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1. Introduction 

 

Polypropylene is an important structural material used in all areas of the 

economy. The main reason for the success of PP is its exceptionally good 

price/performance ratio, i.e. it possesses good mechanical properties at a very 

advantageous price. It is a crystalline polymer thus its properties are deter-

mined by its crystalline morphology. Although it is a known and accepted fact 

that close correlation exists between the structure and properties of crystalline 

materials, very few quantitative correlations are available for development and 

design. One of the main reasons for the lack of more detailed knowledge is the 

complex structure of polypropylene and the complicated correlations between 

structure and properties. Several structural factors influence properties and the 

various characteristics of PP depend dissimilarly on each factor. Crystalline 

structure can be modified by various means; however, each changes all aspects 

of structure simultaneously which further complicates the determination of 

quantitative correlations. The most frequently used approach is the use of nu-

cleating agents, but the effect of these compounds depends on the molecular 

structure of the polymer, on the additive package used and on processing con-

ditions. All these complicated relations truly justify both the contradictory 

conclusions published in the literature and the extensive use of trial and error 

methods in product development. 

The Laboratory of Plastics and Rubber Technology has a long tradition 

both in basic and applied research on crystalline polymers and specifically on 

polypropylene. Basic research resulted in the discovery of the melting and 

annealing memory effect
1
, the development of an efficient and highly selective 

β-nucleating agent for PP
2
, as well as the preparation of the first polypropylene 

with its crystalline phase consisting only of β-modification
3
. Applied research 

in this area started with a cooperation with TVK, and in fact it lasts up to this 

day, but latter included such companies as Clariant, later BASF, and Borealis, 

one of the leading polyolefin producers of the world. The cooperation of the 

Laboratory with Borealis started with the investigation of their patented Borstar 

nucleation technology with the goal of improving the transparency of the prod-

uct having otherwise excellent properties, especially stiffness. The research 

resulted in a paper
4
 and the extension of the collaboration. In the second stage 

                                                 
1
Varga, J., J. Therm. Anal. and Calorim. 31, 165-172 (1986) 

2
Varga, J., Mudra, I., Ehrenstein, G. W., J. App. Polym. Sci. 74, 2357-2368 (1999) 

3
Varga, J., J. Macromol. Sci.-Physics B41, 1121-1171 (2002) 

4
Menyhárd, A., Gahleitner, M., Varga, J., Bernreitner, K., Jääskeläinen, P., Øysæd, H., 

Pukánszky, B., Eur. Polym. J. 45, 3138-3148 (2009) 
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the aim was to find general correlations between molecular structure, 

supermolecular morphology and properties with the final goal of developing 

PP grades with balanced properties. This Thesis is based mainly on the results 

of this work and summarizes its most important conclusions. 

 

2. Background 

 

The properties of crystalline polymers are determined by their structure, 

thus it is not very surprising that many attempts are made to control it. This can 

be done by various approaches
5,6

 and a few of them are used also in industrial 

practice, but the most important one is nucleation
7
. The various properties of 

the polymer are influenced dissimilarly by the individual elements of crystal-

line structure. One of the main problems and difficulty of controlling structure 

is that modification usually changes all aspects of morphology. Moreover, the 

method used must be viable practically and economically as well. As a conse-

quence, although the modification and controlling of structure seems to be an 

obvious way of producing polymer grades with desired properties, it is not as 

simple as it seems. 

One way to modify properties is the proper design of molecular struc-

ture. The increase of chain regularity results
8,9

 in increased crystallinity and 

crystal perfection, which on the other hand leads to increased stiffness and 

strength. However, polymerization technology reached a very high level, fur-

ther progress is difficult and chain regularity cannot be increased any more. As 

a consequence, other techniques must be used, or at least tried, to increase 

modulus. The other direction is easier; chain regularity can be decreased with 

copolymerization in a more or less controlled way. Increasing comonomer 

content results in decreased crystallinity, thinner lamellae and finally in de-

creased modulus, increased deformability and fracture resistance. Although this 

route seems to be straightforward, complications occur here too, the distribu-

tion of the comonomer along the chain or the formation of a heterogeneous 

phase also influences properties, and thus the prediction of material character-

istics is extremely difficult
9
. 

