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Chapter 1
Introduction
Isotactic polypropylene belongs today to the most important commodity
polymers. Due to its good mechanical properties and its low price, its production and
application are in constant development.
Random copolymers of propylene and α-olefins are also important commercial
products. Indeed, polypropylene homopolymer itself has good physical properties, like
high tensile strength and stiffness. However, its impact strength and transparency is
rather poor, and its brittleness at low temperatures set a limit to its application. Since
comonomers in the polymer chain decreases both the degree of crystallinity and the
glass transition temperature, in applications requiring good clarity, flexibility and
impact strength, such as films, usually propylene/α-olefin copolymers are used.
At the same time, isotactic polypropylene (iPP) and its random copolymers
have always been in the centre of interest in the field of scientific polymer research. The
crystal structure and morphology of iPP has been already studied since the late 1950’s.
Its chain conformation is a threefold (31) helix, with a 0.65 nm chain axis repeat
distance. Despite of the chemical simplicity of the polymer chain, isotactic
polypropylene shows a remarkable complexity of crystal structures. It is known to
crystallise in at least four different crystal forms, which differ in the geometry of chain
packing in the unit cell. The most commonly observed crystal form is the monoclinic α
form, being found in melt-crystallised iPP samples. Its crystal structure was established
by Natta and Corradini [1]. The β form of iPP was first discovered by Keith et al. [2],
but its structure was identified just recently as being trigonal with a frustrated structure
[3]. The β form is found either in samples crystallised from sheared melt, in samples
prepared with the temperature gradient method, or in samples nucleated with selective
β-nucleating agents [4]. The γ form, first mentioned by Addink and Beintema [5],
exhibits a face-centered orthorhombic unit cell [6]. Its crystals are made up of
successive bilayers of polymer chains tilted 80° or 100° to each other. This unique
structure with non-parallel chain axes has not been observed yet in the case of other
semicrystalline polymers. The formation of the γ form was observed either in very low
molecular weight polypropylenes [5], in random copolymers [7], or in homopolymers
crystallised at elevated pressure [8]. Recently, this form was also reported in metallocene
homopolymers crystallised at atmospheric pressures [9]. The fourth crystal form usually
referred to as smectic [1] is found in quenched samples of iPP. A detailed review on the
molecular aspects of the different crystal forms was given recently by Lotz et al. [10].
The aim of this thesis is to analyse the factors that are responsible for the
formation of different crystal forms in polypropylene random copolymers. Since each
crystal form has different mechanical properties, the knowledge of polymorphic
composition and its influential factors is essential for understanding the macroscopic
behaviour of random copolymers.
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This far, structural investigations of propylene/α-olefin random copolymers
were confined to copolymers with ethylene, 1-butene and 1-hexene. In this thesis, two
chapters deal with the crystal structure of propylene/1-pentene random copolymers,
which were developed only recently [11]. These studies contribute not only to the
elucidation of the crystallisation habits of copolymers, but also provide new literature
data on these materials.
Similarly to polypropylene homopolymers, random copolymers of propylene
and α-olefins crystallise predominantly in the α form. However, it was observed that
under certain crystallisation conditions the formation of γ modification is rather
preferred. Therefore, Chapter 2 focuses attention on the factors that are determinant for
the formation of the γ form. In this work, studies were carried out on a series of
propylene/1-pentene random copolymers with pentene contents between 0.38 and 3.63
mol%. Calorimetric measurements were applied to study the crystallisation and melting
behaviour of the copolymers. The mechanism and the kinetics of crystallisation were
analysed with the Avrami method. Identification and quantitative analysis of the
different crystal forms were performed with wide-angle X-ray diffraction. Properties
like melting point, heat of fusion, degree of crystallinity and the relative ratio of the
different crystal forms were found to be dependent on both comonomer content and the
temperature of crystallisation. Comparison of these properties to those of other
propylene/α-olefin random copolymers is also presented.
Besides the above-mentioned factors, nucleating agents also have a significant
effect on the crystal structure of copolymers. It is well known that nucleating agents
increase the crystallisation temperature, raise the rate of crystallisation and decrease the
crystallite size. Some of the nucleating agents also have the special ability to nucleate
only a certain crystal form. Therefore, it seemed to be reasonable to study the influence
of nucleating agents on the crystal structure and polymorphic composition of random
copolymers. Details and results of this study are presented in Chapter 3. For the study,
polypropylene homopolymer and propylene/ethylene random copolymer were nucleated
with different commercial nucleating agents. The samples were crystallised nonisothermally to simulate the conditions of industrial polymer processing. X-ray
diffraction measurements revealed that a considerable amount of γ modification was
formed in the presence of highly efficient nucleating agents. Isothermal and
non-isothermal DSC measurements provided the answer for the question, whether the
selectivity of the nucleating agents or the change in crystallisation conditions is
responsible for the modified polymorphic composition.
In general, propylene/α-olefin random copolymers do not tend to crystallise in
the β form. However, in the presence of a selective β-nucleating agent, samples rich in β
phase can be prepared, which allows to study the effect of chain defects on the
formation and properties of the β form. Earlier and contemporary works in this field
[12-14] report only on the effect of the presence of comonomer, but the effect of its
amount have not been studied yet. Accordingly, Chapter 4 concentrates on the thermal
and structural characterisation of β-nucleated propylene/1-pentene random copolymers
with different pentene content. Isothermal crystallisation and heating cycles were
carried out as a function of composition and crystallisation temperature, in order to
study the ββ’-crystal perfection, βα-recrystallisation and melting processes, as well as to
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determine the influence of comonomer content on the equilibrium melting point of the β
form. Chapter 4 also presents a polarised light microscopy study, which was carried out
to measure the temperature limits of formation of the β form.
Chapter 5 discusses the different approaches, which are used for the
determination of the equilibrium melting point, and are based on calorimetric methods.
During the study presented in Chapter 4, it was established that the linear HoffmanWeeks method is not applicable to the determination of the equilibrium melting point of
the β modification. On the one hand, the measured melting point was raised by crystal
perfection processes during prolonged crystallisation. To eliminate these processes, an
extrapolation method was elaborated, which allowed to determine the melting point of
the original, unthickened lamellae formed at a given crystallisation temperature. On the
other hand, simplifications used in the linear Hoffman-Weeks method, such as the
assumption of a linear dependence of the melting point on crystallisation temperature,
can often lead to erroneous results. Therefore, a non-linear method published recently
[5] was applied, which takes into account both the effects of time and temperature on
the melting point. The difference between the linear and non-linear extrapolation
methods is demonstrated with the determination of the equilibrium melting point of the
β form of isotactic polypropylene.
The most important results of this thesis are summarised in the final chapter.
Although in a few cases some of the questions remained unanswered, the thesis
contributes to the understanding of the main factors that play a crucial role in the
formation of the crystal structure of propylene/α-olefin random copolymers.
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Chapter 2
Effect of comonomer content on the crystallisation
2.1. Introduction
Scientific research on random copolymers of isotactic polypropylene has
attracted considerable attention since it was proved that the γ crystal modification of iPP
forms in these materials at atmospheric pressure [1-10]. Earlier studies have shown that
polypropylene homopolymer crystallises in this form only at pressures of about
400 MPa [11], so the problems of sample preparation hindered the study of the γ form.
Recently, with the increased accessibility of X-ray diffraction techniques, the number of
references related to the polymorphic composition of random copolymers, as well as to
properties of the γ modification has also started to increase.
The influence of randomly dispersed comonomer units on the crystal structure
and thermal properties of propylene/α-olefin random copolymers can be summarised
as follows:
•
•
•
•
•
•

together with the usual α modification the unique γ form appears
the overall rate of crystallisation decreases with increasing comonomer content
the increase of comonomer content results in a decrease of crystallinity and in a
rapid increase of the relative γ content
the increase of crystallisation temperature or the decrease of cooling rate favours
the formation of γ modification
comonomer content lowers the melting temperature and the equilibrium melting
point of the copolymer
the heat of fusion also decreases with the comonomer content, but available data on
the thermodynamic heat of fusion (enthalpy change of fusion of the 100%
crystalline polymer) are contradictory.

In this chapter, results of our study on the crystallisation and thermodynamic
properties of propylene/1-pentene random copolymers are presented as a function of
composition and crystallisation temperature. Comparison is made between our results
and data of other propylene/α-olefins.

2.2. Experimental
Polypropylene homopolymer and six propylene/pentene random copolymers
with different pentene content (0.38-3.63 mol%) were investigated, which were
supplied by Sasol Polymer Technology Centre, RSA. The polymers were prepared at
temperatures between 20 and 85 °C in heptane by slurry polymerisation using a ZieglerNatta catalyst system. Molecular characterisation of the materials was carried out at the
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Sasol Polymer Technology Centre. The comonomer content was determined by means
of infrared spectroscopy, using a Perkin Elmer Patagon 2000 FTIR equipment. The
samples were compression moulded at 200 °C into 0.15 mm thick films. The i.r. spectra
were recorded at room temperature. The melt flow index was determined according to
ASTM D 1238 using a standard Melt Indexer. A Waters 150 CV gel permeation
chromatograph equipped with a data module and computer acquisition system was used
to measure the molecular weight of all samples. Polystyrene was used as calibration
media. Data for pentene content, weight-average molecular weight and melt flow index
of the studied copolymers are presented in Table 2.1.
Crystallisation and melting properties of the materials were determined by a
Perkin Elmer DSC 7 calorimeter under a flow of nitrogen gas. 6±2 mg samples were
heated to 200 °C and kept for 5 min. After that they were cooled at a rate of 80 °C/min
to the chosen isothermal crystallisation temperature. As soon as the primary
crystallisation was complete, the samples were heated at a rate of 20 °C/min. This
relative high heating rate was applied to avoid γ-α phase transition during heating [11].
Equilibrium melting points of the α crystal form of the copolymers were
determined by the Hoffman-Weeks method [12]. Crystallisation was carried out up to
15-20 % relative crystallinity to avoid isothermal lamellar thickening during long
crystallisation times, which would rise the melting temperature [13-15]. The peak
melting temperature of the samples was used as the melting point to eliminate the effect
of secondary crystallisation. In the case of bimodal curves, the peak at the higher
temperature was taken.
For crystallinity determinations 0.3 mm thick sheets were prepared by
compression moulding. Subsequently, the sheets were isothermally crystallised in a
Mettler Hot Stage FP-82 HT. Wide-angle X-ray diffraction patterns were obtained using
a Freiberger Präzisionsmechanik diffractometer in reflexion mode, in a range of
2θ = 8-33° using CuKα radiation.

Table 2.1

Comonomer content, weight-average molecular weight and melt flow index
of propylene/1-pentene random copolymers
C5

C5

Mw

MFI

%

mol%

g/mol

g/10min

0
0.63
0.96
2.0
3.5
4.9
5.9

0
0.38
0.58
1.21
2.13
3.0
3.63

440'700
481'700
528'800
647'300
665'100
713'400
713'600

7.4
6.7
6.7
5.7
6.0
5.3
7.4
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2.3. Results and discussion
2.3.1. Crystallinity and polymorphy
To study the effect of comonomer content on the crystallinity and on the
relative γ content, copolymers with different concentration of 1-pentene were
isothermally crystallised. For better comparability, the samples were prepared with the
same crystallisation rate, i.e. the crystallisation temperature of each sample was chosen
so that the half-time of crystallisation, t0.5, was equal with ten minutes (see
Figure 2.10a).
As expected from literature data, the {117} diffraction peak of the γ form
appeared in the WAXS pattern of the propylene/pentene copolymers (Figure 2.1). The
relative ratio of the γ form to the α form was calculated according to the method of
Mezghani [3], where the Aγ/(Aγ+Aα) area ratio of the neighbouring γ117 and α130 peaks at
2θ = 18.5° and 20.5°, respectively, was taken as the relative γ content. Although the
values obtained by this method are not exact because of the slight overlapping of the
neighbouring curves, they show correlation between the amount of the different crystal
forms. To determine the degree of crystallinity, the WAXS patterns were evaluated by
the method of Weidinger and Hermans [16]. The diffraction intensities of the
amorphous and crystalline parts were separated, and the degree of crystallinity was
calculated as the relative ratio of the crystalline area to the total area.

Figure 2.1 WAXS pattern of a propylene/1-pentene copolymer (3.63 mol% pentene
content, crystallised at Tc = 119 °C)
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Figure 2.2 displays the degree of crystallinity and the relative γ content of the
samples as a function of 1-pentene content. It can be observed, that after a sudden initial
fall, the crystallinity shows a 1.5 % decrease per pentene mol%. This ratio is very
similar to the 1 %/mol% ratio reported in the literature for ethylene comonomer [2,5,6].
From the moderate decrease of crystallinity and from the small expansion of the crystal
unit cell Turner-Jones [1] and Laihonen [5] drew the conclusion that low levels of
randomly distributed ethylene units are able to co-crystallise with the propylene units.
The same tendency was observed in the case of 1-butene comonomer [7]. However, for
propylene/1-hexene random copolymers, a decrease in crystallinity with approx. 4 %
per mol% hexene was reported by Pérez et al. [9], which is more twice greater than that
of ethylene, butene or pentene. This shows that the increase in the size of the
comonomer beyond a certain limit hinders the co-crystallisation and this leads to a
considerable decrease of crystallinity. In the case of propylene/1-pentene copolymers,
the moderate change in crystallinity with increasing comonomer content leads to the
conclusion that the propyl side group is the largest one that can be included in the
crystal lattice. The butyl group exceeds this limit and is partially excluded causing the
disruption of crystallinity.

