 

observed in the lamellae overlapping region (region marked as B, Fig. 4-19). With 

increasing annealing temperature (Fig. 4-19c-e) size and number of cavities in the 

region A increases, and for high temperatures the cavities coalesce (Fig. 4-19e). In 

contrast, up to the annealing temperature of 120 °C, no distinct morphological 

changes are observed in region of B of the overlapped lamellae. 

 

(a) 

A B 

 

B 
A 

(b) 

 

A B 

(c) 

  

(d)

A B 

  

(e) 

A B 

 

Fig. 4-19: Height contrast AFM images of partially over-lapping individual single crystals 

recorded (a) as-crystallized, (b) after annealing at 110 ºC (scan size is 6 µm × 6  

µm, the grey scale corresponds to a height difference of 100 nm); high 

magnification of the overlapping area B recorded at (c) 95 °C, (d) 105 °C, and 

115 °C, respectively (scan size is 2 µm × 2 µm, the grey scale corresponds to a 

height difference of 50 nm). 
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One main advantage of AFM is that from the monitored height images quantitative 

height data can be extracted. Figure 4-20 shows the topography line scans crossing 

both regions A (individual lamella) and B (overlapping lamellae) as obtained during 

an annealing experiment. The thickness of individual lamellae increases continuously 

with increasing annealing temperature, whereas the overlapping regions keep their 

original thickness constant, independent of annealing temperature and time. 

 

As discussed already in Chapter 3 and in previous parts of this Chapter the 

organization of solution-grown single crystals prepared using the ‘pseudo’ self-

seeding technique seems to be different from lamellae prepared by the common route. 

An additional indication supporting this statement is the observed annealing behavior 

when stacked together with another lamella. In the overlapping area no holes can be 

seen, which point us to a very fast process of cooperative reorganization between the 

lamellae, viz. lamellar doubling. 

 

 
 

Fig. 4-20: Series of topography line scans crossing the regions A (individual lamella) and B 

(overlapping lamellae) obtained during annealing of the sample at different 

temperatures.  
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Both types of solution-grown single crystals prepared with and without using the self-

seeding technique show dominant reorganization features when annealed. In the 

classical case an annealing temperature near but below the melting temperature is 

required to initiate the reorganization. The formation of the Swiss-cheese and picture 

frame morphology as well as the occurrence of lamellar doubling is observed only for 

high temperatures and relatively long annealing times. Further, from the presented 

AFM images it can be seen that in this case reorganization is a local feature, e.g. only 

around the holes in a Swiss-cheese lamella pronounced rims could be found. 

However, being still below the melting temperature of the lamellae all these results 

suggest high mobility of the chains within one individual as well as neighboring 

crystals. 

 

On the other hand, crystals prepared using the ‘pseudo’ self-seeding technique, which 

means direct crystallization from solution without the help of seeds to accelerate 

nucleation, show features of extremely high chain mobility: hole formation already at 

temperatures slightly above their initial crystallization temperatures and within 

seconds, continuously thickening of the entire lamellae during annealing, and actually 

the formation of no holes in areas where two lamellae are overlapping. Coming back 

to the suggestion made earlier, the initial organization of the lamellae as crystallized 

determines speed and required conditions for further reorganization. Thus, because of 

higher chain mobility in general in crystals prepared using the ‘pseudo’ self-seeding 

technique the required activation energy for reorganization is lower, which results in 

the continuously thickening of the entire lamellae, and not only to a local 

reorganization and rim formation process around the holes even at higher 

temperatures, and the immediate exchange of chain part within overlapping areas. 
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4.3 Summary 

 

In the present chapter the morphological evolution of solution grown polyethylene 

single crystals during annealing has been analyzed. Beside the common behavior, the 

formation of Swiss-cheese and picture frame morphology at annealing temperatures 

below but near by the melting temperature of the crystals, two novel morphological 

features have been observed: the formation of the so-called saw-tooth morphology, 

and hole formation together with the homogeneous thickening of the remaining 

lamella for annealing temperatures only 1 ºC above the initial crystallization 

temperature of the crystals. The latter has been observed only for crystals prepared 

using the ‘pseudo’ self-seeding technique (Ts>TDis). Beside the analysis of individual 

and separated crystals morphological changes of stacked or overlapping crystal have 

been performed. In all cases cooperative reorganization between neighboring crystals 

could be observed. In general the performed experiments indicate high chain mobility 

within the crystals, for the different types (seeding temperature) only the activation 

energy to initiate the process of reorganization is different. Main experimental 

observations are: 

 

For Ts<TDis (self-seeding): 

 

• Annealing experiments did result in the formation of the Swiss-cheese 

morphology, confirming literature data. Using AFM, the heights of the 

remaining lamellar core and the rims for the given annealing conditions has 

been measured, e.g. 12.4 nm and ~25.0 nm, respectively. 

 

• Further studies have shown that the so-called saw-tooth morphology can be 

formed during real time annealing experiments. 

 

• This annealing behavior may be initiated by the presence of nano-sized fold 

defects, which could be detected using the technique of n-alkane decoration. 

Some n-alkane rods are aligned parallel to the edges of the saw-tooth pattern, 

which are the <310> and <010> directions. 
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• The effect of lamellar doubling has been followed using single crystal mats 

with initial different crystal thickness. Independent of the initial crystal 

thickness the lamellar thickness doubles during annealing. 

 

• With increasing initial crystal thickness the transition temperature increases. 

The transition zone is rather broad, in the order of 5-10 ºC. 

 

For Ts>TDis (pseudo self-seeding) 

 

• During annealing the lamellae thicken continuously and form holes distributed 

through the entire lamellae. 

 

• This reorganization process starts already 1 ºC above the initial crystallization 

temperature and can be observed within seconds of annealing. 

 

 

• Further annealing results in continuous thickening of the lamellae and 

expansion and coalescence of the holes. 

 

• For high annealing temperatures and short annealing times the formation of 

rims around the holes can be detected before complete thickening of the entire 

lamella; thus the process of reorganization could be followed in detail. 

 

 

• For regions in which two lamellae overlap no morphological changes can be 

observed during annealing: no holes are formed and no thickening occurs, 

probably related to the process of lamellar doubling. 
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Chapter 5 
 
Melting behavior of solution-grown PE single crystals 

5.1 Introduction 

 

So far, we have followed the formation of solution-grown polyethylene single 

crystals, analyzed their lamellar organization depending on the preparation conditions 

used, observed various reorganization processes such as the formation of saw-tooth 

edge patterns or homogeneous lamellar thickening during annealing experiments, and 

have investigated the lamellar doubling behavior, which is caused by a cooperative 

chain motion of two neighboring lamellae.  

 

In this Chapter,  the melting behavior of solution-grown polyethylene single crystals 

is investigated, which has been a subject of numerous studies in the past, but the 

details of the mechanisms involved in the melting process are not yet well understood. 

 

Besides the simple monitoring of morphology changes upon melting, determination of 

the (local) melting or dissolution temperature is required to provide data for the 

quantitative description of the melting process e.g. in relation to the lamellar thickness 

and the overall organization of the crystal, such as for the Gibbs-Thomson equation [1]. 

 

The common technique for the analysis of thermal features of polymer single crystals 

is differential scanning calorimetry (DSC). However, in the case of studying 

polyethylene single crystals this technique has few major disadvantages: for one DSC 

experiment large quantity of agglomerated or stacked crystals are required so that the 

actual local melting behavior of individual crystals can not be studied. Moreover, 

during a DSC scan with a common heating rate of 10 ºC/min. reorganization of the 

lamellae happens, so that the variation of the melting point as a function of the initial 

thickness cannot be addressed quantitatively [2-8]. 

