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Abstract: The influence of decreasing the entanglement density of macromolecules on the crystal-
lization of the β-form of polypropylene was investigated. Polypropylene with seven times less
entanglement was obtained from a solution in xylene, and its properties were compared with those of
fully entangled polypropylene. To obtain a high β-phase content, the polymer was nucleated using
calcium pimelate. In non-isothermal crystallization studies, accelerated growth of β-crystals was
found, increasing the crystallization temperature. Also, the isothermal crystallization was fastest
in the nucleated, partially disentangled polypropylene. Increased growth rate of spherulites and
enhanced nucleation activity in the presence of more mobile macromolecules were responsible for the
high rate of melt conversion to crystals in the disentangled polypropylene. It was also observed that
the equilibrium melting temperature of β-crystals is lower after disentangling macromolecules. Better
conditions for crystal building after reduction of entanglements resulted in enhanced crystallization
according to regime II.

Keywords: polypropylene; crystallization; entanglements; spherulites; β-form crystals; equilibrium
melting temperature; crystallization regimes

1. Introduction

Isotactic polypropylene represents polymorphic materials, i.e., polymers able to crys-
tallize in various crystallographic forms, called α, β, γ, and smectic modifications [1–4].
The most common form is the monoclinic α-form. Compared to the α-form, the β-form
occurs much less frequently during bulk crystallization [5].

The β-phase of polypropylene is metastable and easily transforms into the stable
α-phase. It melts at a temperature of 155 ◦C, much lower than α-phase with a melting
temperature of 170 ◦C [6]. The melting temperatures, as usual for polymers, are much
lower than the equilibrium melting temperature, Tm

◦. Tm
◦ values for the α-form are given

in the range between 184 and 220 ◦C. The equilibrium melting temperatures of the β-form
were found in the range of 170–200 ◦C [7–9]. Precise measurements by Juhasz et al. [9]
gave the value Tm

◦ = 209 ◦C when the non-linear approach of Hoffman–Weeks was applied
and Tm

◦ = 177 ◦C using Hoffman–Weeks linear extrapolation. The values of the heat of
fusion measured by different authors also differ, although there is an agreement that the
heat of fusion of the α-phase is greater than the heat of fusion of the β-phase. According to
Monasse and Haudin [10] and Varga and Garzo [11], the heat of fusion of the α-phase is
146 J/g and that of β-phase is 113 J/g. Li et al. [7] proposed use values of 178 J/g for the
α-phase and 170 J/g for the β-phase. However, Jiang et al. [12] claimed that the commonly
used heat of fusion of 100% crystalline α-iPP, β-iPP, and isotactic polypropylene (iPP) are
177.0, 168.5, and 209 J/g, respectively.

The formation of β-crystals is observed in a certain temperature range, between 100–
105 and 140–141 ◦C for ordinary iPP [6,13] or between 90 ◦C and 133 ◦C for the low tacticity
iPP [14]. In this temperature range, the growth rate of β-crystals is faster than that of
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α-crystals, which is attributed to a difference in the free energy of addition molecular
stems at the (110) growth face of the β-crystals [6,15]. Outside this range, the α-form
grows more easily, and the metastable β-form, if nucleated, readily converts to the α-
form [5]. It was found that β-crystals are formed when the melt cooling rate is lower than
50 K/s [15], but the efficiency of β-phase formation decreases when cooling is too slow [16].
For example, during non-isothermal crystallization at rates of 20–80 K/min, the β-phase
content exceeded 60%, while at 5 K/min, it was only 15% [17].

It is possible to increase the content of the β-form by crystallization in a special
way, i.e., by applying melt shear [18] or by crystallizing the polymer in a temperature
gradient [8,19]. However, the most common is the addition of a specific nucleating agent to
the polymer, which not only increases the number of nuclei but also promotes the formation
of crystals of appropriate modification [20–23]. Among the nucleating agents used are
calcium pimelate [14,21,24], γ-quinacridon, or N,N′-dicyclohexylterephthalamide [25].
The addition of the above nucleants also resulted in an increase in the non-isothermal
crystallization temperature, a shortening of the isothermal crystallization time, and a
reduction in the size of the formed spherulites [3,14,20–25].

During the crystallization of polypropylene, a spherulitic structure is usually formed [13].
A characteristic feature of α-form spherulites is that they are composed of both radial
and tangential lamellae, while β-form spherulites have a classic radial arrangement of
parallel lamellae. Early studies on the formation of β-spherulites by Padden and Keith [16]
showed that the morphology of spherulites depends on the crystallization temperature and
negative birefringence radial or banded (ringed) spherulites could grow. β-form spherulites
observed with a polarizing microscope are brighter than α-form spherulites [26]. When
β-nucleants were used, hedritic structures were found in the early stages of growth of
spherulites of this variety [13]. Norton and Keller [27] suggest the formation of radial
β-spherulites for crystallization below 142 ◦C and nucleation of ringed spherulites in the
range of 126 ◦C to 132 ◦C. Similarly to the α-polypropylene, a change in the formation of
a new layer on the crystal surface at a certain temperature, i.e., the occurrence of crystal-
lization regimes, was observed for the β-phase. The available data concerns the Regime
II–Regime III transition, which was observed in the temperature range of 123–130 ◦C [28], at
133 ◦C [13], or at 132.5–139 ◦C, depending on the brand of iPP [29].