 

                                                 
5
Menczel, J., Varga, J., J. Therm. Anal. and Calorim. 28, 161-174 (1983) 

6
Thierry, A., Fillon, B., Straupé, C., Lotz, B., Wittmann, J., Prog. Coll. Po. Sci. S. 87, 28-31 (1992) 

7
Gahleitner, M., Grein, C., Kheirandish, S., Wolfschwenger, J., Int. polym. Proc. 26, 2-20 (2011) 

8
Garoff, T., Virkkunen, V., Jääskeläinen, P., Vestberg, T., Eur. Polym. J. 39, 1679-1685 (2003) 

9
Gahleitner, M., Bachner, C., Ratajski, E., Rohaczek, G., Neissl, W., J. App. Polym. Sci. 73, 2507-

2515 (1999) 
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Crystalline structure can be controlled also by changing crystallization 

conditions, e.g. by annealing
10,11

. Although quite a few studies show that struc-

ture and properties can be changed in a relatively wide range by annealing, the 

method is impractical and cannot be used in industrial practice because of the 

time and cost involved. On the other hand, annealing is a useful technique to 

study theoretical issues, like the upper limit of property change which can be 

achieved in practice
12,13

. 

The most common and industrially viable as well as widely applied way 

to modify crystalline structure is the use of nucleating agents. Crystallization 

starts at an elevated temperature in the presence of nucleating agents leading to 

shorter cooling times and larger productivity. Nucleus density also increases
4
 

resulting in the development of smaller spherulites. One of the main ad-

vantages of the use of nucleating agents is that crystallization reacts less sensi-

tively to any changes in the conditions of crystallization. Nucleating agents can 

be classified in many ways; we divide them into two categories: heterogeneous 

and soluble nucleating agents. 

Heterogeneous nucleating agents form a separate phase throughout the 

entire process of homogenization, processing and crystallization. Recently 

another approach, the addition of a small amount of ultrahigh molecular weight 

(UHMW) fraction is also used to facilitate nucleation in PP. This phenomenon 

has first been demonstrated in the group of Kornfield
14

. 

Soluble nucleating agents also called clarifiersdiffer from the previous 

class of compounds. They dissolve in the polymer during processing then crys-

tallize earlier during cooling before the polymer does thus initiating the crystal-

lization of the polymer. Well known representatives of this class are mostly 

different sorbitol derivatives
15,16

, but a new family of compounds, 1,3,5-

benzenetrisamides, has also appeared recently on the market as an alternative
17

. 

It is an accepted fact now that these additives dissolve in the polymer and gen-

                                                 
10

Wunderlich, B., Macromolecular Physics: Crystal Nucleation, Growth, Annealing, Academic 

Press: London (1979) 
11

Frontini, P. M., Fave, A., J. Mater. Sci. 30, 2446-2454, (1995) 
12

Pae, K. D., Sauer, J. A. J. App. Polym. Sci. 12, 1901-1919, (1968) 
13

Hedesiu, C., Demco, D. E., Kleppinger, R., Poel, G. V., Gijsbers, W., Blumich, B., Remerie, K., 

Litvinov, V. M., Macromolecules  40, 3977-3989, (2007) 
14

Kumaraswamy, G., Verma, R. K., Issaian, A. M., Wang, P., Kornfield, J. A., Yeh, F., Hsiao, B. 

S., Olley, R. H., Polymer 41, 8931-8940, (2000) 
15

Smith, T. L., Masilamani, D., Bui, L. K., Brambilla, R., Khanna, Y. P., Gabriel, K. A., J. App. 

Polym. Sci.  52, 591-596, (1994) 
16

Kristiansen, M., Tervoort, T., Smith, P., Polymer 44, 5885-5891, (2003) 
17

Blomenhofer, M., Ganzleben, S., Hanft, D., Schmidt, H.-W., Kristiansen, M., Smith, P., Stoll, 

K., Mader, D., Hoffmann, K., Macromolecules 38, 3688-3695, (2005) 
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erate a microcrystalline structure during cooling thus improving the optical 

properties of PP. Quite a few papers deal with the structure of the clarifier after 

its crystallization, the mechanism of nucleation and clarification, and the opti-

cal properties of PP
18

. A considerable part of this Thesis deals with the effect of 

soluble nucleating agents on the optical and other properties of PP. 

General relationships between structure and properties are known quali-

tatively, but quantitative correlations are practically unknown, only a few mod-

els exists which connect various aspects of crystalline polymers to properties. 

Even less is known about the effect of molecular structure on properties, since 

catalyst and reactor technology developed considerably in recent years result-

ing in polypropylenes with more and more complex molecular and sometimes 

dispersed structure 

All attempts directed towards the modification of structure have the fi-

nal goal of producing polymers with properties which satisfy the requirements 

of the intended application. The targeted property can be stiffness; the modulus 

of PP is expected to approach that of engineering thermoplastics. Often a bal-

ance of stiffness and toughness is desired, while optical properties are extreme-

ly important in packaging applications. Since various aspects of crystalline 

structure influence different properties in dissimilar ways, properties have to be 

optimized and balanced properties are difficult to achieve. 