 

To overcome these limitations of DSC in the present study investigations of the 

melting process of solution-grown single crystals have been performed using the 
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techniques of high-performance DSC (HPer- DSC), in-situ AFM at real temperature 

and scanning thermal microscopy (SThM). The HPer- DSC, as an upgrade of the 

existing DSC techniques, aims at measuring of (sub)milligram amounts of materials at 

very high, controlled cooling and heating rates of hundreds of degrees per minute. It 

has been already recorded that, using AFM equipped with a heating stage, melting and 

crystallization processes in polymer films can be followed [9-13]. Further, the 

technique of scanning thermal microscopy (SThM) or micro thermal analysis has been 

used, which might be a powerful method for the qualitative and semi-quantitative 

analysis of e.g. the glass transition or melting temperature of polymers [14-18]. The 

main advantages of SThM are that a small amount of the aimed samples can be 

addressed, and a fast heating rate of up to 20 °C/s can be realized. This high heating 

rate may prevent reorganization of the sample during the measurement. 

5.2 Results and discussion 

5.2.1 Melting of individual solution-grown PE single crystals 

5.2.1.1 Lozenge-shaped crystals 

 

The reorganization processes during annealing of polyethylene (PE) single crystals 

have been described extensively in chapter 4. One remarkable result is that depending 

on both the initial organization of the lamellae and the applied self-seeding procedure, 

the observed reorganization during annealing follows different routes. But how is our 

information related to the corresponding melting behavior? Figure 5-1 shows the 

morphological evaluation of a PE single crystal during a melting experiment. The 

phase and height contrast images are recorded in in-situ at the indicated temperatures. 

The data represent a continuation of the experiment described in Chapter 4 (Fig. 4-4) 

After local reorganization mainly at the edges of the crystal, further annealing up to 

121 ºC results in complete break-up and subsequent recrystallization of the entire 

lamella. In the annealing temperature range of 121 °C to 128 °C, both height and 

phase-contrast images do not show apparent morphology change. The images in Fig. 

5-1a, b were recorded at 125 °C.  The as-crystallized single lamellae have a central 

pleat and some corrugation lines indicating the self-seeding procedure used and the 

initial hollow pyramidal habit of the crystals before deposition, shown in chapter 4. 

After local reorganization of some parts of the crystal, annealing at ~120 °C results in 
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complete break-up and subsequent re-crystallization of the entire lamella during the 

in-situ observation. Using the appearance of the sample as a probe, both start of the 

re-organization as well as the melting of the crystal can be detected by means of 

complete loosing of its initial shape. In the present case the melting temperature of the 

single crystal having a thickness of ~ 12.4 nm can be measured to be ~ 121 °C. 

  

The height contrast images recorded at higher annealing temperatures (130 ºC and 135 ºC, 

respectively) show no distinct differences of the overall morphology of the lamella. 

However, looking to the corresponding phase contrast images (Figs. 5-4d, f and h) the 

measured phase shift should be discussed in more detail. 

 

(a) 

 

(b) 

 

(c) (d) 

 
( To be continued ) 
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(e) (f) 

   

(g) 

  

(h) 

 
Fig. 5-1: Series of AFM height (a, c, e, and f) and corresponding phase contrast images (b, d, 

f and h) of a PE single crystal, which are recorded during an in-situ annealing 

experiment at real temperature, TA is (a-b) 125 °C, (c-d) 130 °C, (e-f) 130 °C after 6 

min delay, and (g-h) 135 °C, the grey scale corresponds to a height difference of 60 

nm and a phase difference of 15 degree, respectively. 

 

It has to be mentioned that all images are recorded using identical conditions during 

one annealing experiment, thus the obtained phase levels and shifts can be related. 

Using phase contrast mode the main origin of contrast formation for soft material, 

such as polymers, is their viscoelasticity [19-22]. The relative high phase level of 

figure 5-1b indicates that the sample is solid during the measurement. In contrast, for 

the annealing temperatures of 130 ºC (Fig. 5-1d) and 135 ºC (Fig. 5-1h) the phase 

level is noticeable lower, which indicates that the sample is in the molten state during 

the measurements. Only some parts of the sample in Fig. 5-1d seem to be solid, 
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because of the local higher phase shift. However, scanning the sample a second time 

after few minutes of delay, the obtained phase image indicates the complete 

solidification or recrystallization of the sample (Fig. 5-1f). Of course, similar melting 

and recrystallization may occur for low annealing temperatures, but the transitions are 

so fast that AFM is not able to detect them (Fig. 5-1a, b). 

 

 

 

5.2.1.2 Organization and melting of truncated lozenge-shaped crystals 

 

In order to understand the melting behavior of solution-grown polyethylene single 

crystals, which usually depends on their folding thickness and overall lamellar 

organization, an ideal model sample might be the truncated lozenge-shaped crystal 

due to the possible difference of the fold length or lamellar thickness between the 

(110) and (200) sectors as suggested in literature [23-25]. It is generally accepted that 

when raising the crystallization temperature, the polymer concentration in solution or 

the molecular weight the single crystals formed tend to become truncated in the 

<100> direction. Truncation in this direction occurs symmetrically giving two 

additional sectors named as (200) sectors. The morphology and structure of these 

single crystals have been studied quite extensively [1, 26-28]. Previous studies have 

suggested that there maybe a thickness difference between the (200) and (110) 

sectors, caused by a possible difference of surface free energy. However, so far no 

direct and apparent experimental evidence has confirmed this point. Moreover, 

standard DSC measurements have indicated a different thermal behavior of the two 

sectors, however, because of the limitations of DSC for the investigation of thermal 

features related to the initial organization of the crystals, viz. the reorganization of the 

crystals during the heating scan, the obtained data are rather suggestive [29-32]. In the 

present part of the study the local melting behavior of the (110) and (200) sectors will 

be linked with the morphological features and exact thickness measurements of these 

sectors. 
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Figure 5-2a shows the characteristic morphological feature of a truncated lozenge-

shaped single crystal after sedimentation on a mica surface: the apparent central pleat 

oriented along the crystallographic <010> axis, four (110) domains having some 

striations along the <310> direction, and two additional (200) domains having some 

striations parallel to the <200> folding direction. A schematic representation of the 

crystal can be found in Fig. 5-2b. 

 

   

(a) 

   
Fig. 5-2: (a) Height-contrast AFM image of a truncated lozenge-shaped solution grown 

polyethylene single crystal, and (b) corresponding sketch, scan size is 9 µm × 9 µm, 

the grey scale corresponds to a height difference of 50 nm.  

 

A clearer image of the sectorization can be obtained using the n-alkane decoration 

technique. Figure 5-3 shows the height and phase contrast AFM images of a truncated 

lozenge-shaped single crystal after n-alkane decoration. The n-alkane rods are 

dispersed over the entire sample surface: randomly distributed at the mica and well 

organized on the crystal surface. On the crystal surface the n-alkane rods are aligned 

parallel to the sector growth directions <110> and <200>, respectively. Especially in 

the high-resolution height contrast image (Fig. 5-3c) the alignment of the n-alkane 

rods on the different sectors and the distinct sector boundaries are visible. 

 

Striations 
{310} 

Striations 
{200} 

(110)S 

(200)S 
(b) 

<b> 
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(a) 

 

(b) Scanning direction 

 

  (c) 

 

Fig. 5-3: AFM images recorded on a truncated lozenge PE single crystal after n-alkane 

decoration, (a) the height contrast, (b) phase contrast, and (c) high resolution height 

contrast images, respectively, scan size is for (a) and (b) 10 µm × 10 µm, and (c) is 2 

µm × 2 µm, the grey scale corresponds to a height difference of (a) 60 nm and (c) 10 

nm, and a phase difference of 80 degree.  
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Even without n-alkane decoration high-resolution height contrast AFM images clearly 

show the sectorization of truncated lozenge-shaped crystals (Fig. 5-4). A height 

difference in the order of 1.8 nm can be measured using either non-contact or contact 

AFM modes, which corresponds to a lamella height of 12.7 nm for the (200) sector 

and 14.5 nm for the (110) sector, respectively (Fig. 5-4d). Because AFM height 

measurements represent the crystal thickness and the additional chain-folding surface, 

the observed height difference may result from differences in fold height or in general 

fold organization, in differences of the stem tilt angles, which results for the same 

stem length in a thinner lamella for larger tilt angle, or simply from differences of the 

stem lengths for same tilt angle in the two sectors. 