The course of the polymer crystallization depends on the ability to transport macro-
molecules to the crystallization sites. The mobility of a macromolecule is limited by its
entanglements with other macromolecules. Entanglements of macromolecules occur in
the melt, solution, and amorphous phases of solid polymers. It is assumed that typically
processed polymers have an equilibrium entanglement density, with a different value for
each type of polymer. This density is characterized by giving the average molecular weight
between the entanglements, Me. For example, for isotactic polypropylene, measurements
in various laboratories gave Me values in the range of 5500–9990 g/mol. [30–33].

Methods are available to reduce the entanglement density of macromolecules. In
laboratory scale, the solvent method with freezing is most often used. It is known that with
greater dilution of the polymer solution, the number of contacts between macromolecules,
which take the shape of a coil, decreases. In a very dilute solution, even complete separation
of the macromolecule coils is achievable. If the polymer solution is suddenly frozen, e.g.,
using liquid nitrogen, the entanglement state of macromolecules will be preserved. After
removing the solvent, e.g., by sublimation, a solidified polymer with a lower density of
macromolecule entanglements is obtained. The choice of solvent depends on the poly-
mer. Polypropylene is usually disentangled at high temperatures in xylene, decalin, or
trichlorobenzene [34]. There are variants of this method, e.g., stabilization of the disentan-
gled state in PP can be achieved by crystallization while cooling the hot solution. In recent
years, studies have been carried out on the crystallization of a number of polymers after
entanglement reduction, e.g., polylactide, poly(ethylene oxide), polyethylene, and isotactic
polystyrene [35].
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Crystallization of polypropylene from the melt was also carried out [36–40]. These
studies concerned a partially disentangled polymer, in which almost only the α-form
grew. Under non-isothermal conditions, the disentangled sample had a crystallization
temperature 2–5 ◦C higher than the entangled sample [38]. The transformation of the
melt into a solid state was also faster when entanglements were reduced [41]. It was
observed in isothermal studies that after disentangling, the growth rate of spherulites
increases [36,37,39]. After reducing entanglements, a shift in the transition temperature
between regimes II and III by 3–4 ◦C was observed [38]. An important practical information
from the rheological tests of partially disentangled PP was that even at high temperatures
of 200–210 ◦C, the re-entanglement of macromolecules did not occur very quickly, which
means that during crystallization studies there remains at least 10–15 min of time available
for the necessary melting of the polymer [41].

So far, no studies have been carried out on the crystallization of β-form polypropylene
from the melt with a reduced density of macromolecular entanglements. We prepared
appropriately modified polypropylene and performed both isothermal and non-isothermal
crystallization tests. Crystallization studies carried out using differential scanning calorime-
try and polarization microscopy with a heating stage were complemented by X-ray scat-
tering studies. Interesting results showing the influence of the entanglement density of
macromolecules are described below.

2. Materials and Methods

The examined polymer was isotactic polypropylene (iPP) Novolen 1100 N produced
by BASF (Ludwigshafen, Germany). According to the producer, it had a molecular mass
of 250 kg/mol, a Mw/Mn ratio of 5.0, a density of 0.936 g/cm3, and a melt flow rate of
11 g/10 min (2.16 kg, 230 ◦C). The nucleant was calcium pimelate, which was synthesized
from pimelic acid and calcium oxide according to the procedure described by Lezak and
Bartczak [42,43].

Partially disentangled polypropylene was prepared by dissolving 0.5 wt.% of iPP
Novolen 1100 N in xylene at 135 ◦C. After mixing the polymer with the solvent for 1 h, the
solution temperature was lowered at a rate of 25 ◦C/h. When the temperature reached
80 ◦C, gel formation was observed, which was visible as the turbidity of the solution. After
further cooling to T = 40 ◦C, the gel was removed from the flask and dried. As a result of
the process, polypropylene powder with reduced entanglement was obtained. Rheological
measurements showed that the molecular mass between the entanglements increased to
Me = 19,100 g/mol [41], almost twice the initial Me = 9900 g/mol. In a three-dimensional
network of macromolecules, this means approximately seven times fewer entanglements.
In the remainder of the text, for simplicity, a partially disentangled polymer will be referred
to as disentangled.

Using a Zamak–Mercator (Krakow, Poland) co-rotating twin-screw mini-extruder,
disentangled polypropylene was mixed with the calcium pimelate nucleant. The following
mixing conditions were used: temperature 185 ◦C, time 2 min, screw rotation 100 rpm. The
nucleant concentration was 0.2 wt.%. Samples were prepared from both disentangled and
entangled polypropylene. The crystallization of these samples was compared with the
crystallization of non-nucleated entangled and non-nucleated disentangled polypropylene.
The list of prepared samples along with the abbreviations used is provided in Table 1.

Table 1. The list of studied materials.

Abbreviation Macromolecular
Entanglement

Content of Nucleant,
wt.%

PPi initial, equilibrium entangled 0
PPi_02 initial, equilibrium entangled 0.2

PPd partially disentangled 0
PPd_02 partially disentangled 0.2
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A TA DSC Q-20 (TA Instruments, New Castle, DE, USA) differential scanning calorime-
ter (DSC) was used to study non-isothermal crystallization. The samples weighing 7–9 mg
were heated from 0 ◦C to 190 ◦C at a rate of 10 ◦C/min, held at this temperature for
1 min, then cooled at a rate of 10 ◦C/min to 0 ◦C and heated again at a rate of 10 ◦C/min to
190 ◦C. Some studies were also carried out at higher cooling rates, i.e., 30 and 50 ◦C/min.
The main parameters determined from non-isothermal DSC experiments were crystalliza-
tion temperature, melting point, and crystallinity.