In view of published contradictions and open questions these difficul-

ties, the goal of our work was to shed more light onto the questions not an-

swered satisfactorily yet. The effect of molecular structure on crystallization 

kinetics and on the polymorphic composition of the resulting product, the 

proper characterization of the chain regularity of PP polymers and the devel-

opment of grades with excellent properties were in the focus of our work. The 

way to achieve these goals was to carry out experiments with a wide range of 

materials and to try to find correlations, if possible quantitative ones, between 

their molecular structure and properties. The determination of the largest pos-

sible stiffness which can be achieved under practical conditions, the increase of 

impact resistance with nucleation and the relationship between the structure 

and optical properties of nucleated polymers were major questions investigated 

in the project. Structure and properties were modified by all means possible 

including annealing and the use of various nucleating agents 

 

 

                                                 
18

Bernland, K., Tervoort, T., Smith, P., Polymer 50, 2460-2464, (2009) 
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3. Materials and methods 

 

In our study we used various polypropylene homopolymers and random 

copolymers. Most of them were supplied by Borealis GmbH, while others were 

produced by TVK. We used a range of nucleated agents to modify their crystal-

line structure. Most of the nucleating agents were commercial products, but 

sorbitol clarifiers were synthesized in our lab. The stabilizers, acid scavenger 

and nucleating agents were added to the polymer in an internal mixer, or the 

components were homogenized in a high speed mixer, and than the material 

was melt compounded in a twin screw compounder. Plates of 1 mm thickness 

were produced by compression or injection molding machine. 

The molecular weight and its distribution were characterized by gel 

permeation chromatography (GPC). Rheology was used for the determination 

of average molecular weight and molecular weight distribution (MWD) in 

cases which the samples contained an UHMW fraction. 

Chain regularity was determined by different thermal fractionation 

methods (SIST). The melting and crystallization characteristics of the samples 

were determined by differential scanning calorimetry (DSC). The optical be-

havior of the polymers was characterized by haze measurements carried out on 

the 1 mm thick plates. Crystallization and crystal transformation were studied 

by polarization optical microscopy (POM). The crystalline structure of the 

samples were studied by wide (XRD) and small (SAXS) angle X-ray diffrac-

tion. The mechanical properties of the samples were characterized by tensile 

testing and the measurement of impact resistance. Phase morphology and the 

structure of the composites generally were studied on fractured and/or cryo-cut 

and etched surfaces by scanning electron microscopy (SEM). 

 

4. Results  

4.1. Molecular weight and crystallization 

 

In a series of experiments we investigated the crystallization behavior 

and polymorphic composition of iPP in a wide range of molecular masses. 

Molecular mass was changed by peroxide degradation and a commercial iPP 

product with low molecular mass was also used. iPP usually crystallized main-

ly in the α-form, while crystallization in the β-modification could be induced 

by the application of a highly active and selective β-nucleating agent practical-

ly in the entire molecular mass range studied. The results revealed that the 
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decrease of molecular mass leads to increased structural instability of both the 

α- and the β-modification shown by a decrease in melting temperature and an 

enhanced tendency towards recrystallization during heating. The structural 

instability was explained by the incorporation of chain ends into crystal lattic-

es. The number of incorporated chain ends increased with decreasing chain 

length leading to increased structural instability. The perfection process of 

unstable crystalline structure led to pronounced αα′ and ββ′ duplication of melt-

ing peaks. Contrary to literature sources, we could not detect γ-iPP either in 

peroxid degraded or small molecular mass samples. Currently used catalyst 

systems seem to provide polymers with highly stereoregular structure, which 

do not crystallize in the γ-form. 

 

4.2. Thermal fractionation 

 

The study of various ther-

mal fractionation methods which 

are frequently applied for the 

determination of the chain regu-

larity of polypropylenes showed 

that that the estimated value de-

pends strongly on the selected 

temperature program and on the 

evaluation technique used. With 

systematic work we proved that 

the fastest temperature program is 

the successive self-nucleation 

(SSA-DSC) approach widely used 

and referred to in the literature. 