80

80

60

60

40

40

20

20

0

z Relative γ content, Xγ (%)

∆ Crystallinity, Xc (%)

The γ content of the samples showed the expected increase with the
comonomer content, which confirms that structural heterogeneity helps the formation of
the γ crystal form. Compared to literature data on other propylene/α-olefin random
copolymers, the relative γ/α ratio increases with pentene content approximately three
times faster than in the case of ethylene or butene comonomer [2,5,8]. This supports the
assumption, that the size of the side group of the comonomer has a great influence on
the formation of the γ modification.

0
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4

Pentene content (mol%)

Figure 2.2 Crystallinity and relative γ content of propylene/1-pentene copolymers as a
function of comonomer content
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35
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Figure 2.3 Crystallinity and relative γ content of 3.63 mol% propylene/1-pentene
copolymer as a function of crystallisation temperature
Isothermal crystallisations were also performed on the 3.63 mol% sample as a
function of crystallisation temperature. The results are presented in Figure 2.3. The
degree of crystallinity remains unchanged in the studied temperature range, but the γ
content increases from the initial 48% to 65%. The increase of the γ content with
practically constant crystallinity shows that formation of the γ form is favoured at lower
supercooling.
The DSC plots of the isothermally crystallised samples are shown in Figure 2.4
and 2.5. Except the homopolymer, each copolymer shows bimodal melting. The
proportion of the peak areas is approximately the same as the measured relative γ
content (compare with Figure 2.2 and 2.3), which means that the lower melting peak
indicates the melting of the γ phase. This is in agreement with the results of Kardos [17]
and Pae [11], who measured the melting point of the γ form 10-15 °C lower than that of
the α form. Mezghani argued against it and explained the bimodality of the curves by
melting of different stem lengths. But he did not take into account, that according to
Pae's observation [11], at low heating rate the γ modification undergoes a solid-state
transition into the α form before melting. This γ-α conversion could be considerable at a
scan speed of 10 °C/min, but it can be eliminated by using a heating rate around
20 °C/min. Because of this higher rate the shape of the DSC curve corresponds to the
developed crystal structure.
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3,63 mol% pentene
3,0
Heat flow (mW)

10,75

2,13
1,21
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Figure 2.4 DSC melting curves of propylene/1-pentene copolymers as a function of
comonomer content
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Figure 2.5 DSC melting curves of 3.63 mol% propylene/1-pentene copolymers as a
function of crystallisation temperature
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Further information on the crystal structure can be obtained from the i.r.
spectra of the copolymers [5]. The absorption bands at certain wave numbers are
associated with 3/1 helices with a certain minimal length. The absorption peaks at
998 cm-1 and at 841 cm-1 are assumed to arise from helices with at least 11-12 and 13-15
repeating units, respectively, while the band at 973 cm-1 is related to helices with at least
5 repeating units [18]. The absorption band at 900 cm-1 is associated with the crystalline
phase [19]. The absorbance at 973 cm-1 was found to be nearly constant for each
copolymer, and seemed to be independent of the comonomer content, therefore this
band was used as an internal standard by which the other absorption bands were
divided. Thus, the absorbance ratios A998/A973 and A841/A973 provide information about
the relative ratio of 3/1 helices with different length, while A900/A973 refers to the
quantity of crystal lamellae consisting of helices longer than 5 repeating units. Figure
2.2 presents the above-mentioned absorbance ratios as a function of comonomer
content. With increasing pentene content, A900/A973 shows only a decrease of 7-8%,
which is consistent with the moderate decrease in the X-ray crystallinity. Figure 2.6 also
shows that both the A998/A973 and A841/A973 absorbance ratios decrease monotonously
with increasing comonomer content, which indicates that the amount of shorter helices
increases in the crystal phase. Comparison of these data to the moderate decrease in
crystallinity confirms the assumption that the randomly distributed pentene units may
disturb the 3/1 helix of the polypropylene, but they have to be incorporated in the unit
cell of the crystal. From similar results obtained with propylene/ethylene random
copolymers, Laihonen et al. [5] had drawn the same conclusion.

I. r. absorbance ratios, Ai /A973

1

0,75

0,5

0,25

0
0

1

2

3

4

Pentene content (mol%)

Figure 2.6 I. r. absorbance ratios of propylene/1-pentene copolymers, as a function of
comonomer content ( ○ A998 /A973 , ● A841 /A973 , ▲ A900 /A973 )
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2.3.2. Thermal properties
It is a well-known fact that copolymers have a lower melting point than
homopolymers. The decrease in melting temperature is proportional with the amount of
comonomer and with the degree of supercooling. This proportionality ratio was
observed to be approximately 3 °C/mol% for propylene/ethylene copolymers [4].
Similarly, we obtained values between 3-5 °C/mol% for propylene/1-pentene
copolymers. However, for propylene/1-hexene copolymers a decrease of 10 °C/mol%
was reported [9].
The equilibrium melting point of copolymers also decreases with comonomer
content. The Flory equation [20] describes the melting point depression in the range of
small comonomer content, in the case when the comonomer units are excluded from the
crystals:

1
1
R
−
=
⋅ ln ( 1 − x)
0
Tm Tm ∆H m

2.1

where Tm0 and Tm are the equilibrium melting points of the homopolymer and the
copolymer, ∆Hm is the heat of fusion of the 100% crystalline homopolymer (8790 J/mol
for the α form of iPP [21]) and x is the mole fraction of non-crystallisable units, e.g.
comonomer. According to this model, the comonomer reduces the equilibrium melting
point with 2.0°C/mol%, independently from the quality of the comonomer. Very good
correlation with the equation was reported in the literature for ethylene (2.1 and
2.3 °C/mol% [2,4]) and for 1-butene comonomer (2.0 °C/mol% [7]). Here we have to
emphasise that both the results mentioned above and that of our study are related to the
α crystal modification of polypropylene.
The equilibrium melting point of the propylene/1-pentene copolymers was
determined by the method of Hoffman and Weeks [12], which is displayed in
Figure 2.7. The values are presented in Table 2.2. It can be seen from Figure 2.8, that
the equilibrium melting points of the propylene/1-pentene copolymers does not follow
the calculated values of Equation 2.1 and show a large non-linear decrease. According
to the Flory equation, this degree of equilibrium melting point depression could only be
achieved with a much larger amount of non-crystallisable units. As an example, for the
copolymer with Tm0 = 161.7 °C, a pentene content of 14 % would be necessary, instead
of the actual 3.0 mol%. In that case, the length of the polypropylene chain would be
statistically reduced to 7-8 repeating units between the pentene units, which were too
short to form crystals that only contain propylene segments, so the crystallinity would
be disrupted completely. From these results we can conclude that Equation 2.1 is not
valid for copolymers having 1-pentene comonomer in the polymer chain. The only
reason that could explain the unexpected degree of melting point depression is the
presence of randomly distributed stereoirregular units along the chain, which are
incorporated into the unit cell. Since their amount is not known for our copolymers, we
can only conclude that their contribution to the depression of Tm0 is quite high.
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Peak melting temperature, Tmp (°C)
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Figure 2.7 Equilibrium melting point determination by Hoffman-Weeks method
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Figure 2.8 Equilibrium melting points of propylene/α-olefin random copolymers as a
function of comonomer content
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Equilibrium melting point (Tm0) and normalised heat of fusion (∆Hm100%) of
propylene/1-pentene copolymers as a function of pentene content
C5

Tm0

∆Hm100%

mol%

°C

J/g

0
0.38
0.58
1.21
2.13
3.0
3.63

185.5
170.7
169.9
164.6
162.6
161.7
157.9

146
157
138
121
115
105

The heat of fusion of propylene/pentene copolymers was also found to
decrease with increasing comonomer content. To calculate the heat of fusion of 100%
crystalline polymer, the calorimetrically obtained heat of fusion of the samples was
divided by the value of its X-ray crystallinity. These normalised heats of fusion showed
an approximately 13 J/g decrease per pentene mol% (Table 2.2).
For other propylene/α-olefin random copolymers, literature data are, however,
not so consistent in this field. Avella [4] found 9 J/g per ethylene mol% decrease in the
normalised heat of fusion. Laihonen's values are lower, 4 J/g per ethylene mol% [5],
while Zimmermann did not find any change. However, it should be noted that most of
the samples studied contain both α and γ modification, and these two modifications
differs in the thermodynamic heat of fusion, e.g. for the γ modification of the
homopolymer 145 J/g was given by the literature [22]. To prove that, in Figure 2.9 the
normalised heat of fusion is plotted against the γ content of the 3.63 mol% samples
crystallised at different temperatures, and linear correlation was found. Of course, the
heat of fusion of the pure crystal forms cannot be determined this way, but it is proved
that there is a considerable difference between them. In addition to this, the normalised
heat of fusion differs in the case of samples having the same γ content but with different
comonomer content (Figure 2.6). By reason of this, one can see that the thermodynamic
heat of fusion is influenced by many factors: comonomer content, type of crystal
modifications and structure of comonomer. This supports the thesis that the side group
of the α-olefin comonomers up to 1-pentene can be incorporated in the crystal lattice,
which causes the decrease of the cohesion between the polymer chains, and it results in
the decrease of the heat of fusion.
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Figure 2.9 Heat of fusion of propylene/1-pentene copolymers with 3.63 (●), 3.0 (▲),
2.13 (■) and 1.21 (♦) mol% pentene, normalised to 100% crystallinity, as a
function of γ content

2.3.3. Crystallisation kinetics
In order to study the effect of comonomer content on the crystallisation kinetics of the
copolymers, isothermal crystallisations were carried out in a DSC as a function of time
and temperature. The overall rate of crystallisation can be simply characterised by the
half-time of crystallisation, t0.5, which is the time needed to reach a relative degree of
crystallinity of 0.5 at a given Tc. The relative degree of crystallinity that developed at a
specific time t, X(t), was calculated from the recorded crystallisation exotherms by the
equation
t

∞

t0

t0

X (t ) = ∫ (dQ / dt )dt

∫ (dQ / dt )dt = A(t )

A(∞)

2.2

where A(t) is the time integral of the heat flow curve from time t=t0 to time t, and A(∞)
is the total area under the crystallisation exotherm.
Figure 2.10a shows the half-time of crystallisation of the propylene/1-pentene
copolymers as a function of crystallisation temperature. It can be observed that the
t0.5 vs Tc plots shifts to lower temperatures as the comonomer content increases, thus the
overall rate of crystallisation decreases on the absolute temperature scale.
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Figure 2.10b
Figure 2.10 Half-time of crystallisation of propylene/1-pentene copolymers, t0.5, as a
function of a) crystallisation temperature, b) supercooling. The numbers
refer to the comonomer content
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When the same half-times are represented in Figure 2.10b as a function of
supercooling, ∆T = Tm0-Tc, namely the temperature difference between the equilibrium
melting point of the individual copolymer (Table 2.2) and the crystallisation
temperature, it is clear that the shift mentioned above is caused principally by the
decrease in the equilibrium melting point with increasing pentene content. It is also
visible that copolymers start to crystallise even at a lower degree of supercooling than
the homopolymer, and the t0.5–Tc plots run parallel and very close to each other. To
clarify the reason of this behaviour, we have to analyse the crystallisation process. The
driving force of crystallisation is governed by the Gibbs free energy difference between
the amorphous and crystalline phase, ∆G:

∆G =

∆H f ⋅ (Tm0 − Tc )
Tm0

2.3

Thus, at constant supercooling, decrease in the equilibrium melting point of the
copolymers should raise the Gibbs free energy difference and increase the rate of
crystallisation. On the other hand, as it was shown in Figure 2.9, the thermodynamic
heat of fusion of the copolymers, ∆Hf, also decreases with increasing comonomer
content, so it would lead to the decrease of the crystallisation rate. According to our
results, the extent of these effects are almost the same, therefore the supercooling
dependence of the crystallisation rate of the copolymers hardly changes with the
pentene content.
For furter analysis of the recorded heat flow signal a modified Avrami equation
was used (Equation 2.4), which is widely accepted for modelling the overall kinetics
and mechanism of bulk crystallisation:

X(t) = 1-exp[K(t-t0)n]

2.4

where X(t) is the relative degree of crystallinity at time t, K and n are the Avrami rate
constant and exponent, respectively, t0 is the apparent induction time of crystallisation.
According to the model, the value of the Avrami exponent n is the sum of a number
characteristic for the nucleation type (0 for instantaneous or 1 for sporadic nucleation)
and the number of growth dimensions (1-3), while the rate constant K is a function of
the nucleation and growth rates. The induction time t0 is a time delay, which is generally
observed to occur between the beginning of the measurement and the appearance of the
crystallisation, so it has to be subtracted from the time of the measurement [23-27].
The parameters of the Avrami equation can be calculated from the double
logarithm of Equation 2.4:

ln[-ln(1-X)] = ln K + n·ln(t-t0)