DSC has also been used to analyze thermal effects during isothermal crystallization.
During the isothermal tests, the samples were heated to the temperature of 220 ◦C, held
there for 1 min, and then cooled at a rate of 10 ◦C/min until the desired crystallization
temperature, in the range of 126–145 ◦C, was achieved. This temperature was maintained
as long as changes in heat flow were visible. The heat flow data were used to calculate the
progress of the melt transformation into crystals with crystallization time and to describe
the crystallization process using the Avrami approach.

Crystallization of the PPd_02 or PPi_02 sample at the selected temperature and then
heating at a rate of 10 ◦C/min to measure the melting temperature was the procedure used
to determine the equilibrium melting temperature.

The spherulitic crystallization in isothermal conditions was examined using a Linkam
THMS 600 (Linkam Scientific Instruments, Redhill, UK) hot stage attached to the Nikon
(Nikon Corporation, Tokyo, Japan) polarizing light microscope, which was equipped with a
CCTV camera connected to the computer. For observations, the piece of PP was sandwiched
between two microscopic cover glasses situated on the stage, melted for 1 min at 220 ◦C,
and compressed into a 15 µm thick film. The molten film was cooled at a rate of 10 ◦C/min
to the temperature of isothermal crystallization and kept at this temperature until the end
of the observations. The temperature of crystallization was in the range 128–145 ◦C. During
the experiment, the expansion of spherulites was recorded with time, and from the position
of the boundaries was determined the growth rate. At least the growth of 10 spherulites
was measured.

The contents of the β- and α-phases in samples after controlled crystallization were
determined by the wide-angle X-ray scattering technique (WAXS). Two-dimensional WAXS
images were recorded using a Pilatus 100 K (Dectris AG, Baden-Daettwil, Switzerland)
detector coupled to a CuKα X-ray source (sealed tube, operating at 30 kV and 50 mA,
Philips (Eidhoven, The Netherlands)). Based on these images, scattering intensity profiles
as a function of scattering angle were determined using ImageJ 1.54 (National Institutes
of Health, Bethesda, MA, USA) software. The scattering peak intensities were used to
determine the K parameter from the Turner–Jones equation [44], which characterizes the
share of β-crystals in the total amount of crystals.

3. Results and Discussion
3.1. Non-Isothermal Crystallization

The course of non-isothermal crystallization examined using DSC is shown in Figure 1.
Polypropylenes without additional nucleation and those containing 0.2% nucleant were
tested with a cooling/heating rate of 10 ◦C/min. The first heating curves (Figure 1a)
show the melting of samples that crystallized under uncontrolled conditions at the end of
extrusion. In non-nucleated polypropylene, both fully entangled and partially disentangled,
a melting peak is visible at 165 ◦C. It corresponds to the melting of the α-phase. The presence
of the β-phase is not visible. This is different in the case of melting of nucleated samples,
where two melting peaks are visible with maximums at temperatures of 146–148 ◦C and
165 ◦C. The first of these peaks corresponds to the melting of the β-phase. For sample
PPd_02, the β-phase peak is divided into two. The higher temperature peak is a result of β
to β′ recrystallization [1].
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Figure 1. Non-isothermal properties of polypropylenes studied by DSC with a heating/cooling rate
of 10 ◦C/min: (a) first heating, (b) cooling, (c) second heating, and (d) conversion of melt into crystals
during crystallization.

The crystallization of polypropylenes at a constant melt cooling rate is shown in
Figure 1b. It started at the earliest, at a temperature of 133 ◦C, in sample PPd_02, then in
PPi_02 (132 ◦C), PPd (127 ◦C), and at the latest in PPi, at 126 ◦C. The order in which the
peak maxima occur is the same, and their values are given in Table 2. The dynamics of the
crystallization process are most visible in Figure 1d. It shows the conversion of the melt
into the crystalline phase as the temperature changes. Crystallization occurs most rapidly
in the polymer, where there are more crystallization nuclei and in which macromolecules
have greater mobility, which favors their transport to the places of crystal growth.

Table 2. Melting and crystallization temperatures as well as melting heats and crystallization heats of
the tested polypropylenes.

Sample
I Heating Cooling II Heating

Tm β [◦C] Tm α [◦C] Hm [J/g] Tc [◦C] Hc [J/g] Tm β [◦C] Tm α [◦C] Hm [J/g]

Rate: 10 ◦C/min

PPi - 165 ± 1 90 ± 2 116 ± 1 89 ± 2 147 ± 1 161 ± 1 87 ± 2
PPd - 165 ± 1 103 ± 2 118 ± 1 89 ± 2 148 ± 1 162 ± 1 95 ± 2

PPi_02 148 ± 1 165 ± 1 93 ± 2 124 ± 1 84 ± 2 151 ± 1 164 ± 1 93 ± 2
PPd_02 146 ± 1 165 ± 1 94 ± 2 125 ± 1 89 ± 2 150 ± 1 162 ± 1 91 ± 2

Rate: 30 ◦C/min

PPi_02 158 ± 1 93 ± 2 115 ± 1 84 ± 2 154 ± 1 92 ± 2
PPd_02 158 ± 1 95 ± 2 115 ± 1 92 ± 2 156 ± 1 93 ± 2
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Table 2. Cont.

Sample
I Heating Cooling II Heating

Tm β [◦C] Tm α [◦C] Hm [J/g] Tc [◦C] Hc [J/g] Tm β [◦C] Tm α [◦C] Hm [J/g]

Rate: 50 ◦C/min

PPi_02 161 ± 1 93 ± 2 111 ± 1 83 ± 2 158 ± 1 90 ± 2
PPd_02 162 ± 1 94 ± 2 112 ± 1 83 ± 2 156 ± 1 88 ± 2

Tm β—melting temperature of the β-phase; Tm α—melting temperature of the α-phase; Tc—crystallization
temperature; Hm—heat of melting; Hc—heat of crystallization.