However, isothermal steps must 

be long enough (at least 60 min) 

in order to achieve reliable chain 

regularity data as you can see in 

Figure 1. Results obtained at 

shorter times might be useful for the comparison of different polymers, but 

average chain regularities are strongly biased. The thermal program proposed 

in this work is reasonably fast (approximately 12 hours) compared to a conven-

tional 18-24 hour long stepwise isothermal segregation technique (SIST) meth-

od. Moreover, the proposed fractionation method contains relatively large 

temperature increments between the steps thus covering a wide temperature 

range, which allows the comparative study of polymers significantly differing 

0 60 120 180 240
85

90

95

100

105

 

 

A
v

e
ra

g
e
 s

e
q

u
e
n

c
e
 l

e
n

g
th

, 
I a
v 

(m
. 

u
.)

Step time, t
s
 (min)

Method A

Method B

Method C

Figure 1. The effect of step time on aver-

age sequence lengths calculated form 

sequence length distribution functions. 



Ph.D. Thesis 

 
 

8 

in structure (random and homopolymers) using the same experimental tech-

nique. We clearly showed that the chain regularity value obtained with our 

method characterizes molecular structure reliably and correlates strongly with 

the crystallization behavior of PP. As a consequence, a carefully designed and 

evaluated thermal fractionation experiment is an important tool for the study 

and development of crystalline polymers, so we used this also in the further 

course of our research. 

 

4.3. Modeling of haze 

 

The analysis of the effect 

of two soluble clarifiers on the 

optical properties of nine PP 

homo- and random copolymers 

proved that lamella thickness and 

crystallinity influence haze only 

slightly. A model was introduced 

which describes quantitatively 

the dependence of nucleation 

efficiency and haze on the con-

centration of the nucleating agent 

(Figure 2). The model assumes 

that the same factors influence 

the peak temperature of crystalli-

zation and optical properties. The 

analysis of the results proved the 

assumption valid and also 

showed that the size of the 

supermolecular units is the main factor determining optical properties. The 

parameters of the model depend on the molecular architecture of the polymer. 

Chain regularity determines supermolecular structure and thus the dependence 

of optical properties on nucleation. 

 

4.4. Solubility and nucleation 

 

We investigated the effect of the solubility of sorbitol clarifiers on the 

nucleation and optical properties of PP random copolymers. We showed by 

thermodynamic model calculations that contrary to some claims published in 
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the literature the solubility of these substances in PP is small, a few 1000 ppm 

at most, in agreement with industrial experience. Solubility is determined by 

the chemical structure of the sorbitol and the heat of fusion of the latter chang-

es solubility by at least one order of magnitude. The morphology of most 

sorbitols transforms at a temperature much below their melting point upon 

heating. The transformation is accompanied by crystal perfection and it seems 

to influence melting and solubility, which indicates that polypropylenes con-

taining a sorbitol clarifier must not necessarily be heated above the melting 

temperature of the nucleating agent in order to achieve the desired effect, the 

decrease of haze. A fibrillar structure forms upon the cooling of molten 

sorbitols, but the diameter of the fibrils is much larger than those forming in 

the polymer melt. The nucleation 

effect of the clarifier depends on 

its solubility, but also on pro-

cessing conditions, mostly on the 

temperature of the polypropylene 

melt. Solubility decreases with 

increasing polarity, substituents 

containing heteroatoms (alkoxy, 

halogen, nitro) seem to be less 

advantageous than those consisting 

of only alkyl groups. Nucleus 

density is related to the amount of 

dissolved clarifier. A rather good 

correlation was found between the 

Flory-Huggins interaction parame-

ter of sorbitols and the minimum 

haze achieved (Figure 3), which 

was explained with the effect of 

solubility and nucleus density. 

 

4.5. Upper limit of stiffness 

 

In an attempt to increase stiffness and to explore the upper limit of 

modulus which can be achieved with PP, we annealed various PP samples. The 

annealing of either compression or injection molded samples did not prove to 

be successful to increase stiffness, because of technical reasons. Various de-

fects developed in the specimens during annealing that did not allow the relia-

ble determination of modulus. On the other hand, annealing of small samples in 

DSC clearly reflected the changes occurring in their crystalline structure and 
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also the effect of nucleation as well as molecular architecture. The large mo-

lecular weight fraction used to facilitate nucleation hinders crystal perfection, 

while the presence of a heterogeneous nucleating agent increases overall 

crystallinity, but does not influence recrystallization. Melting traces were trans-

formed into lamella thickness distributions from which average lamella thick-

ness was derived. Lamella thickness and crystallinity at infinite annealing time 

was determined by a fitting procedure and maximum stiffness was predicted 

with the help of a model equation relating modulus to lamella thickness and 

crystallinity. The predicted maximum stiffness of about 3.5 GPa is very far 

from the theoretical value of 40 GPa of oriented crystals, which cannot be 

achieved under practical conditions. 