(200) 

(110) 

(110) 

(a) 

(200) 

(110) 

(110) 

(b) 

 

 

1.8 nm±±±±0.2 

(c) 

             
 

(d) 

nm 

1.8 nm 

 

Fig. 5-4: High-resolution height contrast images of the (110) and (200) sectors of a 

truncated lozenge-shaped single crystal recorded in (a) non-contact AFM mode 

(the pronounced sector boundary might be an artifact) and (b) contact AFM mode; 

(c) corresponding topography line scan crossing the (110) and (200) sectors 

monitoring a thickness difference of ~ 1.8 nm; (d) power spectrum of the dominant 

height values in Figure 5-4b, 12.7 nm for the (200) sector and 14.5 nm for the 

(110) sector, respectively,  and the corresponding height difference of ~ 1.8 nm. 
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If the organization of the amorphous layers results in the difference of the observed 

folding thickness between the (200) and (110) sectors, and the crystal thickness in the 

sectors is the same, then there should be an elastic modulus difference between the 

two sectors. Moreover, if on the other hand the chain tilt in the sectors is different, 

there will be a large difference in the modulus when probed perpendicular to the 

lamellar surface, because the modulus along the chain is ca. 100 times that normal to 

the chains so small tilts result in large changes in stiffness. This difference might be 

detectable using the recently developed dynamic contact AFM mode, the so-called 

atomic force acoustic microscopy (AFAM) [33-35], which has been described in 

detail in Chapter 2. In AFAM mode, the local stiffness of the sample can be calculated 

from the measured shift of the resonant frequencies of the cantilever. In practice, a 

fixed excitation frequency is chosen, and at the mean time, the cantilever vibration 

amplitude or its phase shift is monitored while the sample surface is scanned. 

(a) 

 

a b c d e 

A 

B 

C 

B 

(b) 

 
Fig. 5-5: (a) Height-contrast contact mode AFM image and (b) corresponding vibration 

amplitude image for the constant working frequency of ~ 460 KHz. The mica 

substrate (A), and the (110) and (200) sectors (B and C), respectively, are visible. 

 

It is, in general, accepted that using a softer cantilever more sensitivity to recognize 

surface details can be obtained. In the present case, a rather soft cantilever is used 

having a resonance frequency of ~10 KHz and a force constant of ~0.03 N/m. It is 

evident from figure 5-5 (contact mode AFM, Fig. 5-5a, and AFAM, Fig.5-5b) that 

besides the damages caused by the interaction of the tip on the single crystal at the 
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edges, there is no apparent difference between the (110) and (200) sectors for the used 

scanning conditions. Only some features at the sector boundaries can be observed. 

 

a 

b 
c 
d 

e (a) 

 

A 

B 

(b) 
(I): 470 KHz,  
       5.5 nA 

(I): 460 KHz,  
       3.75 nA 

(II): 541 KHz,  
        2.24 nA 

(II): 511 KHz, 
        0.75 nA 

 
Fig. 5-6: (a) Amplitude and frequency spectra images recorded along the line as indicated in 

Fig. 5-5b, and (b) two characteristic curves of amplitude vs. frequency selected 

from regions a-b (A) and b-c (B) in Fig. 5-5a. 

 

The corresponding amplitude and frequency shift image is shown in figure 5-6, which 

is recorded along the line a-b-c-d-e as indicated in Fig. 5-5b. In this case, the 

activation frequency range is set from 380 KHz to 610 KHz. In this image the grey-

scale represents the amplitude of the cantilever for a given cantilever frequency, 

which is changed with the surface stiffness or local micro-elasticity modulus. The 

image shows clearly the amplitude and frequency variations from the mica region A 

to the single crystal region B, however, no apparent signal variation is observed 

between the regions B to C corresponding the (110) and (200) sectors, respectively. In 

more detail, figure 5-6b shows two characteristic amplitude vs. frequency curves from 
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region a-b (A) and b-c (B), respectively. Frequency and amplitude of peak I shifts 

from 470 kHz to ~ 460 kHz and from 5.5 nA to ~ 3.75nA; frequency and amplitude of 

peak II shifts from 541 kHz to 511 kHz and from 2.24 nA to ~ 0.75 nA, respectively. 

Thus, no noticeable difference of the elasticity of the (110) and (200) sectors can be 

detected, indicating a similar organization of the fold surface and the stem tilt of the 

two sectors, at least for the crystals investigated. 

 

It is well documented in literature that the formation of the hollow pyramid shape of 

single crystals grown from solution is caused by a chain tilt of the stems within the 

lamella. In addition, it is documented that the tilt angles of the stems in the two 

sectors (110) and (200) are different. Moreover, the stem tilt angle is influenced by 

the used crystallization temperature: the tilt angles � of the (110) and (200) sectors 

vary from 14° to 29° and from 18° to 34.5° with increasing crystallization 

temperature, respectively [27, 28], Fig 5-7. Using equation 20 

                                                          LS=
θcos

L
                                                        (20) 

the crystal thickness L for each sector can be calculated. Some characteristic thickness 

values can be found in table 5-1. 

         

Fig. 5-7: Visualization of the resulting lamellar thickness for identical stem length but 

different stem tilt angle; corresponding stem organization in the (a) (110) and (b) 

(200) sectors, respectively. L: lamellar thickness; LS stem length;θ: tilt angle. 

 

Table. 5-1: Lamellar thicknesses L as function of the stem tilt angle for identical stem length.  

 

L110: 14.5±0.2 nm; L200: 12.5±0.2 nm; and ∆L: ~ 2 nm 

Tc ( °C )     θ100    θ200     Ls 100 (nm)    Ls 200 (nm)    ∆Ls (nm)  

Lower 14.0  18.0  14.94   13.14   1.8   

Higher 29.0  34.5  16.58  15.17   1.4   
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A thickness difference as measured of about 2.0 nm would indicate that for identical 

crystallization conditions (it is the same crystal) and for similar stem lengths in both 

sectors the tilt angle should vary in the order of the maximum observed difference of 

~20 degree, which is very uncertain. In this preset case, it can be assumed that there is 

a difference on the core thickness in the (110) and (200) sectors. To prove this 

hypothesis, in addition to accurate thickness measurements ex-situ non-contact AFM 

annealing experiments of truncated lozenge crystals are performed to observe 

assumed differences in the melting behavior of the (110) and (200) sectors. 

 

Figure 5-8 shows a series of AFM topography images of a truncated lozenge crystal. 

The images are recorded at room temperature after annealing the crystal at a given 

temperature for 10 min. At the annealing temperature of 119 °C, and somewhat more 

pronounced for the annealing temperature of 120 °C, first morphological changes are 

observed. Small holes are formed in the (200) sectors, marked by the arrows (Fig. 5-

8a and b), whereas the two visible (110) sectors remain unaffected. A thick rim 

surrounds the holes. Further increasing the annealing temperature to 121 °C results in 

the full melting of the (200) sector, subsequently followed by the recrystallization of 

the PE material after cooling down to room temperature (Fig. 5-8c). Thus, in the 

region of the former (200) sector melt-crystallized edge-on lamellae are visible. Still, 

the (110) sectors show no clear features of reorganization; only some slight striations 

in <130> direction (indicated by the arrow) and an overall increase of surface 

roughness can be observed. 

 

Further increasing the annealing temperature to 122 °C, apparent reorganization of the 

two (110) sectors can be observed (Fig. 5-8e). As known from the previous discussion 

in chapter 5 at the internal sector boundary -the (200) sector is already molten at this 

temperature- the saw-tooth-like edge pattern together with the formation of the 

pronounced rims indicate the local reorganization of the edges of the (110) sectors. 