Figure 1c shows the melting process after crystallization. In all samples, two melting
peaks are visible, related to the melting of the α- and β-forms that were formed during
crystallization. The melting maximum of the β-phase is observed in the temperature
range 147–150 ◦C, and, as shown in Table 2, it is higher for nucleated polypropylenes.
The α-phase shows a maximum melting peak at higher temperatures, in the range of
161–1646 ◦C. Also, in this case, slightly higher temperatures correspond to the melting of
the nucleated polymers. A higher melting point indicates, in accordance with the Gibbs–
Thomson rule [45], that thicker crystals melt, which is consistent with their earlier formation
and slightly better growth conditions.

Table 2 also shows the heats of crystallization and melting. The results for the first
heating are related to the previous processing and therefore only show that a significant
amount of crystalline phase was formed in all samples. Much more important are the
results of measurements of the heat of crystallization and heat of fusion during the second
heating. As can be seen from Table 2, regardless of the differences in the crystallization
temperature, the crystallization heat values are similar, in the range of 84–89 J/g. The
corresponding heats of fusion have similar values, as was expected. Slightly higher values
may result from the transformation of the β-phase into the α-phase, having a higher heat
of fusion at 100% crystallinity. Since separate peaks are visible in the nucleated samples
during melting, it was possible to estimate the share of the β-phase in the heat of fusion.
For the PPi_02 sample, the heat of melting of the β-phase was 67 J/g, and for the PPd_02
sample also 67 J/g, which indicates a significant share of this phase in both tested samples.
If the heat of fusion of 177 J/g for the fully crystalline α-phase and 168.5 J/g for the 100%
crystalline β-phase [12] is taken into account in the calculations, the degrees of crystallinity
of these phases in both nucleated samples are similar and are respectively 14% and 39%.
This means that the β-phase content is approximately 0.73 of the total crystalline phases.

In our previous studies, we showed that the disentangling of macromolecules pro-
motes faster non-isothermal crystallization of non-nucleated PP, in which crystals of the
α-form were formed almost exclusively [38]. Since, as can be seen from Figure 1b, crys-
tallization in conditions where the β-form dominates is the fastest in PPd_02, this means
that also for β-phase, reducing the entanglement of macromolecules and facilitating their
diffusion accelerates the growth of β-crystals in non-isothermal conditions.

Similar calculations are difficult to perform for the heat of melting of non-nucleated
PPi and PPd samples, where the small melting peak of the β-phase is located on the slope of
the melting peak of the α-phase. Approximate estimates indicate that the β-phase content
in these samples does not exceed 2%.

These results can be compared with commonly performed measurements of β-phase
content using the X-ray WAXS method. In the case of polypropylene, it is difficult to
directly determine the share of both crystal forms from the X-ray diffractogram because
some signals originating from diffraction on crystal planes overlap. Therefore, the equation
proposed by Turner–Jones is commonly used to determine the share of the β-form [25,44].
This equation has the following form:

K = Ibeta300/(Ibeta300 + Ialfa110 + Ialfa040 + Ialfa130) (1)
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where Ibeta300 is the scattering intensity (i.e., peak height) from the (300) plane of the β-
form. Moreover, Ialfa110, Ialfa040, and Ialfa130 represent scattering on the (110), (040), and (130)
planes of the α-form, respectively. When determining the intensity, the amorphous phase
was subtracted.

Figure 2 shows typical diffractograms of the tested samples, with an indication of the
scattering on the planes used for calculations from Equation (1). For samples PPi_02 and
PPd_02, the scattering peak on the β-phase dominates, while in the case of PPi and PPd,
the signal from the β-phase is practically invisible.
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Figure 2. X-ray diffractograms for selected polymers, recorded after the non-isothermal crystallization.

Table 3 shows the content of the β-phase, determined for the tested materials in
accordance with Equation (1). As can be seen, with crystallization at a rate of 10 ◦C/min, the
β-form content for both nucleated polypropylenes is 0.76–0.77, and for the non-nucleated PPi
and PPd it is close to zero. These results agree well with estimates from DSC measurements.

Table 3. The values of the K coefficient, showing the participation of the β-phase in the entire
crystalline phase, determined for the samples crystallized at three different cooling rates.

Material
Cooling Rates during Crystallization

10 ◦C/min 30 ◦C/min 50 ◦C/min

PPi 0.02 ± 0.01 0.02 ± 0.01 0.02 ± 0.01
PPd 0.02 ± 0.01 0.05 ± 0.01 0.02 ± 0.01

PPi_02 0.76 ± 0.02 0.81 ± 0.02 0.84 ± 0.03
PPd_02 0.77 ± 0.02 0.81 ± 0.02 0.83 ± 0.02

For samples containing nucleants, non-isothermal crystallization tests were addition-
ally performed at higher rates of temperature changes, i.e., 30 ◦C/min and 50 ◦C/min.
The results are presented in Table 2. Our previous work on crystallization [38] examined
partially disentangled and entangled polypropylene, in which no additional nucleation
was used. It was observed that at higher cooling rates there was a difference in the crystal-
lization temperature between partially disentangled and entangled PP, and the temperature
values decreased, i.e., crystallization occurred later. For example, at a cooling rate of
50 ◦C/min, the crystallization temperature was 109.7 ◦C for disentangled and 103.1 ◦C for
entangled PP. The second observation reported in this work was a significant difference in
the heat of crystallization, which was lower by up to 8 J/g for entangled polypropylene
when the cooling rate was 50 ◦C/min. The above results are not included in Table 2, because
they have been published, and we now focus on nucleated, β-rich samples.