2.5

Thus, the slope of the ln[-ln(1-X)] vs ln (t-t0) plots gives the Avrami exponent, and the
intercept at ln (t-t0) = 0 gives the logarithm of the rate constant K.
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Figure 2.11 Avrami plots at various temperatures for the isothermal crystallization of
a) polypropylene homopolymer, b) 3.63 mol% pentene copolymer
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For illustration, Figures 2.11a and 2.11b show the Avrami plots of the
homopolymer and of the 3.63 mol% pentene copolymer, respectively. The plots
represent the evolution of the relative crystallinity in the range of 7-90%. The kinetic
parameters were determined form the slope and intersection of the straight-line which
were fitted to the data points between X = 7-40% using the least-squares method. As it
is visible, the data points follow the equation even at a high degree of conversion and at
high temperatures, which means that the Avrami model adequately describes the
crystallisation process of the propylene/1-pentene copolymers in a very wide range.
Furthermore, the linear fashion of the Avrami plots show that the mechanism of
crystallisation does not change dramatically during the crystallisation.
Figure 2.12 shows the Avrami exponents as a function of supercooling. These
results differ from data reported in the literature for other propylene/α-olefin random
copolymers. The Avrami exponent for propylene/ethylene copolymers was found to be
between n = 1.6-2.2, which slightly decreased with increasing ethylene content [2]. For
propylene/1-butene copolymers the same tendency was observed [7], while in the case
of propylene/1-hexene copolymers n values of 3.1-3.3 were reported, decreasing to
2.7-2.8 with increasing amount of hexene. On the contrary, n values of the
propylene/1-pentene copolymers with low pentene content scatter around 2.6-2.8, and
increase to 3.1-3.2 with increasing comonomer content. According to the theory, the
value of 3 indicates that the copolymers crystallise in three-dimensional growth after
instantaneous (athermal) nucleation. However, a small increase of the Avrami exponent
at higher pentene content may refer to the simultaneous appearance of sporadic
(thermal) nucleation during the crystal growth. Nevertheless, its extent is rather small,
so it can be stated that the mechanism of crystallisation was not changed markedly by
the introduction of pentene comonomer. Dependence of the Avrami exponent upon
crystallisation temperature (in other words on supercooling) was not clearly proved.
The nearly constant value of the Avrami exponent with increasing pentene
content also refers to the inclusion of comonomer into the crystal lattice. When the
pentene units in the polymer chain would be rejected from the growing crystals, they
would be concentrated on the surface of the lamellae. These defects would hinder the
three-dimensional crystal growth, which would lead to a decrease in the Avrami
exponent. Such an effect was not observed in our case.
The rate constants, presented in Figure 2.13, show a monotonous increase with
increasing supercooling, which indicates that the crystallisation process is controlled by
nucleation. The crystallisation rate of the copolymers is unequivocally higher than that
of the homopolymer. This could be attributed to a decrease in the free energy of the
formation of a nucleus of critical dimensions, which was observed in the case of other
random copolymers [2,7]. However, except for the 3.63 mol% sample, the increase in
pentene content seems to slow slightly down the crystallisation.
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2.4. Conclusions
In this chapter, crystallisation and melting behaviour of propylene/1-pentene
random copolymers were studied. WAXS and DSC measurements of isothermally
crystallised samples confirm that the copolymers contain the γ crystal form in large
quantity. The content of γ form increases with increasing pentene content and
crystallisation temperature. We found a limitation in the relative γ content around
60-65%. Introduction of 1-pentene as comonomer into isotactic polypropylene
backbone causes the formation of the γ modification much easier than in the case
ethylene or butene comonomer. According to our measurements, 1-pentene is the
highest α-olefin comonomer, of which side group can be included in the crystal lattice.
The equilibrium melting point of the copolymers, determined by the Hoffman-Weeks
method, decreases with pentene content in a non-linear way and the values are much
lower than the ones calculated from the Flory equation. It was shown that the
thermodynamic heat of fusion depends not only on the type of the crystal modification
but also on comonomer content and on the structure of comonomer. Analysis of the
crystallisation kinetics proved that the decrease of the crystallisation rate with
increasing pentene content is caused mainly by the decrease in the equilibrium melting
temperature. It was also shown, that the Avrami equation adequately describes the
overall crystallisation process of the copolymers in a wide temperature range and even
in the final stage of crystallisation. The value of the Avrami exponent varies in a range
between 2.7-3.1, referring to a nucleation-controlled three-dimensional growth, which
shows that the mechanism of crystallisation is not altered significantly by the
introduction of pentene comonomer.
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Chapter 3
Effect of nucleating agents on the polymorphic composition
3.1. Introduction
Conditions of crystallisation, such as cooling rate, orientation of the melt by
shear flow, or the presence of foreign particles have a great influence on the crystal
structure of a semicrystalline polymer. During cooling of the quiescent polymer melt,
the crystallisation process starts with the random formation of nuclei, which induce the
growth of larger supermolecular structures, usually spherulites. In the case of
heterogeneous nucleation, formation of nuclei is more favoured energetically on the
surface of certain materials than in the bulk polymer melt. These nucleating agents raise
the amount of nuclei in the melt, which increases the overall crystallisation rate. On the
other hand, the crystallisation process shifts to a higher temperature range, resulting in a
more stable structure. Because of the higher density of nuclei, the size of the spherulites
also decreases, giving a more uniform microcrystalline phase.
Since these structural changes modify the mechanical and optical properties,
the industrial importance of nucleating agents is very high. The smaller crystal size
improves clarity, and the higher degree of crystallinity raises stiffness, hardness and the
heat deflection temperature [1]. In addition, the higher crystallisation rate increases the
productivity by shortening the processing time.
In general, nucleation agents are solid, crystalline materials, with a melting
point higher than that of the polymer. Their other important properties are the
insolubility in the polymer and the presence of both polar and apolar groups [2-7]. The
nucleating agents can be classified into organic and inorganic materials. The most
frequently used inorganic agent for nucleation of isotactic polypropylene (iPP) is talc,
which was first studied by Menczel and Varga [8]. Talc is generally applied to improve
mechanical properties like Young’s modulus or heat resistance. Examples for organic
nucleating agents are sodium benzoate, sorbitol derivatives and organic phosphates.
These latter are usually referred to as clarifiers because they improve the transparency
of the polymer by disrupting the spherulitic structure.
For the mechanism of heterogeneous nucleation several explanations have been
given. According to the widely accepted theory of Binsbergen [4-7], if the formation of
a nucleus is more favoured energetically on a pre-existing foreign surface than in the
bulk polymer melt, the free enthalpy of formation of a nucleus of critical size decreases,
leading to faster nucleation rates. A very important role is attributed to the geometry of
the additive particles as well, since the most effective nucleating agents exhibit lamellar,
rod-like or fibrillar structure. It is assumed, that surface irregularities, like small holes,
cracks or crevices in or between the layers can act as active sites for nucleation
[4,6,9,10], since in them several faces of the nucleus can contact the heterogeneous
surface. As an illustration, Figures 3.1-3.5 show the surface structure of talc, a sorbitoltype and a phosphate salt clarifier.

Chapter 3

Figure 3.1

Scanning electron micrograph of Millad 3988 (1800×)

Figure 3.2

Scanning electron micrograph of Millad 3988 (8000×)
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Figure 3.3

Scanning electron micrograph of ADK NA-11 UH (1800×)

Figure 3.4

Scanning electron micrograph of ADK NA-11 UH (8000×)
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Scanning electron micrograph of talc (Naintsch A-3C, 8000×)

As another explanation, Turnbull [9] proposed that a small proportion of the
polymer is adsorbed in a stretched form in the cavities of the surface. These crystals
consisting of oriented chains have an increased melting temperature, so they can survive
melting and preserve its crystalline form, initiating the growth of spherulites even at
moderate supercooling. This assumption was also confirmed by experiments with
calcium carbonate filled polypropylene. Calcium carbonate with large particle size has
no nucleation activity [11]. With decreasing particle size, the force of interaction
between particles increases, leading to the formation of aggregates. These aggregates
showed some nucleation activity [12], which was attributed to the gaps between the
particles. However, this theory has deserved less recognition than that of Binsbergen.
Certain nucleating agents have specific properties that increase their efficiency.
For example, dibenzilidene sorbitol (DBS) [13] has a very strong nucleation activity
compared to inorganic agents, which was originated to its unique feature to form a
physical network during crystallisation [10,14,15]. This network consists of entangled,
regularly twisted filaments, each of which behaves essentially as a continuous string of
nucleation sites. The exceptionally thin filament diameter of 10 nm results in a surface
over volume ratio close to 400 m2/cm3.
In earlier studies, the presence of alternating rows of polar and apolar groups at
the surface of the nucleating agent were considered to be the reason for strong
nucleation activity [4-7]. Recent studies on PE [16-18] and on iPP [18-21] proved that
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nucleating agents act primarily via epitaxial interactions with the polymers. For
example, the (010) crystallographic plane of the α-phase of iPP (i.e. the ac face of the
unit cell) is made of highly symmetrical, lozenge shaped array of methyl groups. These
groups are situated in rows with 0.505 and 0.425 nm periodicities normal to the short
and the long diagonals of the lozenge, respectively. The methyl groups also exhibit a
0.65 nm periodicity normal to the unit cell edges. Substrates having a lattice parameter
that matches one of these periodicities can interact with the (010) contact plane of
α-iPP, and can act as nucleating agents [19,20]. Since the (080) crystallographic plane
of the γ form is structurally similar to the (010) one of the α form [19,22], these
substrates could also nucleate the γ phase, especially in resins that show a tendency to
form the γ phase by itself (random copolymers, stereo-defective or low molecular
weight iPP). For the β-iPP epitaxy, substrate periodicity of 0.65 nm matching the chain
axis repeat distance of iPP is favoured [21].
In the previous chapter, it was shown that low supercooling promotes the
formation of the γ modification in propylene/α-olefin random copolymers. Since
nucleating agents increase the crystallisation temperature, the relative γ/α ratio is
expected to change in nucleated copolymers. In this chapter, we studied the effect of
nucleating agents on the polymorphic composition of an iPP homopolymer and of a
propylene/ethylene random copolymer. Moreover, since different types of nucleating
agents could act via different mechanism, we compared the effect of various nucleating
agents (Table 3.1).

Table 3.1

*

List of nucleating agents studied in *homopolymer, **random copolymer

Sample
**

material

Nucleating agent
trade name
-

manufacturer

HN1

RN1

sodium benzoate

Adeka Palmarole

HN2

RN2

bis(3,4-dimethyl-benzylidene)- Millad 3988
sorbitol

Milliken

HN3

RN3

2,2’-methylenebis(4,6-di-tertADK STAB
butylphenyl)-phosphate sodium NA-11 UH
salt

Asahi Denka
Kogyo K.K.

HN4

RN4

talc

Talc HM05c

IMI FABI S.p.A.

HN5

RN5

talc

Naintsch A-3C

Luzenac
Naintsch GmbH
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3.2. Experimental
3.2.1. Materials
An iPP homopolymer (H 705) and a propylene/ethylene random copolymer
with approx. 3 wt% ethylene content (R 605), provided by TVK Rt., Hungary, were
nucleated with five different commercial nucleating agents, listed in Table 3.1. The
polymer powders were mixed with 0.15 wt% Irganox B225 stabiliser and 0.05 wt%
calcium stearate. The nucleating agents were added to the mixture in 0.1 wt%
concentration. According to Table 3.1, the nucleated homopolymer and random
copolymer samples will be referred to as HN1 to HN5 and RN1 to RN5, respectively.
Mixtures without any nucleating agent were also prepared (abbr. H and R).

3.2.2. Sample preparation
The mixtures were compounded in a Brabender Plasticorder internal mixer at a
temperature of 175 °C, for 8 min. The screw speed was 50 min-1. The compound was
compression moulded in a Wickert hydraulic press at 230 °C, into plates with
dimensions of 55×40×1 mm. After a preheating of 5 min, a pressure of 100 bars was
applied for another 5 min. Then the plates were cooled down to 40 °C with an average
cooling rate of 16 °C/min.