Finally, at an annealing temperature of 123 °C the whole single crystal is melted and 

re-crystallized to form lamellae (Fig. 5-8g). 
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The use of AFM for detailed characterization of organization, reorganization and 

melting behavior of solution grown truncated lozenge polyethylene single crystals has 

resulted in a comprehensive set of data. In the case of crystals grown at a temperature 

of 88 °C in xylene the thickness difference between the (110) and the (200) sectors 

has been measured with high accuracy to be 1.8 nm; the (110) and (200) sectors have 

thicknesses of 17 nm and 15 nm, respectively. This thickness difference has been 

linked with the observation that the (200) sectors melt at slightly lower temperatures 

than the (110) sectors of the same single crystal, 120 °C in case of (200) and 123 °C 

in case of (110), respectively. 

 

(a) 

   

(b) 

 

 

(c) 

      

(d) 

 
 

( To be continued ) 
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(e) 

 

(f) 

 
 

(g) 

 
 

Fig. 5-8: Series of height-contrast images of an individual single crystal recorded at room 

temperature after annealing at a temperature of (a) 119 °C, (b) 120 °C, (c) 121 °C, 

(e) 122 °C and (g) 123 °C; the topography line scans (d) and (f) correspond to the 

images (c) and (e), respectively; scan size is 3.0 µm × 3.0 µm for all images, the 

grey scale corresponds to a height difference of 30 nm for (a), (b), (c), and (e); and 

50 nm for (g). 

 

The straightforward explanation for this thermal behavior is that the thermodynamic 

stability of the (200) sectors is lower because of the shorter stem length within the 

lamella, which is in accordance with the Gibbs-Thomson formulation (Chapter 1, 

equation 17). Another possible interpretation of the observed lower thermodynamic 

stability of the (200) sectors would be a different fold surface organization in 
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combination with a similar length of more tilted stems. TEM observations on the 

single crystals after n-alkane decoration have shown that the rod density on the (200) 

sectors is lower than that of the (110) sectors; the folding surface of the (200) sectors 

is more disordered than those of the (110) sectors [36, 37]. However, the presented 

AFM data related to the n-alkane decoration experiments and the AFAM 

measurements of the elasticity of the different sectors of the truncated lozenge single 

crystals do not show any apparent difference in modulus between the two sectors, 

neither in n-alkane rod density nor in the viscoelastic behavior of the sectors. 

 

Thus, we have to come back to the simple conclusion that, compared with (110) 

sectors, the lower melting temperature of the (200) sectors is caused by their shorter 

stem length within the crystal lamella. However, based on local analysis by means of 

electron diffraction others have concluded that the difference of the stem tilt angle 

determines the melting behavior of the sectors [38]. Of course, they have investigated 

crystals probably prepared for different conditions. 

 

5.2.2 Describing the melting behavior of solution-grown PE single crystal 

 

Figure 5-9 shows some conventional differential scanning calorimetry (DSC) traces of 

the melting region of PE solution-grown single crystals. For one DSC measurement 

approximately 1 mg of sample material is needed, which means that the DSC trace 

represents the average thermal behavior of many crystals. In figure 5-9a the melting 

region of the as-crystallized sample is shown. In general, the melting temperature (Tm) 

is determined as the extrapolation of the final portion of the melting curve to the 

baseline. In practice, determination of the melting temperature is more difficult, 

because e.g. the DSC curve in figure 9-10a has a complex shape including a shoulder 

and can be considered as the overlapping of two separate curves in question. Also, it 

is obvious that the observed sample has a melting range in the order of 20 ºC, starting 

from approximately 112 ºC and ending at about 133 ºC. In a first approximation the 

melting of the as-grown crystals would be the temperature where the endothermic 

deviation from the baseline starts, thus 112 ºC. Moreover, other corrections such as 

zero heating rate correction have to be performed. 
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124.0 °°°°C 

128.5 °°°°C 

117.5 °°°°C 

121.5 °°°°C 

(a)

 

(a) 

(b) 

(c) 

(d) 

(b) 

 
 

Fig. 5-9: DSC melting curves of PE single crystals having a thickness of 12.4 nm (a) as 

crystallized and (b) after annealing for 30 min at various temperatures; the heating 

rate is always 10 °C/min. 

 

Figure 5-9b presents a series of DSC melting traces of PE single crystals after 

annealing at various temperatures for 30 min. The annealing temperatures are 

indicated in Fig and range from 85 ºC to 115 ºC. For low annealing temperatures 

shape and position of the melting traces is identical with the traces of the as-

crystallized sample (Fig. 5-9b, traces a and b). Upon annealing at higher temperatures 

the low temperature shoulder of the heating trace is less pronounced (Fig. 5-9b, trace 

c) and disappears for the annealing temperature of 115 ºC (Fig. 5-9b, trace d). The 

peak melting temperature is constant at 128.5 ºC and independent of the annealing 

temperature. 

 

As assumed from standard crystallization theories a single crystal sample, in which 

the crystals have a distinct lamellae thickness, should melt at a certain temperature. 

However, as seen from the previous morphological studies the crystals are metastable 

and start to reorganize with increasing temperature. Thus, the observed change in the 

DSC traces (shape and position) of figure 5-9 reflects the reorganization taking place 

during the annealing pre-treatment. However, still not only one single melting point 

can be seen in the DSC traces but a broad melting range. Because the chains in the 

crystals are highly mobile at elevated temperatures, and the crystals are metastable, 
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even during a single DSC measurement the crystals reorganize; they thicken, double, 

etc. as described in the Chapters 3 and 4. 

 

To prevent reorganization of the polymer sample during the DSC heating scan, a small 

amount of the sample should be used (or better, homogeneous heating throughout the 

whole sample) and a high heating rate should be applied. However, even for heating 

rates of 50 ºC/min, which still can be realized in a controlled way using standard DSCs, 

the melting range of polymer single crystals is rather broad. To solve the problem of 

polymer sample reorganization during a DSC heating scan the technique of HPer- DSC 

has been developed [39]. In this case the apparatus is especially designed to offer 

control on the heating rate of the DSC up to ~ 500 ºC/min. Another advantage of this 

technique is that the amount of needed sample mass for a measurement can be 

reduced to ~ 0.01 mg and even less. 

 

 

Mass: 0.08mg 
Rate:  150 ºC/min 

Mass: 0.011mg 
Rate:  400 ºC/min 

(a) 

(b) 

131.1 ºC 

133.8 ºC 

 
 

Fig. 5-10: HPer DSC thermographs of polyethylene single crystals, (a) sample mass is 0.08 

mg and heating rate is 150 ºC/min, and (b) sample mass is 0.011 mg and heating 

rate is 400 ºC/min, respectively.  

 

Fig. 5-10 shows two HPer- DSC thermographs of as-crystallized PE single crystals 

having an initial lamellae thickness of 15.0 nm. For the first experiment a sample of 
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0.08 mg and a heating rate of 150 ºC/min is used (Fig. 5-10a). It is obvious that for 

this condition only a single melting peak can be observed, but still having a rather 

broad temperature range of ~ 40 ºC. The peak melting temperature is 131 ºC, which is 

higher than in the previous discussed standard DSC measurements, however also the 

crystals used are thicker. It is surprising that the melting range of the sample ends at a 

temperature of 145 ºC, which may indicates still existing sample superheating. A 

second HPer- DSC heating experiment is performed using the same sample but an 

amount of 0.01 mg and a heating rate of 400 ºC/min (Fig. 5-10b). Even for these 

extreme conditions - for a DSC - a clear heating trace has been measured. The peak 

melting temperature is 134 ºC and still the melting range is broad. 

 

As a conclusion, HPer- DSC is seemingly a powerful technique, which has its strength 

in the potential of measuring very little amount of samples, with the proviso that high 

heating (and cooling) rates are needed to obtain a sufficient signal. However, in these 

preliminary experiments on polyethylene, a broad melting endotherm is observed, 

reflecting fast crystal reorganization processes during melting.  Instead of picking up 

the onset of melting and one single melting peak, preventing extensive reorganization 

process during melting upon very fast scanning, the occurrence of a broad melting 

range shows that the use of HPer- DSC does not bring an additional advantage, at 

least not in the case of PE. 