The results in Table 2 show that in the case of nucleated polypropylenes at higher
cooling rates (30 ◦C/min and 50 ◦C/min), crystallization occurs at increasingly lower
temperatures. In these polypropylenes, as in a non-nucleated polypropylene, there is still
a difference in melting temperature between entangled and disentangled polypropylene.
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The decrease in Tc with faster cooling results from the fact that a certain time is neces-
sary to activate nucleation. A large number of active nuclei introduced into the samples
marginalized the effect of easier movement of macromolecules and caused the difference
in crystallization temperatures between PPd_02 and PPi_02 to be smaller than previously
mentioned for PPd and PPi. Although the crystal growth stage is dominated by the mo-
bility of macromolecules, greater in disentangled polymers [46,47], the time available for
crystallization is short, and therefore the difference in the heat of crystallization between
partially disentangled and entangled polypropylene is not very large.

Analyzing the data in Table 2 regarding both melting processes (i.e., during the first
and the second heating) of the nucleated samples, heated at rates of 30 ◦C/min and
50 ◦C/min, it should be noted that there are no two separate peaks for both crystalline
phases, as in the case of heating at a rate of 10 ◦C/min, but one broad peak, with a maximum
at a temperature intermediate to the melting temperatures of both phases. The position
of this peak changes towards higher temperatures as the heating rate increases. There is a
slight difference in melting point between entangled and partially disentangled PP. The
higher heat of melting than the corresponding heat of crystallization can again be attributed
to the β/α transition.

The analysis of X-ray diffractograms allowed the determination of the share of the β-
phase in samples crystallized non-isothermally at cooling rates of 30 ◦C/min and 50 ◦C/min.
The results are included in Table 3, supplemented with data for previously unmeasured
PPi and PPd. Table 3 shows that in the nucleated samples at high crystallization rates,
the β-phase still dominates, even slightly increasing in content to 0.83–0.84 at a cooling
rate of 50 ◦C/min. In the case of non-nucleated PPi and PPd, a higher cooling rate during
crystallization does not result in an increase in the content of the β-phase, which remains at
the level of 2–5% of the total crystalline phase.

3.2. Isothermal Crystallization

Isothermal crystallization studies began with a general analysis of the crystalliza-
tion process using DSC, conducting experiments in the temperature range of 130–145 ◦C.
Figure 3 shows changes in heat flow with crystallization time at selected temperatures
of 135, 140, and 145 ◦C and the conversion of the melt into the crystalline phase at
these temperatures.

Figure 3a shows the course of crystallization of samples at the temperature of 135 ◦C.
The crystallization process began immediately after the samples reached the set temperature.
However, the dynamics of crystallization, characterized by heat flow, were very different in
non-nucleated and nucleated polypropylene. In non-nucleated PPd and PPi, the process
took a long time, 35 and 25 min, respectively. Curves showing more precisely the dynamics
of melt conversion are shown in Figure 3b. The slower crystallization of PPd resulted from
the removal of some of the nuclei during polymer disentangling. Increasing the number of
nuclei by adding 0.2 wt.% of the nucleant accelerated the crystallization process. Of the two
nucleated materials, PPd_02 crystallized faster. The number of nuclei in PPd_02 and PPi_02
was similar, and as previous and current (see below) studies on polypropylene have shown,
the crystals in the disentangled polymer grow faster. Therefore, the whole crystallization
was completed the fastest in PPd_02 (after 10 min) and a little later in PPi_02 (after 14 min).

The heat changes due to the crystallization of samples at 140 ◦C are shown in Figure 3c.
The course of conversion of the melt into crystals at this temperature is shown in Figure 3d.
Of course, a higher crystallization temperature means a longer time during which this
process takes place. At a temperature of 140 ◦C, the crystallization sequence of the samples
was almost the same as at a temperature of 135 ◦C. The PPd sample still crystallized the
slowest because the higher crystal growth rate did not compensate for the loss of some
nuclei during disentangling. At a temperature of 140 ◦C, crystallization was completed
the fastest for the PPd_02 sample, where the high density of nuclei and the higher rate of
crystal growth led to the fastest conversion of the melt into the crystalline phase.
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Figure 3e shows the course of crystallization at 145 ◦C. Due to the slow crystallization
of non-nucleated samples at this temperature, measurements were performed only for
samples containing 0.2 wt.% of the nucleating agent. At this temperature, the beginning of
the crystallization process was visible 8 min after reaching the temperature. The kinetics of
crystalline phase formation were similar in PPi_02 and PPd_02 (see Figure 3f), although
partially disentangled polypropylene crystallized slightly faster. Full crystallization of both
materials required approximately 2 h.

Microscopic observations in polarized light of the samples after crystallization and
calculations of the K factor using the WAXS showed that only single β-spherulites were
present in the PPd and PPi samples, and it was difficult to distinguish the peak (300) from
the β-phase in the diffractograms. However, in the case of both nucleated samples, the
diffraction on the (300) plane of the β-phase dominated the diffractogram. This indicated a
significant contribution of the β-phase. These comments apply to crystallization at all three
temperatures, i.e., 135 ◦C, 140 ◦C, and 145 ◦C. The values of the K coefficients, showing
the share of the beta phase in the total crystalline phase, determined for nucleated samples
crystallized at three temperatures are presented in Table 4.

Table 4. β-phase content determined from WAXS measurements.