3.2.3. Experimental techniques
The degree of crystallinity of the samples and the relative ratio of the different
crystal forms were characterised by wide-angle X-ray scattering (WAXS). The
diffraction patterns were measured at ambient temperature with a Phillips PW 1830/
PW 1050 diffractometer using Ni-filtered CuKα radiation, operating in a range of
2θ = 10-35°, with a step width of 0.04° and acquisition times of 1 s. The measurements
were performed directly on the compression moulded plates.
Besides, samples R, RN3 and RN5 were compression moulded to 0.2 mm
plates, and were crystallised isothermally in a Mettler Hot Stage FP-82 HT at 125 °C.
Their WAXS pattern were also measured.
Crystallisation and melting characteristics of the samples were studied in a
Perkin Elmer DSC 7 differential scanning calorimeter on 5 mg samples. Non-isothermal
crystallisations were performed in a temperature range of 220-50 °C with scan speeds of
5, 10, 20, 30 and 40 °C/min. A heating rate of 20 °C/min was applied to avoid γ-α phase
transition during heating [23].
Scanning electron micrographs of the nucleating agents were taken with a
Hitachi S-300N microscope to examine their surface structure. The samples were
examined at magnifications of 1800× and 8000×.
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3.3. Results and discussion
3.3.1. Wide-angle X-ray diffraction
WAXS pattern of the samples obtained by non-isothermal crystallisation
(described in Section 3.2.2.) were measured and analysed. To obtain the degree of
crystallinity, intensities of the amorphous and crystalline phase had to be separated
within the diffraction pattern. Since recording of the WAXS data was computerised,
peak deconvolution was performed using the software Peakfit instead of the graphical
method of Weidinger and Hermans [24] described in Chapter 2. First, an amorphous
scattering profile was constructed from two peaks with Gaussian profile, located at
2θ = 16° and 20° [25]. The amorphous profile was fitted to the diffraction of the nonnucleated homopolymer. The parameters of the two generated profiles was chosen so
that the resulting amorphous curve would fit to the measured scattering pattern of the
homopolymer at 2θ = 15.5°, 23.5° and 26°, where the diffraction peaks of the crystalline
phase do not overlap (for illustration, see Figure 3.6). Since the diffraction profile of the
amorphous phase is assumed to be independent of crystalline structure, this profile was
subtracted from the other WAXS patterns, after proper adjustment of their intensities at
the 2θ angles mentioned above. The degree of crystallinity, Xc, is then calculated by the
Ac/(Ac+Aa) area ratio, where Ac is the integrated intensity of the crystalline peaks and Aa
is the area of the generated amorphous profile [26]. The Xc values of the samples are
given in Table 3.2.
For the determination of the relative ratio of the γ to α form several methods
were applied [23,27-30], all of which are based on distinct diffraction peaks belonging
to a particular crystal form. Since the crystal structure of the α and γ forms are based on
a common layer structure [20], most peaks of the two crystal forms are very close to
each other (Table 3.3). The only discrete α and γ peaks are at 2θ = 18.8° and 20.07°,
respectively, so Turner-Jones [27] had used the hγ/(hα+hγ) height ratio of these peaks to
calculate the relative γ content. In recent studies [29,30], the total deconvolution of the
crystalline scattering with peak fitting to each reflection directly provided the amount of
the γ phase. This latter, however, is a rather arbitrary technique. On the one hand, most
of the α ad γ peaks overlap with each other, therefore there are a lot of possibilities for
curve deconvolution. In addition to it, the multi-variable Pearson VII profile commonly
used for characterisation of wide-angle diffraction peaks allows great freedom for peak
fitting. Moreover, even a preferred orientation of the crystals can modify the relative
heights of the peaks in a pattern of a given crystal modification. From these facts it is
clear that the correct deconvolution of a diffraction pattern of a multi-phase
polypropylene is not an easy task. For lack of a consequent and reliable WAXS
deconvolution method, we applied the method of Turner-Jones to calculate the relative γ
content (Table 3.2).
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Figure 3.6 Deconvolution of WAXS patterns
Table 3.2

Degree of crystallinity (Xc) and relative γ content (Xγ) of non-nucleated and
nucleated samples

Sample
H
HN1
HN2
HN3
HN4
HN5

Xc
%
66
66
71
71
68
69

Xγ
%
<15
16
26
24
17
16

Sample
R
RN1
RN2
RN3
RN4
RN5

Xc
%
61
66
66
66
69
67

Xγ
%
31
39
56
55
36
39

Table 3.3 Characteristic wide-angle diffraction peaks of the α and γ forms of iPP [31]

Miller index
hkl
110
040
130
111
140
060
220

α form
Position
2θ (°)
14.12
16.92
18.52
21.33
21.92
25.52
28.45

Distance
d (Å)
6.28
5.24
4.78
4.16
4.06
3.50
3.13

Miller index
hkl
111
008
117
202
026
00 12
224

γ form
Position
2θ (°)
13.84
16.72
20.07
21.22
21.88
25.20
28.83

Distance
d (Å)
6.40
5.30
4.42
4.19
4.06
3.53
3.10
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Figure 3.7 WAXS patterns of homopolymer (lower) and copolymer samples (upper).
Diffraction of the amorphous phase was subtracted
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WAXS patterns obtained after subtraction of the amorphous content are shown
in Figure 3.7, sorted by type of the nucleating agent. After inspection of the patterns and
data in Table 3.2, the following observations can be taken:
•
•

•
•

As expected, the degree of crystallinity of the samples slightly increases in the
presence of nucleating agent
In both series of samples where talc was used as nucleating agent (HN4-5, RN4-5),
the peaks at around 17°, 25° and 29° are increased by several times, which is
assumed to be the consequence of a considerable orientation of the polymer
crystals. Since the samples were produced in the same way, it cannot be attributed
to molecular orientation during compression moulding. This effect of talc in iPP
has already been observed [30], but it was not explained. We assume that the
layered structure of talc enforces the oriented crystal growth on its surface.
The γ form also appear in the nucleated homopolymers (samples HN2, HN3),
which can be the consequence of stereoirregularities in the polymer chain [32-34].
For more detail see Figure 3.8a.
Copolymers always show the sign of the γ form at 2θ = 20°, but its amount is
exceptionally high in the samples nucleated with either Millad 3988 or NA-11
(RN2, RN3, see Figure 3.8b). Although the relative γ content is practically the same
in both samples, the reflection at 17° is much stronger in sample RN3 than in RN2,
indicating some crystal orientation.

The question arises, why did the sorbitol- and phosphate-based agents induce such a
large increase in the relative content of the γ form? According to literature, nucleating
agents shift the crystallisation to higher temperature range, which favours the formation
of the γ modification. To decide, whether the increase of the γ form is caused only by an
increase in crystallisation temperature or some of the nucleating agents have special
abilities to nucleate the γ modification, we studied the effect of nucleating agents on the
temperature range of crystallisation.
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Figure 3.8a-b Magnified section of WAXS patterns of samples, showing the
characteristic peaks of the α and γ forms. Left: homopolymer samples,
right: copolymer samples
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3.3.2. Non-isothermal crystallisation kinetics
The most simple and prevalent method to examine effects that influence the
crystallisation process is a calorimetric measurement under non-isothermal conditions.
During cooling from the melt, the polymer will crystallise in a temperature range that
depends both on cooling rate and on material properties. The exothermic crystallisation
peak is usually characterised by its extrapolated onset (Tc,o) and end (Tc,e) temperatures,
as well as by the peak temperature (Tc,max).
Figures 3.9a and 3.9b show the onsets and peak crystallisation temperatures of
nucleated and non-nucleated homopolymer samples at various cooling rates.
Comparison of these figures shows that the nucleating agents shift the temperature
range of crystallisation towards higher temperatures, but the width of the temperature
range remains virtually the same for every sample. The efficiency of nucleating agents
in the homopolymer increases in the following order: sodium benzoate, talc, Millad
3988 and NA-11. It can also be observed, that as a function of cooling rate, the Tc,o and
Tc,max values of the sample nucleated with Millad 3988 decrease in a slightly lower
extent than those of the one nucleated with NA-11, although the latter exhibits
unequivocally higher nucleation efficiency.
The characteristic crystallisation temperatures of propylene/ethylene random
copolymers with and without nucleating agents are shown in Figures 3.10a-b. Even a
visual comparison with Figure 3.9a-b reveals two differences in their crystallisation
behaviour. Firstly, the Tc,o and Tc,max values of the non-nucleated copolymer are
positioned approximately 10 °C lower than those of the homopolymer, which is the
consequence of its lower equilibrium melting point. Secondly, the efficiency of a
particular nucleating agent can be different when applied in homopolymer and in
random copolymer. For instance, both RN2 and RN3 exhibit much higher Tc,o and Tc,max
values than all the other nucleated copolymers. In addition, the efficiency Millad 3988
and NA-11 in copolymers appears to be the same, which is quite unlike to their
behaviour shown in the homopolymer samples HN2 and HN3. However, their
dependence on cooling rate are slightly different, i.e. at lower cooling rate the latter one,
at higher rate the former one exhibits higher effectiveness. Rigorous examination of
Figures 3.9a-b and 3.10a-b reveals that the differences between the Tc,o values of R and
RN2 are higher by 5°C than in the case of the two homopolymer samples, which proves
that the nucleation activity of Millad 3988 is more pronounced in random copolymer
than in homopolymer.
Talc seems to have less efficiency in copolymers, since samples RN1, RN4 and
RN5 crystallised almost in the same temperature range. So far, its reason is unknown
for us. In order to attain a full understanding on the underlying mechanisms, further
investigation would be needed.
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With increasing crystallisation temperature, a gain in the γ content of the
copolymers is also expected. DSC melting traces subsequent to non-isothermal
crystallisation (Figure 3.11) clearly show that there is a considerable amount of γ phase
present in samples RN2 and RN3, indicated by a “hump” around 130 °C. It was already
shown in Chapter 2, that this peak is related to the melting of the γ phase. Recent works
in this field also corroborates this conception [30,34,35]. The size of the lowtemperature peak increases with decreasing cooling rate i.e. with raising crystallisation
temperature (not shown in figure), which is consistent with our expectations. In the case
of rapidly cooled RN3 samples (vc ≥ 30 °C/min), as well as in the case of all the other
copolymer samples above vc ≥ 10 °C/min cooling rate, a γ melting peak is not
observable (see upper curve in Figure 3.11 for example). Comparison of these
observations with the crystallisation temperatures (Figure 3.10a-b) leads to the
conclusion that formation of the γ phase is enhanced only above 108-110 °C in the
studied propylene/ethylene random copolymer. Below this temperature, the melt
crystallises mainly in α form.
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Figure 3.11 DSC melting curves of nucleated copolymers, prepared by non-isothermal
crystallisation. Samples RN2, RN3 and RN5* were cooled at a rate of 10
°C/min, while RN5 at a rate of 2.5 °C/min
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To decide, whether the higher temperature is solely responsible for the
increased γ content, we compared the shape of the melting traces of those samples that
crystallised in the same temperature range. This method is much faster than performing
isothermal measurements, and the use of X-ray scattering is not even needed. As an
example, Figure 3.12 shows that the samples RN2 and RN3 cooled at a rate of 10
°C/min crystallised approximately in the same temperature range than the talc-filled
RN5 cooled at 2.5 °C/min. Subsequent melting curves are shown in Figure 3.11. To
illustrate the difference between samples with poor and rich γ content, the melting peak
of RN5 cooled at a rate of 10 °C is also shown. It is noticeable, that the height of the α
and γ melting peaks are essentially the same, which proves that the nucleating agents
Millad 3988 and NA-11 does not have a nucleation ability selective for the γ phase. The
validity of this statement was verified by DSC and WAXS traces of samples crystallised
isothermally.
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Figure 3.12 DSC crystallisation curves of nucleated copolymers at various cooling
rates. Crystallisation curve of sample RN5 is magnified for better
comparability. Subsequent melting curves are shown in Figure 3.11
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3.3.3. Isothermal crystallisation
WAXS patterns of samples R, RN3 and RN5, crystallised isothermally at
125 °C, are shown in Figure 3.13. Intensities of the three diffraction patterns were
adjusted so that the α peaks at 2θ = 18.5° would be of same height. In the pattern of the
talc-filled polymer, strong elongation of the peaks at 2θ = 17°and 29° can be observed
again, which were assigned to the preferred orientation of the polymer crystals. The
degree of crystallinity was determined to be 63, 69 and 66% for samples R, RN3 and
RN5, respectively. These values, taking the accuracy of determination into account, can
be considered as identical. After adjustment of the intensity, the diffraction peaks at
2θ = 20° followed practically the same curve within the scatter of the measurement.
Form the peak heights, a relative γ content of Xγ = 0.67±0.01 were obtained for all the
three samples, which is consistent with our expectations.

Intensity (a.u.)