 

Recently, for the determination of thermal properties of materials, especially 

polymers, the technique of scanning thermal microscopy (SThM) has been developed. 

A survey on the principles of this technique is given in the references [29-31]. Briefly, 

a conventional AFM having a modified cantilever is used. After scanning the sample 

and localization of the area to be investigated the tip is brought in contact with the 

surface of the desired sample area. The tip of the cantilever, which forms the thermal 

probe, is made from platinum or a platinum/10% rhodium alloy, and acts 

simultaneously as local heating device and as sensor. The tip can be heated in a 

controlled way, and simultaneously several parameters related to the tip can be 

measured: e.g. x, y, and z positions and the power signal. Because the typical tip 

radius is in the order of a few hundreds of nanometers, this technique can be used for 

local thermal analysis. The other important advantage of this technique compared 

with conventional DSC analysis is that because of the small amount of tip material, 
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which has to be heated during a measurement, heating rate up to 20 °C/s can be 

realized. 

127.9 ºC 

128.3 ºC 

128.0 ºC 

129.2 ºC 

Programmed Temperature ( °C ) 
 

Fig. 5-11: SThM data obtained during a heating scan using a scanning rate of 5 °C/s, the 

sample consists of sedimented polyethylene single crystals having an initial 

thickness of 14.5 nm. The signals are (a) sensor z-position, (b) AC power 

signal/derivative power (mW/°C), and (c) the DC power signal. 

 

Figure 5-11 presents the characteristic data measured during a SThM heating scan. 

The sample investigated consisted of sedimented single crystals having a thickness of 

14.5 nm. It is assumed that the crystals are aligned flat-on, which means that the 

SThM-tip is in contact with the crystal surfaces. The sensor signal represents the 

relative z-position of the tip during the experiment (Fig. 5-11a). Starting from a 

defined zero height of the tip, which is the sample surface, for the temperature of 

~127 °C the z-position changes, the tip penetrates the sample. Of course, during 

annealing and especially starting melt, the sample becomes softer and finally 

transforms from the solid to the liquid state. Thus, working with constant force, 

meaning that the control feedback used for the positioning of the tip is constant force; 

the tip is able to penetrate the sample when reaching the melting temperature. In the 

present case, a penetration depth of approximately 6 µm can be observed, which 

means that at least few hundreds of crystals are molten during the experiment. For a 
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temperature of 132 °C the z-position is again almost constant, the melting of the 

sample is completed. 

 

The AC and DC power signals are difference signal and represent the needed power 

to heat the tip to the desired temperature according to the heating program. Both 

signals indicate that the heat flow to the sample is increased during the heating scan in 

the same temperature interval as seen from the sensor position signal (Fig. 5-11b and 

c), however, the trend of the DC power signal is less pronounced. The difference AC 

power signal starts to change at a temperature of ~127 °C and is stable at a 

temperature of 132 °C, having a minimum at ~129 °C, which may represent the peak 

melting temperature as known from conventional DSC measurements. 

 

All three measured signals indicated that the melting of the crystals occurs in the 

described temperature range. Comparing the data with the previously discussed 

standard or HPer- DSC results, it is obvious that in case of the SThM measurements 

the observed melting range is very narrow (~ 5 °C). This result shows that 

determination of the melting temperature using SThM is feasible and a more 

representative melting behavior related to the initial lamellar thickness of the single 

crystals could be obtained. All SThM data are not corrected for zero heating rate, 

which possible would improve the exactness of the results. 

 

(a) 

(II) 

(I) 

Programmed Temperature ( °C ) 

(b) 

(II) 

(I) 

126.5 ºC 127.5 ºC 

Programmed Temperature ( °C )  
 

Fig. 5-12: (a) Overview of the difference AC power signals measured for the heating rates of 

5 °C/s (I) and 20 °C/s (II), respectively, and (b) details of the melting range. Both 

curves indicate the melting temperature is about 126 °C.  



Melting behavior of solution-grown PE single crystals                                                117 
 

The influence of the heating rate on the measured difference AC signals can be seen 

in figure 5-12. Analyzing sedimented single crystals having an initial thickness of 

12.4 nm the melting temperature can be determined using a procedure similar to that 

described in the DSC part. With increasing heating rate the measured melting range 

shifts to higher values. However, the calculated melting temperature is ~ 126 °C. In 

the present case for the heating rate of 5 °C/s the SThM trace shows two shoulders 

before and after the peak maximum, which can be explained by slightly 

heterogeneous melting of the sample caused probably by less good contact between 

tip and sample during the measurement. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5-13: Two SThM difference AC power traces comparing the melting of a (a) sedimented 

single crystals sample and (b) melt-crystallized sample. The heating rate used was 

5 °C/s and the initial lamellar thickness of the single crystals was 14.5 nm.  

 

Figure 5-13 represents the melting behavior of a sedimented single crystal sample, the 

initial lamellar thickness was 12.4 nm, and a melt-crystallized sample. It is obvious that 

comparing the two difference AC power traces measured with a heating rate of 5 °C/s 

the melting ranges and peak melting temperatures are different. The sedimented single 

crystals sample has a narrow melting range in the order of 6 °C, a peak melting 

temperature of 127 °C and a calculated melting temperature of 126 °C (Figure 5-13a). 

The melting range of the melt-crystallized sample is much broader, it starts at ~103 °C 

116.5 °C 

(a) 
(b) 

127.0 °C 
118.0 °C 

126.0 °C 
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and ends at ~122 °C, the peak melting temperature is 118 °C and the calculated 

melting temperature is 116.5 °C (Fig. 5-13b). In addition, two small melting peaks 

can be observed in the temperature range of 127 °C to 135 °C. 

 

The difference in the melting behavior of the two samples can be explained by the 

different initial crystal thicknesses: in case of the single crystals, the defined thickness 

of 12.4 nm results in the narrow melting range – almost all crystals melt simply at the 

same temperature. In contrast a melt-crystallized sample has a broad distribution of 

the lamellar thicknesses, and the thinner ones strongly trend to reorganize during the 

heating scan, which results in the rather broad melting range. For uncontrolled melt-

crystallization the crystals have a typical average thickness of ~ 10.0 nm with a 

thickness distribution of ± 3.0 nm. Moreover, the presence for the observed second 

melting at higher temperatures indicates that parts of the molten-crystallized material 

re-crystallize and form thicker lamellae during the scan, which can melt again at 

higher temperature. In case of the solution grown single crystals this melt and re-

crystallization behavior is not possible during the fast heating scan, because they 

initially melt at a higher temperature so that there is no time left for recrystallization 

during the heating scan. However, the trace shows also some tiny variations from the 

baseline at higher temperatures. 

 

Similar results are obtained analyzing two times the same area of a sedimented single 

crystal sample (data not shown). In the first heating run the measured signals indicate a 

narrow melting range as seen in figure 5-13a, the result of the second heating run is similar 

to the melting behavior of a melt-crystallized sample as discussed for figure 5-13b. 

 

According to the standard theories, as described in Chapter 1, the thermodynamic 

stability of a crystal depends mainly on its lamellar thickness and its fold surface 

organization (surface energy). We assume that the fold organization is identical for 

the PE single crystals investigated. To study the relationship between lamellar 

thickness and melting temperature of the crystals a series of sedimented polyethylene 

single crystals grown at various crystallization temperatures has been investigated 

using the technique of SThM. In this case, all the PE single crystals were prepared by 

self-seeding technique. 
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(a) 

(I) 

(II) 

(III) 

 

(b) 125 ºC 127 ºC 130 ºC 

(I) 
(III) 

(II) 

Programmed Temperature ( °C )  
 

Fig. 5-14: (a) overview of the difference AC power signals measured with a heating rate of 5 °C/s, 

and (b) details of the melting range of crystals having an initial thickness of 12.4 

nm (I), 14.5 nm (II), and 17.5 nm (III), respectively.  