 

4.6. Impact modification by nucleation 

 

The study of the effect of 

nucleation on the mechanical 

properties of polypropylene 

random copolymers with vari-

ous ethylene contents showed 

that most properties change 

moderately, but impact re-

sistance may increas considera-

bly above a certain ethylene 

content (Figure 4). A detailed 

analysis of crystalline structure 

proved that crystal modification 

and crystallinity did not change, 

while lamella thickness in-

creased slightly as a result of 

nucleation. Spherulitic structure 

was not detected, a microcrys-

talline structure formed in the 

presence of the soluble nucle-

ating agents used. The large increase in impact resistance could not be related 

directly to changes in crystalline morphology. On the other hand, increasing 

lamella thickness led to further phase separation of the ethylene-propylene 

phase changing the size and distribution of amorphous domains. This indirect 

effect increased crack propagation energy considerably leading to the large 

improvement in impact resistance. Although the phenomenon could be related 

to ethylene content, comonomer concentration alone could not explain the 
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extent of the changes. The results obtained in this study prove that the proper 

design of the molecular architecture of the polymer makes possible the produc-

tion of high impact PP compounds without the use of an additional elastomer 

impact modifier. 

 

5. New scientific results 
 

1. We showed with a systematic study of the effect of molecular mass on 

the crystallization behavior and polymorphic composition of PP that 

chain ends may be incorporated into the crystal lattice during crystalli-

zation. Incorporated chain ends lead to structural instability the degree 

of which increases with decreasing molecular mass. This structural in-

stability results in the duplication of peaks during the melting of both 

the α- and the β- modification of PP [1]. 

 

2. We compared various thermal fractionation techniques used in practice 

and showed their limitations. We developed our own conditions for the 

comparison of polymers with considerably differing molecular struc-

ture, which cannot be done with the usual technique used. By the selec-

tion of appropriately long times and large temperature increments we 

could determine the chain regularity of a wide range of polypropylenes 

and could relate the obtained values to their crystallization behavior [2]. 

 

3. Based on the assumption that the same factors influence the peak tem-

perature of crystallization and optical properties we could construct a 

model which describes quantitatively the dependence of nucleation effi-

ciency and haze on the concentration of the nucleating agent. With the 

analysis of experimental results we proved the assumption valid and al-

so showed that the size of the supermolecular units is the main factor 

determining optical properties [3]. 

 

4. We showed the first time that the morphology of most sorbitols trans-

forms at a temperature much below their melting point upon heating; 

the powder like row clarifier changes to needle like crystals. The trans-

formation is accompanied by crystal perfection and seems to influence 

melting and solubility. This finding explained the practical observation 

that polypropylenes containing a sorbitol clarifier must not necessarily 
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be heated above the melting temperature of the nucleating agent in order 

to achieve excellent optical properties [4]. 

 

5. We proved that the nucleation effect of the clarifier depends on its solu-

bility. Solubility decreases with increasing polarity, substituents con-

taining heteroatoms (alkoxy, halogen, nitro) seem to be less advanta-

geous than those consisting of only alkyl groups. We found a good cor-

relation between the Flory-Huggins interaction parameter of sorbitols 

and the minimum haze achieved in PP, which was explained with the 

effect of solubility and nucleus density, since nucleus density increases 

with the amount of dissolved clarifier [4]. 

 

6. Contrary to others we used the annealing of small samples to change 

crystalline structure, and we related quantities determined by DSC to 

the mechanical properties of injection molded specimens. With the use 

of appropriate models to express these relationships quantitatively, we 

predicted the maximum stiffness of PP which can be achieved under 

practical conditions. We showed the first time that this value is one or-

der of magnitude smaller than the theoretical stiffness often cited in the 

literature [5]. 

 

7. We showed with a detailed study on the correlation of molecular struc-

ture and mechanical properties of PP random copolymers that nuclea-

tion changes only lamella thickness slightly in these samples, but this 

small change results in a large, occasionally threefold increase in impact 

resistance. We proved with a detailed analysis of the results that chang-

ing lamella thickness results in increased phase separation of the dis-

persed ethylene-propylene phase thus changing the size and distribution 

of amorphous domains. This indirect effect increases crack propagation 

energy considerably leading to the large improvement in impact re-

sistance. 
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