Isothermal crystallisation of the samples R, RN3 and RN5 was also measured
calorimetrically. Figure 3.14 shows the development of the relative degree of
crystallinity in time. It can be seen that nucleating agents are able to raise the rate of
crystallisation by more than an order of magnitude, depending on their efficiency. The
application of only 0.1 wt% NA-11 is able to decrease the half time of crystallisation
from 155 min to 3.8 min.
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Figure 3.13 WAXS patterns of nucleated and non-nucleated copolymers, crystallised
isothermally at 125 °C. Diffraction of amorphous phase was subtracted
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The melting curves of the samples, shown in Figure 3.15, exhibit a definite
bimodal melting. The low-temperature γ melting peak is visibly larger than that of the α
phase at higher temperature, which in accordance with the high γ to α ratio obtained by
WAXS. There is no remarkable difference either in the shape or in the area of the
melting curves of RN3 and RN5. However, the melting peak of the γ form in the nonnucleated sample is more pronounced. Since WAXS provided practically same values
for the γ content of the samples, therefore the much sharper γ peak is supposedly the
consequence of an intense crystal perfection during the very long crystallisation time.
All these results prove again, that none of the commercial nucleating agents used in our
study has any specific ability to selectively nucleate the γ form in propylene/ethylene
random copolymers.
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3.4. Conclusions
Different nucleating agents, such as sodium benzoate, talc, bis(3,4-dimethylbenzylidene)-sorbitol and sodium salt of 2,2’-methylenebis(4,6-di-tert-butylphenyl)phosphate were introduced into homopolymer and into propylene/ethylene random
copolymer. WAXS patterns of samples prepared under non-isothermal conditions
showed a considerable amount of γ phase in the presence of certain nucleating agents.
Traces of the γ form were also found in nucleated homopolymers. To clarify the reason
of the enhancement in the relative γ content, the crystallisation process was studied by
non-isothermal DSC measurements. Melting curves of copolymer samples crystallised
at various cooling rates showed the presence of the γ phase only in samples that were
crystallised in a temperature range above 108-110 °C, independently on the type of
nucleating agent. In spite of its simplicity, this method proved that none of the
commercial nucleating agents used in our study has any specific ability to selectively
nucleate the γ form. The increase of the γ content in nucleated propylene/ethylene
random copolymers is only the consequence of an increase in the crystallisation
temperature during non-isothermal conditions. The validity of this statement was also
verified with isothermal measurements. In addition, wide-angle X-ray diffraction
revealed that certain nucleating agents induce the formation of oriented crystal
structures.
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Chapter 4
Effect of selective β-nucleating agent in copolymers
4.1. Introduction
Since 1959, the β form of isotactic polypropylene (β-iPP) has been the subject
of several studies dealing with its crystallisation, melting and structural features [1].
Highly active and selective β-nucleating agents enable to study the crystallisation of the
β modification in a virtually pure form and in a wide temperature range [1-3]. The
melting memory effect of the β form and the existence of a critical recooling
temperature (TR*) were first described by Varga [4]. Detailed analyses on other
important features, such as the high-temperature and low-temperature β to α growth
transition, were published by Varga [5] and Lotz et al. [6], respectively. These
transitions evidenced the existence of an upper T(βα) and lower T(αβ) temperature limit
of formation of pure β-iPP [1].
Besides β-nucleated iPP homopolymer, Zhang and Shi [7], Varga and SchulekTóth [1,2], as well as Fujiyama [8] have also studied the characteristics of β-nucleated
random propylene/ethylene copolymers with low ethylene content. This field of
research might be promising because it is well known that randomly distributed
comonomer units along the polymer chain favour the formation of γ modification
[9-12], so in β-nucleated copolymers all of the three crystal forms of iPP may appear.
However, this particular case was not described yet.
In general, the differences in crystallisation rate, melting point and crystallinity
between homopolymer and random copolymers are present both in β-nucleated and in
non-nucleated polymers [2,7]. It was also established, that disturbance in the chain
regularity results in a reduced tendency to β-crystallisation [1,2]. Moreover, in the
absence of a β-nucleating agent the β form is not present even in traces [13,14].
However, β-nucleating agents can force the copolymers to crystallise mainly in β form
[1,2,7,8].
The above-mentioned studies dealt only with the effect of the presence of the
comonomer, but the influence of its concentration was not studied until now. We
investigated the crystallisation and melting properties of the β form in
propylene/1-pentene copolymers with different pentene content. The β-nucleated
samples were crystallised isothermally and were melted to study the effect of
comonomer content on the different recrystallisation processes, on the T(βα), on the TR*
critical recooling temperature, as well as on the equilibrium melting point (Tm0).
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4.2. Experimental
4.2.1. Materials
Three propylene/1-pentene random copolymers with a pentene content of 1.5,
3.5 and 5.5 wt% were used in this study. The copolymers, produced with Ziegler-Natta
catalysts, were supplied by the Sasol Polymer Technology Centre, RSA, in a form of
stabilised granules. Average molecular mass, polydispersity and melt flow indices of the
samples are summarised in Table 4.1.
Table 4.1

Characteristics of propylene/1-pentene random copolymers

pentene content
wt%
mol%
1.5
0.91
3.5
2.13
5.5
3.35

Mw
g/mol
688'200
881'000
879'600

Mn
g/mol
132'300
142'100
141'900

Mw/Mn
5.2
6.2
6.2

MFI
g/min
7.5
1.5
1.5

A selective β-nucleating agent, the calcium salt of suberic acid [3], free of
water of crystallisation, were introduced into each copolymer in a concentration of
0.2 wt%. The pellets and the nucleating agent were mixed for 5 minutes in a Haake
internal mixer at a temperature of 200 °C. The screw speed was 50 rpm. The blend was
compression moulded into a 1 mm thick plate in a Fontijne hydraulic press at 200 °C.
The plate was cut into pieces, and it was mixed in the internal mixer with the
appropriate non-nucleated polymer to achieve concentrations of 0.05 and 0.01 wt%.

4.2.2. Equipment
Crystallisation and melting behaviour of the materials were determined by
differential scanning calorimetry, similarly as described in Chapter 2. The applied
isothermal crystallisation temperatures and heating rates are indicated at the individual
figures.
WAXS patterns of isothermally crystallised samples were also measured
accordingly as described in Chapter 2. The semi-quantitative content of the β form
relative to the α form was characterised by the K value, according to the method of
Turner-Jones et al. [15]:
K = H300/(H300+H110+H040+H130)

4.1

where H110, H040 and H130 are the intensities of the {110}, {040} and {130} diffraction
peaks of the α form respectively, and H300 is the intensity of the {300} peak of β form.
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4.3. Results and discussion
4.3.1. Selectivity
The calcium salt of suberic acid is one of the most effective β-nucleating
agents [3]. It is well known that the disturbance in regularity of the polymer chain
reduces the tendency to β-crystallisation in random copolymers, so we tested the
selectivity and effectiveness of this β-nucleating agent. For this experiment the
propylene/pentene copolymer with the highest comonomer content (5.5 wt%) was used.
Two samples were prepared for WAXS in a Mettler Hot Stage, at Tc = 110 °C, as
described in the Experimental section. One of the samples was free of β-nucleating
agent, the other contained it in a 0.01 wt% concentration. The applied thermal program
was also performed on these materials by differential scanning calorimetry.
WAXS patterns of the samples (Figure 4.1a) show that the α and γ
modification also appears in the β-nucleated material. The different melting of the three
crystal forms is clearly visible in the DSC plot (Figure 4.1b). The ratio of the α and γ
forms seems not to be affected by the β-nucleating agent, which led us to the conclusion
that the β phase crystallises separately from the α and γ phase. The K value
characteristic for the β content is 0.58, which proves that even at low Tc and with low
concentration of nucleating agent, samples rich in β modification can be prepared.

4.3.2. Isothermal crystallisation, subsequent melting
The propylene/pentene samples nucleated with 0.2 wt% calcium suberate were
isothermally crystallised and subsequently melted at a rate of 10 °C/min. The overall
rate of crystallisation was characterised by the time of the highest crystallisation rate
(tmax), which are plotted as a function of Tc in Figure 4.2. The overall rate of
crystallisation decreases monotonously with increasing comonomer content, because
irregularities in the polymer chain disturb the crystallisation. Increasing the content of
β-nucleating agent accelerates the crystallisation remarkably.
For lack of other literature data on isothermal crystallisation kinetics of
β-nucleated random propylene copolymers, we can compare our data only to the results
of Zhang and Shi [7]. For propylene/ethylene random copolymers with an ethylene
content of 2.1 wt% (3.1 mol%) and with 0.1 wt% β-nucleating agent, they reported
crystallisation half-times of approx. 1.2 min, 3.6 min and 11.3 min at Tc = 120, 125 and
130 °C, respectively. Rough comparison of these data with Figure 4.2 shows that the
overall crystallisation rate of a propylene/1-pentene copolymer is lower with an order of
magnitude than that of a propylene/ethylene copolymer, when the comonomers are
incorporated in a similar molar fraction in the polymers. Due to this nature of the
pentene comonomer units, we are able to study the crystallisation of the β modification
at much lower crystallisation temperatures, where crystal structures are formed far from
the equilibrium state.
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Figure 4.1a WAXS traces of 5.5 wt% pentene copolymer, crystallised isothermally at
Tc = 110 °C. Upper: sample nucleated with 0.01 wt% calcium suberate,
lower: non-nucleated sample
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Figure 4.1b DSC traces of 5.5 wt% pentene copolymer, crystallised isothermally at
Tc = 110 °C. Upper: sample nucleated with 0.01 wt% calcium suberate,
lower: non-nucleated sample
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Figure 4.2 Time of the highest crystallisation rate (tmax) of β-nucleated copolymers as
a function of crystallisation temperature (Tc). Data of homopolymer (MFI ~
1-3 g/10min) were obtained from a previous study
DSC melting curves of the samples are shown in the Figures 4.3a, 4.3b and
4.3c. All the isothermally crystallised samples show similar melting characteristics as
observed on β-nucleated homopolymer [3], namely:
•
•

•

high supercooling (Tc<120°C) results in the formation of unstable crystal structure,
which undergoes lamellar thickening and ordering in the amorphous phase during
heating, giving doubled β-melting peaks.
at medium supercooling (120<Tc<125°C) a single, sharp melting peak can be
observed. However, if a lower heating rate is applied, the melting peak doubles,
which shows that structural perfection still take place (compare Figure 4.3a with
4.6b).
at low supercooling (Tc>125°C) the melting peak broadens, and a shoulder appears
on its low-temperature side. This behaviour is related to a recrystallisation that
takes place on the unit cell level during the heating run [3].
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Figure 4.3a Melting of isothermally crystallised 1.5 wt% pentene copolymer nucleated
with 0.2 wt% calcium suberate. Samples were heated at a rate of
10 °C/min after crystallisation. Note the low-temperature shoulder and
the α-traces at high Tc
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Figure 4.3b Melting of isothermally crystallised 3.5 wt% pentene copolymer nucleated
with 0.2 wt% calcium suberate. Samples were heated at a rate of
10 °C/min after crystallisation. Note the low-temperature shoulder and
the α-traces at high Tc
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Figure 4.3c Melting of isothermally crystallised 5.5 wt% pentene copolymer nucleated
with 0.2 wt% calcium suberate. Samples were heated at a rate of
10 °C/min after crystallisation. Note the α-peak at low Tc
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Figure 4.3d Magnified end section of the DSC curves in Figure 4.3a, showing the
melting of αp phase formed parallel to the β phase during the isothermal
crystallisation, as well as melting of the αh phase formed during heating
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The melting peak widening at elevated Tc shifts slightly to lower temperature
range with increasing pentene content. At higher supercooling, in the case of the 3.5 and
5.5 wt% pentene samples, the peaks of the doubled melting curves are more
pronounced, which suggests that the tendency to ββ’-recrystallisation is growing with
the comonomer content. The position of the higher-temperature β’ melting peak seems
to be independent of Tc, showing that the crystal structure corresponding to that peak
was formed in the ββ’-recrystallisation process during heating. This feature is in
agreement with former observations [2]. It is also noticeable that unlike the β-nucleated
homopolymer, the α phase is always present in the copolymers. The melting profile of
the α form consists of two overlapping, but clearly distinguishable peaks (Figure 4.3d).
A small, but sharp α-melting peak (αp) appears in every measurement, and it
monotonously shifts to higher temperatures with increasing Tc. At high supercooling a
broad, more diffuse α peak emerges (αh). Its intensity increases with decreasing Tc,
although its position remains approximately the same.

4.3.3. Morphological structure of copolymers
The supermolecular structure formed during isothermal crystallisation of the
β-nucleated copolymers were studied with polarised light microscopy (PLM) on
samples nucleated with 0.01 wt% calcium suberate. The very low content of nucleating
agent provides low density of nuclei and development of adequately large
morphological structures, but it also results in a mixed polymorphic composition.
Similarly as observed on homopolymer [16], the β phase crystallises in a hedritic
structure, which transforms progressively into spherulitic form because of
randomisation during the growth. In the initial stage of crystallisation, especially at
higher temperatures, formation of low-birefringence hexagonites (hedrites lying flat on
the surface) and high-birefringence needle-shaped axialites (hedrites standing on their
edge) can be observed. These latter become oval- or circle-shaped during growth. The α
modification grows simultaneously as positive radial spherulites in the studied
temperature range. During the isothermal crystallisation at higher Tc, the phenomenon
of β to α growth transition (βα-transition) can be observed on the growing β crystal
front. Figure 4.4a-c shows a central β-hexagonite and the surrounding ovalites with
α-nuclei forming on their surface. The fully developed α-segments are especially visible
after the separate melting of the β phase (Figure 4.4d). Accordingly, the sharp αp-peaks
correspond to the melting endotherm of the parallel growing α spherulites and the αsegments formed due to the growth transition.
In the case of the homopolymer, the βα-transition on the growing crystal fronts
appear only above the critical crossover temperature T(βα) = 140-141 °C [1]. Below this
temperature, the growth rate of the α form is lower than that of the β form. We
established, that copolymers have a lower T(βα), and it decreases with increasing
comonomer content. PLM studies resulted in T(βα) = 125-126 °C, 115-116 °C and
110-111 °C for the 1.5, 3.5 and 5.5 wt% pentene copolymers, respectively. We suppose
that the diffuse αh-peak appearing on the samples crystallised at very low temperatures
(Figure 4.3d) corresponds to the melting of the α phase recrystallised during the heating
run. This α phase was induced by α-nuclei formed because of the growth transition
above the T(βα) temperature. The intensity of the αh-peak increases both with
decreasing T(βα), and with decreasing Tc.