Sample T = 135 ◦C T = 140 ◦C T = 145 ◦C

PPd_02 0.70 ± 0.02 0.61 ± 0.02 0.09 ± 0.01

PPi_02 0.74 ± 0.02 0.62 ± 0.02 0.19 ± 0.02

The content of the β-phase in the nucleated samples depended on the crystallization
temperature and was the highest (K = 0.70–0.74) at 135 ◦C. At a crystallization temperature
of 140 ◦C, more than half of the crystals still had the β-phase structure. According to
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literature reports [6,13], this is the upper temperature limit for the formation of β-spherulites
in the absence of specific nucleation. In the tested samples PPd_02 and PPi_02, the β-
fraction was formed at a temperature of 145 ◦C, but its share was minor. As in the samples
crystallized at lower temperatures, more β-phase was formed in the entangled polymer
than in the disentangled. This was probably due to the greater number of nuclei present in
PPi than in PPd before additional nucleation, part of them giving β-crystals.

Microscopic observations showed that a spherulitic structure is formed in the tested
polypropylenes during isothermal crystallization, and the majority of spherulites begin
their growth at the same time. With such a course of crystallization, it can be described
according to the approach proposed by Avrami [12,48,49]. The Avrami equation has the
following form:

1 − X = exp(−ztn) (2)

where X is volume fraction of crystallized material; t is the time; and z and n are coefficients
characterizing the nucleation process. The z coefficient is described by the following
equation:

z = 4πNG3/3 (3)

where N is density of nucleation and G is growth rate of spherulites. Equation (2) can be
expressed as follows:

ln[−ln(1 − X)] = n ln t + ln z (4)

The data used to calculate the conversion of the melt into crystals (Figure 3) were
also used for calculations according to Equation (4). Linear conversion ranges over time
were used to determine the Avrami coefficients. The values of n and z are presented in
Table 5. Since the tested samples contained both α- and β-spherulites, which differ in their
growth rate and share in the total, the interpretation of the results was possible to a limited
extent [50].

Table 5. Coefficients from the Avrami equation determined for the samples crystallized at different
temperatures.

Sample
135 ◦C 140 ◦C 145 ◦C

n z n z n z

PPd_02 3.0 3.0 × 10−2 3.6 8.1 × 10−5 3.8 0.9 × 10−7

PPi_0.2 3.4 5.3 × 10−3 3.4 4.3 × 10−5 3.6 1.3 × 10−7

PPd 2.9 5.3 × 10−4 3.5 0.8 × 10−6

PPi 3.1 6.8 × 10−4 3.7 1.5 × 10−6

The values of the n coefficient range from 2.9 to 3.8 and indicate three-dimensional
growth of spherulites with heterogeneous nucleation, initiated in a short period of time,
which is consistent with optical microscopic observations. According to Mandelkern [51],
the value of the n coefficient in the range of 3 < n < 4 indicates three-dimensional het-
erogeneous nucleation; the value in the range of 2 < n < 3 indicates a two-dimensional
heterogeneous nucleation. The tendency is visible in the calculations (see Table 5) that
lower n values are obtained for a lower crystallization temperature. The reason for this is
the increase in the share of instantaneous nucleation compared to sporadic nucleation [52].

The values of the n coefficient at 135 ◦C are lower for disentangled PPs, which shows
some influence of disentangling. In the case of PPd n is below 3. The exact reason for this is
not sure. Isothermal crystallization was carried out using DSC, so it cannot be excluded
from a more intensive nucleation on the contact surface of the melt with the DSC cell,
as a result of which the growing spherulites have a less regular shape, which affects the
dimensionality of the sample. Another possibility is some participation of non-spherical
structures such as hedrites [53], which were sometimes observed by us using microscopy
in the early stages of crystallization.
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Table 5 shows that there are significant differences in the z values. Spherulite growth
rate measurements are discussed in detail in the next part of the text. They showed that
at a temperature of 135 ◦C, β-spherulites grow 1.22–1.28 times faster than α-spherulites,
depending on whether the polymer was entangled or disentangled. β-spherulites and
α-spherulites grow simultaneously inside the volume samples. To simplify the calculations
according to Avrami, one average value for the spherulites growth rate in the material, G′,
can be assumed and calculated according to the following equation:

G′ = (1 − K) × Gα + K × Gβ (5)

where Gα and Gβ are growth rates of α-spherulites and β-spherulites, respectively.
The calculated G′ values are presented in Table 6. With these values, it is possible to

estimate the nucleation density in the tested samples using Equation (3). The results of the
spherulite nucleation density calculations are presented in Table 6.

Table 6. Averaged spherulite growth rates used in spherulite nucleation density calculations.
G′—averaged spherulites growth rate; N—nucleation density.

Sample
T = 135 ◦C T = 140 ◦C T = 145 ◦C

G′

[µm/min]
N

[m−3]
G′

[µm/min]
N

[m−3]
G′

[µm/min]
N

[m−3]

PPd_02 5.8 1.5 × 1014 1.8 1.4 × 1013 0.6 4.2 × 1011

PPi_02 5.1 4.0 × 1013 1.7 8.8 × 1012 0.6 6.0 × 1011

PPd 4.9 4.5 × 1012 1.5 2.6 × 1011

PPi 4.4 8.0 × 1012 1.4 5.5 × 1011

The nucleation density decreases with increasing temperature, approximately one
order for every five degrees. The external nucleation of the samples affected the total
number of active nuclei, which increased by an order or two, depending on the temperature.
At both crystallization temperatures, i.e., 135 ◦C and 140 ◦C, there were fewer nuclei in
the non-nucleated PPd sample than in the non-nucleated PPi sample, which is most likely
due to the removal of some of the nuclei during the disentangling of polypropylene in
the solution.