 

Table. 5-2: Crystallization temperature TC, crystal thickness L, measured melting 

temperature Tm, measured peak melting temperature Tp and theoretical 

melting temperature of polyethylene single crystals having three different 

initial lamellar thicknesses. The data are collected from the traces in Fig. 5-

14. Also, data from real-time AFM, conventional and high-performance DSC 

measurements as well as a SThM measurement of one individual lamella are 

included. Tm th is calculated by Gibbs-Thomas equation [1, 40, 41], using data 

from ref [42].  

No Tc 

(ºC) 

L 

(nm) 

Tm TA 

(ºC) 

Tp TA 

(ºC) 

Tm th 

(ºC) 

Tm dsc 

(ºC) 

Tp dsc 

(ºC ) 

Tm AFM 

(ºC) 

I 85 12.5 125 127 121 118 129 121 

II 88 14.5 127 128 123 125 132 122 

III 90 16.5 130 132 126    

 

For all experiments identical working conditions of the SThM are used, such as 

heating rate (5 °C/s), initial set-point and alignment of the tip with respect to the 

sample surface. Fig. 5-14a shows a series of difference AC power signals obtained 

during heating experiments of sedimented polyethylene single crystals. The samples 

are grown at (I) TC = 85 °C, (II) TC = 88 °C, and (I) TC = 90 °C, respectively, and 
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have an initial thickness of (I) 12.4 nm, (II) 14.5 nm, and (II) 16.4 nm. It is quite 

obvious that all the curves show a sharp melting peak. With increased lamellar 

thickness both melting range and peak melting temperature shift to higher temperatures. 

A comprehensive analysis has been performed to determine the melting temperatures of 

the samples. The calculated melting temperature increases with the lamellar thickness 

of the investigated crystals from 125 °C (I) via 127 °C (II) to 130 °C (III). All 

properties of the investigated single crystals can be found in table 5-2. 

 

The observed trend of the melting behavior of polyethylene single crystals depending 

on their initial thickness is in accordance with the theory.  

 

Comparing the data collected from several experiments using real-time AFM, 

conventional and high-performance DSC, and SThM performed on sedimented 

crystals and on one individual single crystal the measured melting temperatures for 

the same lamellar thickness are quite different. Several reasons could be identified to 

explain this variation: the correction to zero heating rate has not been performed, and 

indeed the heating rates of the techniques used vary a lot from a few degrees per 

minute for in-situ AFM and conventional DSC to some hundreds and thousands 

degrees per minute in the case of high-performance DSC and SThM; and another 

reason might be that polymer materials are worse thermal conductors, thus results of 

single lamellae measurements at low and high heating rates (in-situ AFM and SThM, 

respectively) reflect the ‘real’ melting behavior of the material. In conclusion using 

advanced techniques for the measurement of the melting temperature of individual 

polyethylene single crystals melting temperatures in the order of the theoretical value 

could be obtained: in case of a crystal having a thickness of 12.4 nm temperatures of 

120 °C and 121 °C, respectively, could be measured which is almost similar to the 

theoretical value of 121 °C. 
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5.3 Summary 

 

In the present chapter the melting behavior of solution-grown polyethylene single 

crystals has been analyzed. The techniques used are ex-situ and in-situ AFM at 

elevated temperatures, conventional and high-performance DSC, and SThM. All 

techniques have shown their strengths and shortcomings for the determination of the 

melting behavior, however, for specific analysis each of the techniques has particular 

advantages. 

 

The melting behavior of lozenge and truncated lozenge solution-grown polyethylene 

single crystals has been investigated by using contact and non-contact mode AFM. 

The melting of a crystal could be followed in-situ at real temperature; especially the 

use of the phase contrast mode allows the local determination of solid and 

liquid/molten material areas. In case of truncated lozenge crystals a lower 

thermodynamical stability of the (200) sector could be measured; it melts for the used 

preparation conditions at a ~ 3 °C lower temperature than the (110) sector. In relation 

to the observed height difference between the (110) and (200) sectors, and further 

investigations of the surface organization of the two sectors (AFAM and n-alkane 

decoration), the conclusion is drawn that the lower melting temperature of the (200) 

sector results simply from its shorter stem length and is not related to differences in 

the fold surface organization or pronounced tilting of the stems within the lamellae, as 

has been stated in literature [27, 28, 38]. 

 

Exact determination of the melting temperature of polymer crystals is very difficult 

but imperative to relate the melting behavior of the sample with other physical 

properties, such as the lamellar thickness. Systematic analysis of the melting behavior 

has been performed using various techniques: real-time AFM, conventional and high-

performance DSC, and SThM. Especially for the microscopy techniques narrow 

melting ranges in the order of ~5 °C have been obtained, and measurements of 

individual lamellae have resulted in melting temperatures, which are in accordance to 
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theoretical predictions. However, the performed experiments indicate the potential of 

the various techniques, but the data acquired have to be treated with care. 

 

In summary the main results of this Chapter are: 

 

• The melting of an individual solution-grown polyethylene single crystal has 

been followed in real-time. Using phase contrast mode local differences of the 

visco-elastic properties of the sample could be measured indicating the 

transitions between the solid and the liquid state; melting with re-

crystallization and complete melting. 

 

• The melting temperature difference between the (110) and (200) sectors of a 

truncated lozenge crystal has been measured to be 3 °C for the preparation 

conditions used. 

 

• Using the techniques of n-alkane decoration and AFAM no differences in the 

fold surface organization of the two sectors has been detected. 

 

• Contact and non-contact mode AFM observations have shown that the (110) 

sector is approximately 2 nm higher than the (200) sectors of the same 

truncated lozenge crystal. 

 

• A shorter stem length within the (200) sector explains the lower melting 

temperature of the (200). 

 

• The melting behavior of PE single crystals has been measured by using novel 

techniques such as high-performance DSC and SThM. Still, the low thermal 

conductivity of a polymer sample seems to be the most important problem for 

exact measurements. However, determination of the melting temperature of an 

individual lamella has been performed, and the result is in accordance with the 

melting temperature value as calculated from the Gibbs-Thomson equation. 
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Chapter 6 
 

Final conclusions 
 

 

The research presented was focused on the investigation of the nucleation and growth, 

the organization, the annealing and melting behavior, of solution- grown polyethylene 

single crystals. These crystals offer various advantages as dedicated model systems 

for the analysis of features related to the, at the moment, intensively discussed 

research topic ‘crystallization and melting of polymer crystals’: they are one of the 

best described research subjects over the last decades; mainly based on these 

investigations the theories related to the crystallization and melting of polymers have 

been developed and verified; and solution-grown single crystals are the best organized 

crystals in the field of polymers possessing the highest crystallinity, compared with 

e.g. melt-crystallized crystals. 

 

In the present study the most important investigation technique was atomic force 

microscopy (AFM), which has been used in several modes and in combination with 

various additional equipments: contact and non-contact mode, height, amplitude and 

phase contrast imaging, real-time imaging during annealing experiments, atomic force 

acoustic microscopy (AFAM), and micro thermal analysis (SThM). It has been shown 

that AFM has distinct benefits over conventional investigation techniques, it is able to 

follow the dynamics of organization and reorganization processes in real-time and at 

real temperatures, e.g. during an annealing experiment, and with ultimate resolution. 

Thus, besides the other microscopy techniques (optical, scanning and transmission 

electron microscopy) it is the only technique, which is able to visualize morphological 

changes of individual single crystals. In the present study it has been demonstrated 

that using the potential of AFM as an advanced analysis tool results in the observation 

of novel features related to the organization and reorganization of polyethylene single 

crystals.  
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A collection of the foremost results can be found below: 

 

• Using the isochronous decoration technique (applying several fast changes of 

the crystallization temperature during the growth of the crystals) a relation 

between crystal growth rate and actual concentration of the solution has been 

established and quantified. The concentration of the solution has no influence 

on the local thickness of the growing crystal. The concentration coefficient α 

could be calculated to be unity and to be independent of the crystallization 

temperature, which is not in accordance with data found in literature. 