54

Effect of selective β-nucleating agent in copolymers

Figure 4.4a

Figure 4.4b
Figure 4.4a-b Isothermal crystallisation of 1.5 wt% pentene copolymer, nucleated with
0.01 wt% calcium suberate, at Tc = 132 °C. Note the α-segment on the
growing crystal front of the β-hexagonite. Pictures were taken after a)
160 min, b) 190 min
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Figure 4.4c

Figure 4.4d
Figure 4.4c-d Isothermal crystallisation of 1.5 wt% pentene copolymer, nucleated with
0.01 wt% calcium suberate, at Tc = 132 °C. Note the α-segment on the
growing crystal front of the β-hexagonite. c) Picture taken after 400
min. d) Picture taken after separate melting of the β phase
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4.3.4. Equilibrium melting point (Tm0)
It was attempted to determine the equilibrium melting point of the β-nucleated
copolymers by the method of Hoffman and Weeks [17]. The same technique was also
applied in Chapter 2 concerning the Tm0 of non-nucleated copolymers [18]. According
to this method, the polymer was crystallised under isothermal conditions, and was
subsequently melted. The measurements were performed in a temperature range where
no sign of ββ’-recrystallisation could be observed (see Figures 4.3a-4.3c).
Crystallisation was carried out up to 20% relative crystallinity to minimise the shifting
effect of isothermal lamellar thickening [19-21]. The observed melting points were
plotted against the crystallisation temperature. The Tm0 value was given by the intercept
of the extrapolated data points and the equilibrium line Tm = Tc. The extrapolation
process was performed both on the melting peak (Tmp) vs. Tc (Figure 4.5a) and on the
extrapolated end of melting (Tm) vs. Tc plots (Figure 4.5b).
The melting points of the copolymers do not follow the linear tendency. Peak
melting temperatures of the 1.5 wt% copolymer show a definite undulation in the
middle of the temperature range, which is also detectable in the other sets of data. Also,
the Tm vs. Tc plots exhibit a pronounced curvature. The deviation from linearity is
presumably caused by the change in the melting profile in the studied temperature range
due to high-temperature recrystallisation (see Figures 4.3a-4.3c). In our opinion, the
linear Hoffman-Weeks method is not suitable for the determination of the equilibrium
melting point of β-nucleated random propylene copolymers, so Tm0 values obtained by
such calculations should be treated with caution.

4.3.5. Critical recooling temperature (TR*)
The β form of iPP is famous for its melting memory effect. If a sample is
crystallised in the β form then cooled below TR* = 100-105 °C and heated up again, the
phenomenon of βα-recrystallisation can be observed. During heating the partially
melted β form recrystallises in the α phase, and an exothermic α-crystallisation process
superimposes on the β-melting range [1]. If the sample is heated directly from Tc
without recooling, only structural perfection within the β phase will occur. In the case of
polypropylene copolymers, the α phase formed during primary crystallisation makes the
exact determination of TR* difficult, but it is probably below 100 °C [2].
The melting profile of the β form highly depends on the degree of
supercooling, which reflects the stability of the crystal structure formed at a given
temperature. In order to study the tendency of recrystallisation of the β-structures with
different degree of perfection, samples were isothermally crystallised at different
degrees of supercooling. A relative stable structure was formed at Tc = 134 °C using the
1.5 wt% copolymer (Figure 4.6a), which melts without ββ’-recrystallisation. Samples
showing ββ’-recrystallisation were obtained from both the 1.5 and 5.5 wt% copolymers
crystallised at 120 and 124 °C, respectively. It can be seen in Figures 4.6b-4.6c, that in
spite of the different comonomer content and crystallisation temperature, they show
quite similar melting behaviour.
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Figure 4.5 Hoffman-Weeks plots of copolymers: a) peak melting temperature (Tmp) and
b) extrapolated end of melting (Tm) as a function of Tc
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Figure 4.6a-b Melting of isothermally crystallised 1.5 wt% pentene copolymers,
nucleated with 0.2 wt% calcium suberate. Samples were recooled to
different TR temperatures after isothermal crystallisation, then heated at
a rate of 2 °C/min. The arrow indicates the order of the curves in the
nearest peak
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Figure 4.6c-d Melting of isothermally crystallised 5.5 wt% pentene copolymers,
nucleated with 0.2 wt% calcium suberate. Samples were recooled to
different TR temperatures after isothermal crystallisation, then heated at
a rate of 2 °C/min. The arrow indicates the order of the curves in the
nearest peak
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The sample with very low stability was produced from the 5.5 wt% copolymer
at Tc = 110 °C (Figure 4.6d). After crystallisation, the sample was recooled to different
TR temperatures at a rate of 10 °C/min, and was held there for 5 min. Then the sample
was heated to 200 °C at a rate of 2 °C/min. This relatively slow heating rate was applied
to allow the βα-recrystallisation process to take place. The temperature of recooling, TR,
was between 25 and 105 °C.
The β form crystallised at the highest Tc doesn’t show any sign of
ββ’-perfection (Figure 4.6a). Above the β-melting peak, a small α-peak can be observed.
The latter peak is related to the α-segments growing on the crystal front of the β form,
which was also confirmed by optical microscopy. When the TR recooling temperature is
decreased below 100 °C, a much broader α-peak emerges (α’), which is formed due to
βα-recrystallisation and is superimposed on the small α-peak. However, the more
perfect β form crystallised at high Tc shows only a very moderate tendency to
βα-recrystallisation.
In the case of samples with less stable crystal structure, the melting profiles are
very complex because of the superposition of simultaneous processes (Figure 4.6b and
4.6c). The doubled endothermic peak of the non-recooled sample (Figure 4.3a and 4.3c)
is the consequence of structural perfection within the β phase during partial melting.
The amount of the accompanying α phase is negligible. When the sample is recooled
below 100 °C, α nuclei are formed during recooling. These nuclei will induce
βα-recrystallisation during the partial melting of the β form, and its exothermic peak
superimposes on the double β-peaks. With decreasing recooling temperature, number of
the α-nuclei increases, which increases the amount of the α phase formed, and decreases
the temperature range of βα-recrystallisation. This leads to the formation of less ordered
α phase, which explains the depression of the α-melting peak temperature. At very low
recooling temperature, the βα-recrystallisation can completely suppress the
ββ’-perfection (Figure 4.6c).
At very low crystallisation temperature (Tc = 110°C, Figure 4.6d, see also
Figure 4.3c), β phase with very unstable structure is formed in which the ββ’-perfection
is very pronounced. Although change in the melting profile becomes significant only
when the sample is recooled below 80 °C, in the case of samples crystallised at
Tc = 124 °C, appearance of the α’-peaks occurs already at recooling to TR = 95 °C. This
leads us to the conclusion that the TR* critical recooling temperature of the copolymers
doesn’t differ considerably from that of homopolymer.

4.3.6. Melting at a rate of 0.2 °C/min
In order to study the recrystallisation process itself, a sample with 1.5 wt%
pentene content was isothermally crystallised at Tc = 120 °C, then subsequently heated
at a rate of 0.2 °C/min. This experiment was repeated with the same sample, but for the
second time it was recooled to 50 °C before the heating step. The melting curves are
shown in Figure 4.7.
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The melting curve of the recooled sample has the expected shape. During
partial melting of the β modification, the melt immediately starts to recrystallise into the
α phase, which results in the superposition of the endothermic and exothermic
processes. Since the low-temperature β-melting peak is far smaller than that of the nonrecooled sample, we can draw the conclusion that the βα-recrystallisation has a much
higher rate than the ββ’-perfection. Thereafter, the melting peak of the α phase formed
during the βα-recrystallisation between 141 and 144 °C can be observed.
Without recooling, the unstable β form transforms into a more stable
β-structure. Above the melting of the stable β form, a small α-melting peak can be
observed at around 165 °C. This peak is not present on the melting curve of the recooled
sample, which confirms that these α-crystals were not growing simultaneously during
the isothermal crystallisation, but they were formed during heating. This α phase is the
consequence of the high-temperature βα-transition, which occurs above ~125 °C in the
case of the 1.5 wt% pentene copolymer. The low T(βα) and the very low heating rate
favour the βα-transition, albeit its development is still very slow, if the sample is
crystallised above Tc = 112-114 °C (compare with Figure 4.3d).
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Figure 4.7 Melting of isothermally crystallised 1.5 wt% pentene copolymer, nucleated
with 0.2 wt% calcium suberate. Samples were heated at a rate of
0.2 °C/min after crystallisation at Tc = 120 °C. Upper: sample subsequently
heated after crystallisation. Lower: sample recooled to TR = 50 °C after
crystallisation
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4.4. Conclusions
In general, random copolymers of isotactic polypropylene show no tendency to
crystallise in the β modification. With selective β-nucleating agents, the copolymers can
be forced to crystallise in the β form in a wide temperature range. In our work, the
influence of comonomer content has been studied on the crystallisation, recrystallisation
and melting behaviour of β-nucleated propylene/1-pentene random copolymers.
Thermal characteristics of the β-nucleated copolymers have been found to be similar to
that of homopolymer, but the rate of crystallisation and the characteristic temperatures
decrease with increasing pentene content. The crystallisation at low temperatures leads
to the formation of crystal structures with high instability, which provides the possibility
to study the ββ’-recrystallisation process leading to structural perfection. The T(βα)
critical crossover temperature decreases significantly with increasing comonomer
content. However, no difference was found in the TR* critical recooling temperature
between copolymers and homopolymer. Finally, we found that the Hoffman-Weeks
method cannot be applied to determine the equilibrium melting point of β-nucleated
random propylene copolymers because of high-temperature recrystallisation on unit cell
level during melting. This process modifies the melting point of the sample, yielding
unreliable Tm0 value.
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Chapter 5
Determination of the equilibrium melting point of the β form
5.1. Introduction
As it was discussed in the previous chapter, the Hoffman-Weeks method has
failed to provide reliable values on the equilibrium melting point of the β form of iPP.
Since a quantitative description of the kinetics of crystallisation and of its sub-processes
(nucleation and growth) requires an accurate estimate of the supercooling, i.e. the
difference between the equilibrium melting point, Tm0, and the crystallisation
temperature, Tc, the equilibrium melting point is one of the most important material
properties of polymers.
Unfortunately, for the majority of the polymers, Tm0 cannot be measured
experimentally, since polymer crystallisation generally occurs at an appreciable rate
only under conditions far from equilibrium, where the formation of chain-folded
lamellar structures is kinetically favoured over that of extended-chain crystals. The
thickness of these lamellar crystals increases with crystallisation temperature, and is
typically in the range of 10 nm. This finite, supercooling-dependent thickness accounts
for the observed dependence of the measured melting point on crystallisation
temperature. In practice, estimates of Tm0 are usually obtained by extrapolation using
either the Gibbs-Thomson (GT) [1] or the Hoffman-Weeks (HW) [2] equations.
The GT relationship (Equation 5.1) suggests that, as a result of finite size
effects, the melting temperature of a lamellar crystal, Tm, is depressed below that of an
infinite size crystal, Tm0, to an extent which is inversely proportional to the crystal
thickness, l,


2σ e
Tm = Tm0  1 −
 l ⋅ ∆H f





5.1

where σe is the surface free energy associated with the crystal basal plane and ∆Hf is the
thermodynamic heat of fusion. This equation results from the simple thermodynamic
argument that the difference in free energy per unit volume between a plate-like crystal
of thickness, l, and an infinitely thick one is equal to 2σe / l, where σe is the free energy
per unit area associated with the surfaces normal to the thickness direction. The GT
equation predicts that Tm0 can be estimated by extrapolating Tm vs 1/l data to infinite
thickness. While this prediction is not rigorously exact (due to chain-end effects), it is a
very good approximation for high polymers, as long as the surface free energy can be
considered independent of lamellar thickness. The experimental procedure mandated by
Equation 5.1 is, however, somewhat difficult to follow rigorously, as one must ensure
that the melting point and the lamellar thickness are measured for the same crystal. One
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should therefore be certain that, subsequent to the evaluation of the lamellar thickness,
the crystal characteristics are not modified by recrystallisation, annealing or other
reorganisation processes during the thermal treatment necessary to record the melting
temperature [1].
As noted above, crystallisation at progressively higher temperatures, usually
leads to the formation of thicker crystals, which melt at higher temperatures. This
observation led Hoffman and Weeks [2], to develop a direct correlation between the
temperature of crystallisation, Tc, and the resulting melting point, Tm. This correlation,
known as the Hoffman-Weeks equation (Equation 5.2), suggests, in apparent agreement
with experimental observations, that Tm is a linear function of Tc.