During the isothermal crystallization of polymers, a linear relationship between the
crystallization temperature and the melting temperature is observed. This relationship
is the basis of the Hoffman–Weeks method for determining the equilibrium melting tem-
perature, Tm

◦. Figure 4 shows the relationship between the melting temperature and the
crystallization temperature for the β-form of polypropylene. Measurements were made
using two methods, i.e., using a DSC apparatus and using a heating stage connected to a
polarizing light microscope. In the first case, after crystallization of the PPd_02 or PPi_02 at
the selected temperature, the sample was heated at a rate of 10 ◦C/min, which allowed for
the observation of melting. The thermogram of melting showed two peaks related to the
melting of the β- and α-phases. The position of the maximum of the β-peak was used for
calculations. An example thermogram for the PPi_02 sample is shown in Figure 4e.

For studies using a polarizing microscope, the same crystallization and melting proce-
dure was used as for studies using DSC. The melting of several selected spherulites was
observed, and the temperature at which the spherulites were no longer visible was con-
sidered the melting temperature. The temperature determined by the second method was
higher than the temperature determined by the first method. For example, for the PPi_02
sample crystallized at 136 ◦C, a temperature of 154.8 ◦C was recorded from DSC tests and
156.8 ◦C from microscopic examination. The arrows in Figure 4e show the position of these
temperatures in the thermogram. Apart from a different choice of the melting moment, i.e.,
the peak maximum in DSC and the disappearance of spherulites in the microscopic image,
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some shift in the temperature measured by both devices due to technical reasons cannot be
ruled out.
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Figure 4. Determination of the equilibrium melting temperature from DSC measurements (a,b) and
microscopic observations (c,d) for nucleated polypropylene. Also shown is the thermogram for the
PPi_02 sample melted after crystallization at 136 ◦C (e). The equilibrium melting points determined
by both methods, i.e., DSC and OM, are marked.

After measuring melting temperatures for a series of crystallization temperatures in
the range of 128–140 ◦C, a straight line describing the experimental results was determined
using the linear regression method. Then, its intersection with the Tm = Tc line was found,
and the intersection point indicated the equilibrium melting temperature. The experimental
relationships Tm = f (Tc) and the determined values of the equilibrium melting temperature
are shown in Figure 4a–d.

Before discussing the obtained Tm
◦ values, we briefly present the limitations of the

Hoffmann–Weeks method. The equilibrium melting temperature Tm
◦ is an important

parameter in the description of crystallization. It is the melting temperature of a crystal of
infinite size, equal to its crystallization temperature. The undercooling, i.e., the difference
between the equilibrium melting temperature and the crystallization temperature of a
real crystal, is proportional to the thermodynamic driving force for crystallization [54].
There is no direct method for measuring the equilibrium melting temperature, and the
Hoffman–Weeks method is one of the two most commonly used [55]. The disadvantage
of the method is that the Tm

◦ temperature is determined on the basis of several points
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located at a large temperature distance from the determined Tm
◦ value. Additionally, it is

assumed that the Tm-Tc relationship is linear for the entire Tc range and that isothermal
crystal thickening, increasing Tm, is not significant. If DSC results are used, the analysis
is based on the melting of medium-sized crystals without taking into account the crystal
thickness distribution.

For all these reasons, one might get the impression that the Hoffman–Weeks method
is not useful. Strobl [56] analyzed the Tm-d and Tc-d relationships, where d is the crystal
thickness. He found that there is an intersection of these two linear relationships, but at
a point where the thickness d is not infinite but much smaller, so it cannot be the point
determining Tm

◦. The explanation was that the Tc-d relationship is not linear at low
undercoolings. Departure from linearity is also proposed in the literature when attempting
to modify the original Hoffman–Weeks approach. Marrand and co-workers [9,57] proposed
the use of nonlinear extrapolation of Tm-Tc data. This approximation leads to a higher Tm

◦

value than that obtained by linear extrapolation.
We used a simpler linear approximation to determine Tm

◦ because the goal was not
to find the most likely equilibrium melting temperature value but to see if there is a
difference between entangled and disentangled polypropylenes. For this purpose, Tm

◦

was determined in the same way for disentangled and entangled PP. The crystals from the
disentangled polymer grew slightly earlier (see Figure 3), so they may have been slightly
thicker due to the longer available annealing time, and therefore their Tm may have also
been higher. This would mean that the Tm

◦ for disentangled PP is overestimated, and
therefore the difference in Tm

◦ for both polypropylenes may be even greater than observed.
In both experiments, the equilibrium melting temperature Tm

◦ for the PPd_02 sample
with limited entanglements was 5.3–6.0 ◦C lower than the entangled PPi_02 sample. This
is a large difference, indicating the beneficial effect of disentanglement on the size and
perfection of the β-phase crystals formed at the selected temperature of isothermal crystal-
lization. A shift in the equilibrium melting temperature, but much smaller, was previously
observed in studies of poly(ethylene oxide) by Krajenta et al. [58]. The large difference in
the values of the equilibrium melting temperature measured for the same polypropylene by
two methods results from the described differences in the selection of melting temperature
values for calculations. The equilibrium melting temperature determined for the β-phase
of entangled polypropylene agrees with those reported in the literature [7–9].