 

• Depending on the used self-seeding procedure, conventional seeding with 

nuclei formation or high temperature pseudo-seeding without formation of 

seeds, the organization of the grown single crystals is different. In the 

conventional self-seeding procedure the crystals have a hollow pyramidal 

shape in the solution, which collapses during sedimentation on a substrate, 

pronounced (110) and (200) sectors (lozenge and truncated lozenge) can be 

seen, and by using the n-alkane decoration technique the fold surfaces of the 

sectors are found, in general, to be well-organized. In the pseudo-seeding 

procedure the crystals already have a flat shape in the solution, the sectors are 

less pronounced and the fold surfaces are disordered. In both cases, even for 

very dilute concentrations, chain entanglements near to the growth planes of 

the crystals are present already in solution and influence the growth of the 

crystals, especially in case of UHMWPE. 

 

• The morphology evolution during annealing experiments depends on the self-

seeding procedure. In case of using the conventional self-seeding procedure 

the crystals start to form holes with pronounced rims within the lamellae or to 

form thicker rims at the initial crystal edges, both at elevated temperatures 

below but near the melting temperature of the crystals. Also the so-called saw-

tooth edge reorganization is observed for the first time, which is initiated by 

the observed nanometer-sized fold domains having different crystallographic 

orientation than the common fold direction of the sector. In case of using the 
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pseudo seeding procedure, hole formation and continuous thickening of the 

entire lamellae starts at annealing temperatures already slightly above the 

initial crystallization temperature, which indicates an enormous mobility of the 

chains within the crystal. 

 

• The phenomenon of lamellar doubling has been studied systematically using 

small-angle X-ray scattering (SAXS) and AFM. Doubling has been observed 

for all investigated samples independent of the seeding procedure used and the 

crystal thickness. With increasing lamellar thickness the doubling transition 

temperature shifts to higher values, which can be related to the higher 

thermodynamic stability of initial thicker crystals. 

 

• The melting of crystals having various preparation histories has been studied 

in detail. In-situ AFM at real temperature has shown that using phase contrast 

imaging the difference between the solid states, still crystalline or already 

recrystallized parts of the sample, and the liquid state, molten parts of the 

sample, can be visualized. Further, it has been shown that the thickness 

difference between the (110) and (200) sectors of truncated lozenge 

polyethylene single crystals results in a 3 ºC lower melting temperature of the 

(200) sector than the melting temperature of the (110) sector. 

 

• Using state-of-the-art thermal analysis techniques such as high-performance 

differential scanning calorimetry and micro thermal microscopy (SThM) the 

melting behavior of individual or a few single crystals has been observed. 

 

• Finally, figure 6-1 represents a master plot of all measured thicknessess of 

solution-grown crystals, reorganized rims, and melted and recrystallized 

portions of the samples, related to the temperature difference between the 

actual temperature and the equilibrium melting temperature or dissolution 

temperature. Again, a striking variation of the reorganization behavior of the 

crystals prepared by the two seeding procedures is present. However, for low 

and high �T similar thicknesses can be observed, the two different lines reflect 

the different organization and the very high chain mobility of the crystals 
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prepared using the pseudo seeding procedure. However, data presented in the 

plot are only representative for the annealing times applied, and the thickness 

will vary for other annealing times. 

 

 

 
 

Fig. 6-1: Master plot of all lamellar and rim thicknesses measured in this study vs. ∆T. For 

solution-crystallized samples (initial lamellar thickness as grown) a dissolution 

temperature of 110.5 °C is used (xylene), for melt-crystallized parts of the crystals, 

e.g. the pronounced rims, an equilibrium melting temperature of 141.5 °C is used. 

(a) presents the thickness variations of single crystals upon annealing, whereas the 

crystals were prepared by using the technique of pseudo-self-seeding; (b) presents 

the thickness variations of the single crystals prepared by using the self-seeding 

technique upon annealing, and (c) presents lamellar thickness as a function of 

crystallization temperature. 

 



 

Appendix A 
 

 

 
Fig. A-1: sketch of the AFM images in Fig. 3-1, Ld: Lamellar thickness, Li: Lateral distance 

from the growth front {110} to the central, L110: the growth front {110} length. 

 
On the basis of this sketch, some equations can be described as: 

Ln = Li+1 − Li  ( i = 0, 1, ... 9 and n=i+1) 

G110 = Ln / Ti 

Si  = 2 L110 × Li  ( i = 0,1,  … 9 and L0 = 0 ) and ∆Si  = Si+1 − Si  ( i = 0, 1, …9 ) 

Vi  = ∆Si  × Ld 

V = ΣVi 

Here, Li represents the lateral distance from the growth fronts {110} to the center, Ln 

represents the lateral growth length during the crystallization period of the nth step; and Vi 

represents the amount of the crystallized material or the volume of single crystal. Supposed 

that a single crystal is considered as one unit with the exhaustions of polymer material after 

crystallization overnight or the uncrystallized polymer can be ignored in contrast to the 

initial polymer amount, as crystallization temperature transition takes place, the instant 

solution concentration can be calculated by the following equation (A-1) 

Ci = C { 1− ( V − ΣVi  ) / V]}                                                                                     (A-1) 





 

Summary 
 

The phenomenon of chain folding in semi-crystalline polymers attracted the attention of 

many scientists, since its discovery by Keller, Fischer, Jacodine and Till in the 1950s. 

Crystallization from dilute solutions, viz. of isolated polymer chains, is now rather well 

documented, but vigorous discussions are still prevalent concerning the organization of the 

polymer chains within the crystal, the kinetics of crystal growth, the re-organization during 

annealing and melting etc. etc. In the present study we used the powerful technique of 

Scanning Probe Microscopy (SPM), in combination with other techniques, to study the 

various details such as the organization of chains within the crystal, the growth kinetics in 

dilute solutions, the temperature stability of the folded-chain crystals and the melting 

behaviour.  

 

The aim of the thesis is to study the phenomena at the level of the individual single 

crystals, whenever possible, using Polyethylene as the model system. SPM in general 

offer the possibility to study in-situ and ex-situ structural details at the level of 

individual molecules. In Chapter 2 the sample preparation techniques and the analytical 

techniques employed are described in detail.  

 

The nucleation and growth processes of solution-grown polyethylene single crystals is 

described in Chapter 3. The influence of several parameters, such as molecular weight, 

concentration in solution, crystallization temperature and seeding temperature applied, has 

been systematically investigated. SPM observations have confirmed the well-known 

inverse relationship between crystallization temperature used and the crystal thickness. 

Applying SPM, thickness measurements of individual crystal could be performed with an 

accuracy better than 0.5 nm. Further, growth rates of the crystals for different 

crystallization conditions have been measured and a relation between actual polymer 

concentration and the crystal growth rate could be established, at least for one 

crystallization experiment. In this case, the main growth rate measurements have been 

performed on the single crystals prepared by the isochronous decoration method, in which 

the crystallization temperature was periodically changed in a controlled way. 
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Some new phenomena were revealed. The self-seeding temperature Ts applied has a major 

effect on the initial organization of single crystals. Two different types of single crystals 

were found: standard single crystals with most regular folding surfaces were grown under 

the common condition of Ts below TDis (which is the critical temperature for the existence 

of nuclei), whereas single crystals with most irregular folding surface were formed when Ts 

was above TDis, so-called ‘pseudo’ seeding. The organization of the crystals with different 

surface regularity has been studied by n-paraffin decoration experiments. Further, a linear 

dependence of the crystallization rate and the solution concentration was found, at least for 

the one experiment performed, and it is independent of crystallization temperature and 

substrate length (thickness of growing front).  