1 T
Tm = Tm0  1 −  + c
 γ γ

5.2

The HW equation involves a parameter γ, which accounts for the isothermal
thickening of lamellae subsequent their formation. The quantity γ should therefore be
understood as the ratio of the final lamellar thickness reached after thickening at Tc to
the initial thickness of lamellae formed at Tc. Examination of Equation 5.2 also suggests
that the value of Tm0 can be estimated by linear extrapolation of a plot of observed
melting temperature, Tm as a function of crystallisation temperature, Tc, to the Tm = Tc
equilibrium line. Considering the widespread availability of differential scanning
calorimeters and the ease with which the necessary data can be acquired and analysed,
one should not be surprised that this equation has been widely used for the
determination of Tm0 for a large number of polymers. In support of this approach, one
should note that experimental Tm-Tc data often show good linearity in the narrow range
of accessible crystallisation conditions. While it seems that this method merely requires
the measurement of melting points for a sample crystallised at different temperatures,
inspection of Equation 5.2 indicates that a plot of Tm vs Tc can only be linear, if the
thickening coefficient, γ, is independent of crystallisation temperature.
A number of studies have shown, however, that the extent of lamellar
thickening, thus, the melting temperature, not only depend on the crystallisation
temperature, but also on the crystallisation time [3-7]. Determination of the equilibrium
melting point using the linear Hoffman-Weeks extrapolation (Equation 5.2) would
therefore require that specific crystallisation times be chosen at different crystallisation
temperatures, so that the extent of lamellar thickening is the same at all Tc’s. Meeting
this condition is not practical, since evaluation of the time and temperature dependence
of γ requires additional measurements, using independent techniques such as small
angle X-ray scattering or Raman Spectroscopy. This inconvenience may however be
avoided, if the melting temperature can be recorded after crystallisation for short times,
that the extent of lamellar thickening is negligible. This approach was recently followed
by Xu et al. [8] in a study of α-iPP’s melting behaviour. The melting temperature and
heat of fusion were recorded as function of crystallisation time for a given
crystallisation temperature. The melting temperature of non-thickened or original
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lamellae was estimated by extrapolation of the measured melting temperatures to the
time where the heat of fusion vanishes.
Proper accounting of the time and temperature dependence of lamellar
thickening effects is however insufficient for a rigorous determination of Tm0 from Tm-Tc
data. Indeed, Marand et al. [3] recently showed that the HW equation provides a poor
description of the correlation between Tm and Tc, expected on the basis of the LauritzenHoffman (LH) theory [9]. The failure of the HW analysis was shown to result from the
assumption that non-linear terms could be neglected in the expression relating Tm to Tc.
While such an approximation may appear justified by the observed linearity of Tm-Tc
plots, it should, however, be of concern, since the experimental data is generally
recorded over a narrow range of temperatures and long extrapolations are often needed
to determine Tm0. To show that these non-linear effects cannot be ignored, even in the
absence of lamellar thickening, these authors re-examined the specific conditions under
which the HW equation was derived. In the context of the LH theory [9], the thickness,
l*, of original lamellae formed at the supercooling ∆T = Tm0 - Tc, is given by:
l* = 2σe⋅Tm0/(∆Hf⋅∆T) + C2

5.3

where C2 is a constant, which includes contributions from the crystallisation
temperature dependence of the fold surface free energy and from the thickness
increment of the lamellae that prevents the crystal to melt at its own crystallisation
temperature. As noted above, lamellae undergo isothermal thickening subsequent to
their formation. Their thickness, l, is larger than l* at the time of melting and is given
by:
l = γ l*

5.4

Combination of the Gibbs-Thomson equation (Equation 5.1) with Equation 5.3
and 5.4, leads to the following expression for the observed melting temperature of
thickened lamellae formed at Tc.



1 T0 −T
0
Tm = Tm 1 −  m 0 c
 γ
 Tm






1


0
C
H
∆


T −T 
f
1+ 2
 m 0 c  
2σ e  Tm  

5.5

Examination of Equation 5.5 indicates that even in the absence of isothermal
lamellar thickening effects (γ = 1), the observed melting temperature is a non-linear
function of the supercooling. The extent to which non-linear effects can be observed in
Tm-Tc data, depends on both the supercooling and the magnitude of the term C2∆Hf /2σe
hereafter denoted by the dimensionless constant, a. Assuming a = 0 in Equation 5.5 is
therefore equivalent to ignoring the intrinsic non-linearity in the Tm-Tc correlations and
leads in a straightforward fashion to Equation 5.2 (the linear HW equation). Estimations
of the constant a show, that while this quantity is not large (a ~ 2-5 in the case of PE
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[3], α-iPP [8], I-iPB [10], PEO [11]), it cannot be neglected when the goal is an accurate
determination of Tm0. It can therefore be concluded, that while non-linearity effects may
be small enough that a distinct curvature may not be experimentally observable in a
Tm-Tc plot over the usually narrow range of accessible crystallisation temperatures, they
are large enough to make a linear extrapolation of Tm-Tc data to the equilibrium Tm = Tc
line very inaccurate.
From a practical point of view, the determination of Tm0 from Tm-Tc data
therefore requires, that 1) observed melting points associated with different
crystallisation temperatures correspond to crystals that have thickened by the same
amount (constant γ), and 2) the non-linearity effects resulting from the non-zero value
of a be considered. As indicated above, issues related to the time and temperature
dependence of γ, can be handled by extrapolating observed melting points to the “zero”
time of crystallisation, where γ should be equal to unity. Proper consideration of the
theoretical non-linearity between Tm and Tc is achieved by using Equation 5.5, rather
than Equation 5.2, for the determination of Tm0. To avoid the use of a dubious nonlinear extrapolation or data fitting procedure for the estimation of Tm0, Marand et al.
[3,8] suggested an approach based on the linearisation of Equation 5.5. If one defines
scaled crystallisation and melting temperatures by X = Tm0/(Tm0-Tc) and M = Tm0/(Tm0Tm), respectively, Equation 5.5 can be rewritten as:

M = γ (X + a)

5.6

M(X) is only a linear function of X, if γ is constant. If each melting and scaled melting
temperatures, Tm and M, refer to the melting of original or non-thickened lamellae, then
a plot of M vs X should be linear with slope equal to one. Since M and X are defined in
terms of the a-priori unknown Tm0, the determination of the equilibrium melting point,
Tm0 can be simply achieved by calculating the slope of M vs X plots obtained with
different choices of Tm0, the true Tm0 being the temperature for which the slope is
actually equal to one.
As a polymorphic material, isotactic polypropylene (iPP) has three main crystal
forms [12]. The most common is the monoclinic α form. The trigonal β form [13-15] is
usually formed using selective β-nucleating agents, while the orthorhombic γ form is
favoured under high pressure or when some microstructural heterogeneity is present
along the polymer chain (stereo- or regio-defects, comonomers). There is considerable
scatter in the values reported for the equilibrium melting point of each crystal form
[12,16]. Tm0 values for the α form have been reported in the range between 184°C and
220°C [16-22]. Using their non-linear Hoffman-Weeks approach, Marand et al. [8]
reported Tm0 ≈ 212°C. The equilibrium melting points reported for the β form also cover
a wide temperature range between 170°C and 200°C [16-18,23-27]. The origin of this
scatter may be associated with the use in different studies of samples containing
multiple crystal forms, or exhibiting dissimilarities in stereo and regio-defect content in
the different studies. The β-nucleated samples of Ullmann and Wendorff [18], as well as
these of Lovinger, prepared using the temperature gradient method [23], contained
crystals of both the α and the β form, resulting in overlapping melting peaks in a DSC
heating trace. An additional experimental difficulty encountered during the
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measurement of melting points arises from the phenomenon of β-α recrystallisation.
Cooling a partially crystallised sample below a temperature, TR* ≈ 100°C, leads, during
subsequent heating, to the observation of an exothermic recrystallisation peak,
superposed on the melting endotherm [25,28]. Varga and Garzo [26] showed that these
problems are readily eliminated by preparing samples consisting exclusively of β-iPP
and by starting the heating run at the crystallisation temperature. Using the linear
Hoffman-Weeks approach, they obtained an equilibrium melting point of 184±4°C for
β-iPP.
In this chapter, we present the results of a new study aimed at the
determination of the equilibrium melting point of β-iPP. Using calcium suberate, a very
efficient and highly selective nucleating agent for isotactic polypropylene [29,30], we
prepared samples with nearly hundred per cent β-iPP in the temperature range of
100-140°C. The melting behaviour of these β-nucleated samples was investigated by
differential scanning calorimetry as a function of crystallisation time and temperature.
The heating of these samples in the calorimeter was initiated at the temperature of
crystallisation. The equilibrium melting point is determined using the non-linear
approach [3,8] and its value is compared to that obtained by the linear extrapolation.

5.2. Experimental
In a high-speed mixer (n = 560/min, t = 3 min), 1000 ppm Irganox 1010
stabiliser and 2000 ppm calcium suberate were added to neat iPP powder (made by
TVK Rt., MFI = 2 g/10 min at 230°C/2,16 kg). The polypropylene powder did not
contain any additives that could influence its crystallisation. The polymer was extruded
on a Haake Rheocord EU-10V Rheomex S ¾” single screw extruder and granulated.
Crystallisation and melting studies were carried out with 5±0.5 mg samples, using a
Perkin Elmer DSC 7 calorimeter operated under constant nitrogen flow and in fast data
collection mode (20 data points/s). The instrument was calibrated on a daily basis at
10°C/min heating rate with an indium standard. Crystallisation temperatures were
calibrated by extrapolation of the melting temperature of indium to zero heating rate.
The dependence of melting temperature on crystallisation temperature and time
was studied in order to determine Tm0. Samples were kept for 5 min at 200°C to erase
any previous thermal history, then cooled at a rate of 80°C/min to the crystallisation
temperature, Tc, where they were held for a desired time, tc. The heating trace for each
sample was subsequently recorded up to 200°C at a rate of 10°C/min. The peak
temperature of the melting endotherm, Tmp, was taken as the melting point.
At each crystallisation temperature, the described thermal cycle was performed
with 7 or 8 different crystallisation times. The shortest tc was always longer than the
time needed for the completion of primary crystallisation.
Crystallisation temperatures were changed between Tc = 131.0 and 140.0°C, in
one degree steps. Below 130°C the crystallisation proved to be too fast and began
during the cooling process. The upper temperature limit for the formation of β-iPP is
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approximately 140°C. Above this temperature, the βα-transition takes place at the β
crystal growth front, resulting in a significant decrease in the β phase content, since α
form crystals exhibit a larger growth rate than β form crystals in this temperature range
[16].
The same sample was used for all measurements carried out at a given
crystallisation temperature, in order to eliminate the effect of sample preparation
(sample weight, contact area on the DSC pan, weight of the sample pan, etc.). Since
samples used for crystallisation studies at one temperature were repeatedly taken to the
melt state to erase previous thermal history, it was important to ensure that thermal
degradation did not take place to a significant extent. We therefore followed the
evolution of the polymer melting point after repeated heating-cooling cycles. A sample
was heated to 200°C, held there for 5 minutes, cooled down to 132°C at a rate of
80°C/min, held there for 10 minutes and heated back to 200°C at a rate of 10°C/min.
This cycle was repeated 30 times. After an initial decrease of 0.1°C during the first six
cycles, the observed melting peak temperatures did not change. This procedure was also
followed with an upper melt temperature of 220°C. After 12-15 cycles, the melting peak
temperatures showed a small, but monotonous decrease, which is likely to be the
consequence of thermal degradation.

5.3. Results and discussion
The peak melting temperatures of samples isothermally crystallised at different
temperatures are shown in Figure 5.1 as a function of crystallisation time. Each melting
curve exhibited a single endothermic peak, suggesting that the samples consisted
entirely of β form crystals. As the crystallisation time increases, the melting peak shifts
towards higher temperatures, indicating the development of thicker, thus, more stable
crystals. The time dependence of the peak melting temperature, Tmp, is well described
by a linear function of the logarithm of time over the investigated temperature range.
The observed crystallisation time dependence of measured melting points
confirms that it is indeed very important to account for lamellar thickening, in the
determination of equilibrium melting point for β-iPP. In order to avoid complications in
the analysis due to thickening, the melting point, Tm, of initial (non-thickened) lamellae
is obtained by extrapolation of the measured peak melting temperatures to zero
crystallinity. While Xu et al. [8] used an extrapolation of melting enthalpies to zero for
the determination of the initial melting temperature, we find it more reliable to use the
apparent induction time for crystallisation as a basis for the extrapolation. The apparent
induction time can be obtained by considering the shape of the heat flow curve recorded
during isothermal crystallisation (Figure 5.2). The apparent induction time for
crystallisation, t0, can be defined as the time associated with the inflection point,
observed after magnification of the initial section of the crystallisation exotherm (inset
on Figure 5.2). No heat of crystallisation can be detected until this time, consequently
the measured crystallinity is zero at this point.