 

In Chapter 4, the morphology evolution of solution-grown polyethylene single crystals has 

been studied upon annealing below their melting temperature. AFM investigations have 

been performed ex-situ, viz. after the annealing treatment at room temperature, and in-situ 

at real temperatures. Besides the well-known “Swiss cheese” and picture frame appearance 

a novel morphological feature has been observed: the formation of saw-tooth-like patterns 

at the edges of the crystals, which becomes more and more pronounced with increasing 

annealing temperature. Controlled dissolution of single crystals has resulted in similar saw-

tooth-like edge patterns as well, which indicates that the initial organization of the crystals 

influences the reorganization. This reorganization behavior upon annealing can be related 

to the presence of nano-sized fold defects, which have been monitored using the technique 

of n-alkane surface decoration. 

 

Further AFM investigations have been performed on crystals prepared by using the 

‘pseudo’ seeding procedure, which have shown a continuous lamellar thickening and the 

formation of cavities when annealed above their crystallization temperature. 

Reorganization of the crystals starts already 1 ºC above their initial crystallization 

temperature. Time dependent annealing experiments have shown that the reorganization is 

a fast process: depending on the annealing temperature, already during seconds the 

reorganization is completed. The annealing behavior observed indicates high chain 

mobility within the crystals. 
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The organization and reorganization of stacked crystals during annealing experiments has 

been investigated and analyzed. Cooperative motion of molecules between the stacked 

crystals, the so-called lamellar doubling behavior, could be monitored. Spontaneous 

thickening of the crystals towards twice their initial thickness has been observed for stacked 

crystals having different initial lamellar thicknesses.  

 

Finally, in Chapter 5 a systematic study related to the melting behavior of solution-grown 

polyethylene single crystals has been performed. Several investigation techniques are used: 

conventional and HPer- DSC, in-situ AFM at real temperature, and SThM. The obtained 

results are critically analyzed and the advantages and disadvantages of these techniques are 

discussed. Using conventional or HPer- DSC average data of a large quantity of crystals are 

obtained, whereas using in-situ AFM and SThM the melting of individual or a few crystals 

could be followed. Moreover, the heating rates of conventional and HPer- DSC and in-situ 

AFM are slow so that reorganization occurs prior to melting of the crystals, which results in 

the case of DSC measurements in the well-known, rather broad melting range of tens of 

degrees for polyethylene. The reorganization process could be minimized using SThM with 

its very high heating rates and localized investigation, and rather narrow melting ranges 

have been observed. 

 

Further, morphological features and the melting behavior of truncated lozenge polyethylene 

crystals have been studied. For the investigated crystals the heights of the (110) and the 

(200) sectors are measured to be 14.5 nm and 12.7 nm, respectively, by using AFM in 

contact and non-contact mode. Moreover, a melting temperature of 123 ºC for the (110) 

sector and of 120 ºC for the (200) sector has been measured by using real-time AFM during 

annealing experiments. Applying atomic force acoustic microscopy (AFAM) and the n-

alkane decoration technique no difference of the surface fold organization of the (110) and 

(200) sectors could be detected. For similar stem length variations in stem tilt angle within 

the sectors may cause the observed thickness difference, however, a very high tilt angle 

difference above 20º is required. More likely, a shorter stem length within the (200) sector 

causes its lower melting temperature. 





 

Samenvatting 
 

De experimentele waarneming van Keller, Fischer, Till en Jacodine dat (lineair) 

polyethyleen vanuit verdunde oplossingen uitkristalliseert in plaatvormige éénkristallen 

met een geringe dikte van ca. 10 nanometer, heeft aanleiding gegeven tot intensief 

vervolgonderzoek. Keller (Bristol 1955) concludeerde dat de polymeermoleculen zichzelf 

opvouwen bij kristallisatie omdat deze vele malen langer zijn dan de dikte van de kristallen. 

Gevouwen ketenkristallisatie is nu algemeen geaccepteerd bij kristallisatie van synthetische 

polymeren met een regelmatige ketenstructuur maar de details inzake de ordening van 

lange polymeermoleculen in kristallen, de kinetiek alsmede de thermische stabiliteit van 

deze metastabiele kristallen, is nog steeds een belangrijk thema van onderzoek. 

 

Het doel van dit proefschift is om met behulp van moderne “Scanning Probe” technieken 

(AFM etc.) onderzoek te verrichten aan individuele  éénkristallen, waar mogelijk via 

directe observatie bij de gebruikte experimentele temperaturen voor kristalgroei en het 

opsmeltgedrag.  

 

Als modelstof werd exclusief lineair polyethyleen gebruikt. 

 

In hoofdstuk 2 wordt de bereiding van de diverse monsters beschreven alsmede de 

gebruikte technieken. 

 

De nucleatie en groei van polyethyleen  éénkristallen in verdunde oplossingen wordt 

beschreven in hoofdstuk 3. De invloed van diverse parameters zoals de molaire massa 

van het polymeer, de concentratie, de nucleatie via kristalresten (seeding), en de 

onderkoeling werd systematisch onderzocht. Gebruik werd gemaakt van de 

zogenaamde isochrone decoratie methode waarbij de kristallisatie temperatuur 

periodiek wordt verhoogd en verlaagd.  Daar de vouwlengte en daarmee de kristaldikte 

wordt bepaald door de kristallisatie temperatuur (de dikte van de kristallen is 

omgekeerd evenredig met de kristallisatie temperatuur of graad van onderkoeling), 

kunnen kristallen worden gegroeid die lateraal (in de groei richting) een verschillende 

dikte en met een lokale dimensie die wordt bepaald door de verblijftijd op de ingestelde 

kristallisatie temperatuur. Op deze manier kon nauwkeurig de groeisnelheid als functie 
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van de actuele concentratie polymeer in oplossing worden bepaald. Er werd een lineair 

verband gevonden tussen de groeisnelheid van de kristallen en de concentratie. 

Opmerkelijk is dat de dikte van het kristal als substraat niet van invloed is op de 

groeisnelheid. 

 

In hoofdstuk 4 wordt de thermische stabiliteit van de polyethyleen éénkristallen 

onderzocht. Door hun geringe dikte, in de orde van 10 nanometer, zijn deze kristallen 

metastabiel en er treedt moleculaire re-organisatie op bij het opwarmen, ver voor dat 

het smeltpunt is bereikt. Dit uit zich in kristalverdikking waarbij, afhankelijk van de 

preparatie condities, er kristallen ontstaan met holtes afgewisseld met lokale 

verdikkingen of er treedt verdubbeling op van de initiele dikte van het kristal wanneer 

twee  éénkristallen elkaar overlappen. In het laatste geval diffunderen ketensegmenten 

van de twee kristallen in elkaar totdat uiteindelijk de vouwlengte gelijk is geworden aan 

twee keer de originele dikte. Met name éénkristallen die zijn gegroeid vanuit homogene 

oplossingen, dus waar geen gebruik is gemaakt van kristalresten als groeikiemen, 

blijken zeer metastbaiel te zijn, reeds bij een geringe temperatuursverhoging vanaf de 

kristallisatie temperatuur treedt reorganisatie op. 

 

In hoofdstuk 5 wordt uitvoerig het smeltgedrag van polyethyleen éénkristallen 

beschreven. Gebruik werd gemaakt van conventionele thermische analyse methoden 

zoals de bekende differentiaal calorimeter (DSC) maar ook van  high-performance DSC 

apparatuur waar wordt opgewarmd met hoge snelheid om voortijdige reorganisaties, 

zoals omschreven in hoofdstuk 4, proberen te verkomen. Het nadeel van deze 

thermische analyse methoden is dat wordt gemeten aan een verzameling kristallen. 

Daarom werd gebruik gemaakt van SPM technieken om in-situ het smeltgedrag van 

individuele kristallen te meten in combinatie met micro-thermische analyse (SThM). 

Het bepalen van een éénduidige smelttemperatuur van polyethyleen éénkristallen bleek 

niet mogelijk. Verschillende sectoren van één enkel kristal smelten bij verschillende 

temperaturen. 
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