Determination of the equilibrium melting point of the β form

70

Peak melting temperature, Tmp (°C)
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Figure 5.1 Peak melting temperatures, Tmp, as a function of crystallisation time, tc, at
various crystallisation temperatures
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Figure 5.2 Apparent induction time of an isothermal crystallisation exotherm, t0

Chapter 5

71

The method used in this work for the determination of induction times was
published previously [31,32] and considers that t0 is most reliably determined as the
time where the first sign of a deviation of the heat flow curve from the baseline is
observed. In other studies, the induction time was calculated though diverse iterative
procedures, where a kinetic model is fitted to the crystallisation curve [32-34]. Since our
study is not concerned with theoretical aspects of the kinetics of crystallisation, we find
it sufficient to use the practical method outlined above, as a systematic and objective
criterion for the start of the crystallisation process.
We find that the measured apparent induction time is well described by an
exponential function of the temperature of crystallisation (Figure 5.3). The empirical
relationship between t0 and Tc is given by the following equation:

ln t 0 = A + B ⋅ Tc

(7)

The main advantage of this method is that t0 can be determined by
extrapolation in a relatively wide temperature range. At lower crystallisation
temperatures, where the determination of t0 is made difficult by rapid crystallisation and
is limited by the response time of the calorimeter, the t0 values can be estimated by
extrapolation. The determination of the melting point of initial lamellae formed at
different crystallisation temperatures is illustrated in Figure 5.4. The plot of measured
peak melting points, Tmp, as a function of the logarithm of crystallisation time is well
described by a linear function. This linear function is then extrapolated to the apparent
induction time of crystallisation, t0, from which we obtain Tm, the melting point of the
original lamellae. The Tm values determined in this fashion for each crystallisation
temperature are summarised in Table 5.1.
Table 5.1

Crystallisation temperatures, Tc, apparent induction times, t0, and melting
points of original lamellae, Tm
Tc
°C

t0
min

Tm
°C

131.00
132.00
133.00
134.00
135.00
136.00
137.00
138.00
139.00
140.00
141.00

0.42
0.56
0.74
0.97
1.19
1.78
2.37
2.92
4.24
4.64
6.92

150.98
151.66
151.83
152.60
152.86
153.57
154.21
155.17
155.57
155.94
-
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Figure 5.3 Apparent induction time as a function of crystallisation temperature
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Figure 5.4 Determination of the melting point of the initial lamellae, Tm, using the
apparent induction time, t0
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Comparison of the conventionally determined melting points (samples
crystallised up to 20% crystallinity [35]) with melting points obtained by extrapolation
to t0 shows that the melting point increases during crystallisation (Figure 5.5). The slope
of the straight-line fitted to the Tmp vs Tc data is smaller than the one obtained after
correction for thickening effects (Tm vs Tc). Examination of the linear Hoffman-Weeks
equation (Equation 5.2) suggests that the reciprocal value of the slope should
correspond to the lamellar thickening coefficient. If this was indeed true, the results
shown on Figure 5.5 would lead us to conclude that the lamellar thickening coefficient,
γ, is larger for samples, which were crystallised for extremely short times (Tm calculated
at t0), than for samples crystallised for much longer times (20% crystallinity). This
conclusion is obviously not physically realistic. Furthermore, we note that the slope of
the Tm vs Tc line differs from unity, which is inconsistent with the fact that these melting
temperatures correspond to non-thickened lamellar crystals. These two observations
confirm the existence of an intrinsic flaw in the linear Hoffman-Weeks equation. For
future reference, we report here the value of the apparent “equilibrium melting point”
calculated by extrapolation using the linear Hoffman-Weeks equation (Tm0 = 175°C
using the 20% crystallinity data and Tm0 = 177.3°C, using the extrapolated melting
points of initial lamellae). The present values are similar to those reported in the
literature, which were also derived using the linear extrapolation.
We now proceed to the determination of the equilibrium melting point, using
the non-linear approach. We choose a hypothetical value for Tm0 and plot M vs X for that
value of Tm0 (see Figure 5.6 for illustration) We then calculate the slope, γ, for this M-X
plot and estimate the value for a from the intercept. The process is repeated over a range
of values of Tm0, so we can prepare plots of γ and a as a function of Tm0 (Figure 5.7).

Melting temperature, Tm and Tmp (°C)
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0

Original crystals, Tm (Tm) = 177.3 °C

o 20% crystallinity, Tm0(Tmp) = 175 °C
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Tm=Tc

145
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140

155

170

185

Crystallisation temperature, Tc (°C)

Figure 5.5 Determination of the thermodynamic melting point by the linear HoffmanWeeks approach, using extrapolated melting points for the original
lamellae, Tm, and melting points of partially crystallised samples, Tmp
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Figure 5.7 Dependence of γ and a on the choice of Tm0
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Figure 5.6 Plot of M vs X assuming that Tm0 = 209.2°C
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Examination of Figure 5.7 indicates that the true value of the equilibrium
melting point should be Tm0 = 209.2°C, since this choice leads to γ = 1. Under these
conditions, the constant, a, has a value a = 2.10. These values of a and Tm0 can then be
used to generate a theoretical plot of Tm vs Tc shown in Figure 5.8. It is apparent that this
theoretical plot fits the experimental data very well. The non-linear approach leads to an
equilibrium melting point that exceeds by more than 30°C the value predicted by the
linear extrapolation. Examination of Figure 5.8 confirms that the curvature in the Tm-Tc
data is indeed fairly small in the case of β-iPP (low value of a) and cannot be readily
recognised when experimental data is collected in a fairly narrow temperature range.
The analysis carried out here for β-iPP shows that, as was reported for α-iPP [8], an
accurate estimation of the equilibrium melting point cannot be achieved in the context
of the LH theory unless the small but intrinsic non-linearity of Tm-Tc data is accounted
for.
The value of a for β-iPP (a = 2.10) is somewhat lower than the one reported
earlier for α-iPP (a = 3.45)[8]. Without additional information as to the extent to which
the latent heat of fusion and the fold surface free energies differ for α- and β-iPP, it is
impossible to shed more light on the origin of this large difference in the value of a for
these two crystal forms. It is however important to note that such a difference, if real,
should also be reflected in the temperature dependence of their spherulitic growth rates.
We also note that the Tm0 values determined in the present work is very close to that
reported for the α form by Xu et al. [8].
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Figure 5.8 Melting vs crystallisation temperatures, analysed with the linear and nonlinear approaches for the initial lamellae
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5.4. Conclusions
Isotactic polypropylene samples consisting entirely of β phase crystals were prepared
using calcium suberate, a nucleating agent that is highly selective for that crystal form.
The observation that, the melting point of β-iPP increases linearly with the logarithm of
crystallisation time, indicates that, β form crystals, like α form crystals are susceptible to
thickening processes. The equilibrium melting point of β-iPP was estimated using the
non-linear Hoffman-Weeks approach after proper consideration of the effect of
isothermal lamellar thickening on the measured melting point. Specifically, to avoid the
complications associated with the time and temperature dependence of the lamellar
thickening process, we estimated by extrapolation the melting points of original (nonthickened) crystals formed at different crystallisation temperatures. The extrapolation
procedure is based on the use of induction times to define a melting point in the limit of
zero crystallinity (i.e. melting point of original crystals). Using the non-linear HoffmanWeeks approach, the equilibrium melting point of β-iPP was found to be Tm0 = 209.2°C,
some 32°C above the value obtained using the linear Hoffman-Weeks extrapolation
(Tm0 = 177.3°C). The large difference in these values is similar to that reported for the α
form [8] and suggests that, for both α and β forms, intrinsic non-linearity in the
evolution of Tm with Tc cannot be neglected when evaluating the equilibrium melting
point in the context of the Lauritzen-Hoffman theory.
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Summary

Chapter 6
Summary
I studied the crystallisation and melting behaviour of novel
propylene/1-pentene random copolymers. I found that the presence of pentene
comonomer induces the formation of the unique γ crystal form. I showed that both an
increase in crystallisation temperature and in pentene content enhances the formation of
the γ phase. In the case of pentene comonomer, the relative γ content increases at a
much higher rate with increasing comonomer content, than in the case of other α-olefin
comonomers. From these observations I conclude that the size of the side group of the
comonomer has a great influence on the formation of the γ phase.
I proved that the thermodynamic heat of fusion of the γ form differs from that
of the α form, and its value depends on the comonomer content as well. This
dependence can only be attributed to the decrease of cohesion between the polymer
chains, caused by the inclusion of pentene comonomer in the crystal lattice. Comparison
of these results to literature data let me come to the conclusion that the propyl group is
the longest side group that can be included in the crystals.
I determined the equilibrium melting temperature of the α form in
propylene/1-pentene copolymers by using the Hoffman-Weeks method. These values
show a non-linear dependence on comonomer content, and are much lower then the
ones calculated by the Flory equation. With analysis of the crystallisation kinetics
I proved that the decrease of the crystallisation rate with increasing comonomer content
is caused mainly by the decrease in the equilibrium melting point. I also showed, that
the Avrami equation adequately describes the crystallisation process of
propylene/1-pentene copolymers in a wide temperature range and even in the final stage
of crystallisation. The nucleation-controlled, three-dimensional mechanism of crystal
growth is not altered significantly with increasing pentene content.
I studied the effect of different commercial nucleating agents on the crystal
structure of polypropylene homopolymer and propylene/ethylene random copolymer.
I observed that certain nucleating agents highly promoted the formation of the γ phase
in nucleated random copolymers. I proved with the help of simple non-isothermal
methods that the increase in the relative γ content was solely the consequence of high
crystallisation temperatures, and not of a selective γ-nucleating ability of the nucleating
agents. Results of isothermal measurements also justified the validity of this thesis.
Comparison of the characteristic temperatures of non-isothermal crystallisations to the
subsequent melting endotherms revealed that the formation of the γ form is favoured
thermodynamically only above a certain temperature, which can be achieved either with
nucleating agents of high efficiency or by very slow cooling rate. During the study of
nucleated polymers I also observed that certain nucleating agents, especially talc, induce
the formation of oriented crystal structures. Moreover, I found that the efficiency of
nucleating agents could be influenced by the presence of comonomer.
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I investigated the crystallisation, recrystallisation and melting behaviour of
β-nucleated propylene/pentene random copolymers as a function of comonomer
content. With the proper choice of crystallisation conditions and with proper amount of
β-nucleating agent I produced samples that contained both the α, β and γ crystal
modifications.
I found that β-nucleated copolymers show similar tendency to βα- and
ββ’-recrystallisation as observed in β-nucleated homopolymers, but the rate of
crystallisation and the melting temperatures decrease with increasing comonomer
content. The crystallisation at low temperatures leads to the formation of crystal
structures with high instability, which provides the possibility to study the
ββ’-recrystallisation process in more detail.
In the same materials I also found that the critical crossover temperature
decreases significantly with increasing comonomer content. However, I found no
remarkable difference in the critical recooling temperature of the β form between
homopolymer and copolymers.
By studying β-nucleated random copolymers I found that the Hoffman-Weeks
method is not suitable for determination of the equilibrium melting point of the β form.
Therefore, I investigated the factors that have an influence on the determination method.
I measured the melting point of the β-form of isotactic polypropylene as a function of
crystallisation time and temperature. I observed that the melting point of β-iPP increases
linearly with the logarithm of crystallisation time. To avoid the time dependence of the
lamellar thickening process, I estimated by extrapolation the melting points of original
(non-thickened) crystals. I used a new extrapolation procedure for that purpose, which is
based on the use of the apparent induction time of crystallisation. Using the non-linear
Hoffman-Weeks method, the equilibrium melting point of β-iPP was found to be Tm0 =
209.2°C, which is about 32°C higher than the value obtained using the linear HoffmanWeeks extrapolation (Tm0 = 177.3°C). These results obtained exemplify the importance
of accounting for both the isothermal lamellar thickening effects and the non-linearity in
the Tm-Tc correlation, when the determination of an equilibrium melting point is carried
out using a procedure based on the predictions of the Lauritzen-Hoffman secondary
nucleation theory.

Acknowledgements

81

Acknowledgements
I would like to thank all the members of the Department of Plastics and Rubber
Technology, as well as the Head of Department, Béla Pukánszky, for the possibility to
complete my PhD studies. I would like to express my special thanks to Prof. József
Varga for his help on the field of morphology, and for his thoughtful ideas on the
investigation of the β modification. Ioan Tincul and A. H. Potgieter at the Sasol Polifin
Technology Centre, RSA, are thanked for the production and molecular characterisation
of the copolymers. Péter Suba at TVK Rt. is also acknowledged for supplying samples
and carrying out numerous experiments for the studies in Chapter 3. I would like to
express gratitude to János Madarász, BUTE, Department of General and Analytical
Chemistry, as well as to István E. Sajó and Tamás Grósz, Chemical Research Center of
the Hungarian Academy of Sciences, for their assistance in completing WAXS
measurements. I also thank the Varga József Foundation for the financial support.
But most of all, I would like to express my heartfelt thanks and appreciation to
my supervisor, Károly Belina, whose professional and moral support was essential for
completing this thesis.

Budapest, 23rd May, 2002
Péter Juhász

Curriculum vitae

Curriculum vitae
Personal data
Name
Date of birth
Place of birth

Juhász, Péter
11th November 1974
Budapest, Hungary

Education
2001-2002

Founded researcher of the Varga József Foundation

1998-2001

Ph.D. studies at the Department of Plastics and Rubber
Technology, BUTE

1998

M.Sc. degree in chemical engineering

1993-1998

Budapest University of Technology and Economics
Faculty of Chemistry
Special studies in rubber and plastics engineering

1989-1993

Petrik Lajos Technical Highschool of Chemistry

Teaching activities
Laboratory practices:
• Thermal Analysis of Polymers (DSC, POM, TGA, OIT)
• Termorelaxation, Optical Stress Analysis of Glassy Polymers
• Standard Testing Methods in the Rubber Industry

Language skills
•
•

Intermediate level state examination of English Language (1995)
Intermediate level state examination of German Language (1992)

Awards
Best Poster Award, First Prize, EPS 2001 Conference on Morphology and Properties of
Crystalline Polymers, 2-5 September 2001, Eger, Hungary