Observations using a polarizing microscope confirmed that spherulites are formed
during crystallization in all tested samples. The photograph in Figure 5a shows the early
stage of formation of the spherulitic structure in PPd_02. Because β-spherulites are char-
acterized by greater birefringence than α-spherulites, they are visible as brighter objects.
Figure 5b shows a fully formed spherulitic structure. Many spherulites have similar sizes
and straight fragments of the boundaries, which indicates nucleation during the same
period of time.
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During crystallization at a selected temperature, the growth rate of spherulites can be
determined from the location of the spherulite boundaries as a function of time. Such mea-
surements were performed in the temperature range of 126–145 ◦C for at least
10 spherulites of each tested material at each temperature. The average values of the
spherulite growth rate at certain temperatures are presented in Table 7, and the curves
describing changes in the spherulite growth rate as a function of time are shown in Figure 6.
Due to the radial direction of growth of the lamellas forming the spherulite skeleton, the
growth rate of the spherulite is also the growth rate of lamellar crystals.

Table 7. Growth rate ofα-form (Gα) andβ-form (Gβ) spherulites at selected crystallization temperatures.

Temperature
[◦C]

Gα [µm/min] Gβ [µm/min]

PPi_02 PPd_02 PPi_02 PPd_02

126 31.3 ± 0.6 31.3 ± 0.7 45.1 ± 0.7 44.4 ± 0.8

130 12.2 ± 0.5 14.1 ± 0.6 17.2 ± 0.5 18.7 ± 0.6

135 4.4 ± 0.2 4.9 ± 0.4 5.4 ± 0.3 6.3 ± 0.4

140 1.4 ± 0.1 1.5 ± 0.1 1.9 ± 0.1 2.0 ± 0.2

145 0.6 ± 0.1 0.6 ± 0.1 0.6 ± 0.1 0.5 ± 0.1
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Figure 6. Spherulite growth rate as a function of crystallization temperature (a). Abbreviations in the
figure: PPd β—β-spherulites in the PPd_02 sample; PPi β—β-spherulites in the PPi_02 sample; PPd
α—α-spherulites in the PPd_02 sample; PPi α—α-spherulites in the PPi_02 sample. Part (b) shows
the temperature range of the largest differences in the growth rate of spherulites between the tested
samples. Part (c) shows the dependence of the growth rate of β-spherulites on undercooling. Lines
on the graphs are shown for better visualization only.

Both in the entangled and disentangled polymer at temperatures below 145 ◦C, β-
spherulites grew faster than α-spherulites. Moreover, at temperatures of 128–140 ◦C,
β-spherulites in the disentangled polypropylene grew faster than in the entangled one. A
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similar phenomenon was previously observed for α-spherulites. The reason for the faster
growth of spherulites in samples with limited entanglements is the easier transport of
macromolecules to the surface of the growing crystals [46,47]. At high temperatures, the
effect is no longer visible. Macromolecules, even entangled ones, have high mobility at
these temperatures, so increasing this mobility by disentangling is no longer so important.

The data in Table 7 show that at the lowest crystallization temperature, i.e., 126 ◦C,
the growth rates for the β-phase in entangled and disentangled iPP are similar. This
might suggest that the degree of entanglement is no longer important. Figure 6c shows
the dependences of the growth rate of spherulites not as a function of the crystallization
temperature but as a function of the undercooling, calculated on the basis of equilibrium
temperatures of 165.5 ◦C and 171.5 ◦C (see Figure 4). At the same undercooling, except
for the smallest undercoolings measured, the growth of β-spherulites in the disentangled
polymer occurred much faster than in the entangled polymer. This confirms the role of
constraints from other macromolecules in the movement of a single macromolecule to the
crystal growth sites, and thus the influence of entanglements on the crystallization rate.

According to the classical theory of crystallization by Hoffman and Lauritzen, the
crystal growth rate, G, is controlled by two factors, i.e., the transport factor and the driving
force factor, both of which depend differently on temperature [59,60].

The dependence of G on the crystallization temperature can be described by the
following equation:

G(T) = Goexp

− ∆E

R
(

T − Tre f

)
exp

[
−

Kg

T ∆T

]
(6)

where Go is a pre-exponential factor, depending on the molecular mass; ∆E is the activation
energy of the transport of chain segments to the crystallization site (i.e., activation energy of
reptation); R is gas constant; T is crystallization temperature; Tref is a reference temperature,
below the glass transition, when a free volume is close to zero; Kg is a constant depending
on the regime of crystallization. Moreover, ∆T = Tm

◦ − T, where Tm
◦ is the equilibrium

melting temperature. Equation (6) can be presented in the following logarithmic form:

log G + ∆E/[2.3 × R(T − Tref] = f (1/T ∆T) (7)

In the analysis according to Equation (7) of the growth of β-phase spherulites, we
used the previously determined equilibrium melting temperatures of 165.5 ◦C and 171.5 ◦C.
Other values used for calculations were ∆E = 6270 J/mol, R = 8.31 J/(mol × K), and
Tref = 231.2 K [29,58,61]. The relationship described by Equation (7) has a linear character,
with the slopes of the sectors changing at characteristic temperatures, defining the ranges
of crystallization regimes.

Figure 7 shows how the temperatures of transition from regime II to regime III were
determined for β-phase crystallization in partially disentangled and equilibrium-entangled
polypropylene. Temperature values obtained were 130.5 ◦C for disentangled PP and
132.9 ◦C for entangled PP. The last value agrees with the previously measured by Varga
et al. [1,13].

According to Hoffman’s theory, the crystal formation process is different depend-
ing on the temperature regime and is more regular in regime II than in regime III. The
lower transition temperature measured for PPd_02 means that in the temperature range
of 130.5–132.9 ◦C, crystals are formed in the disentangled polypropylene according to the
mechanism of regime II, while the crystals grow in the entangled polypropylene in the
way predicted by the theory for regime III. The change in the regime boundary indicates
the beneficial effect of partial disentanglement of macromolecules on the crystal formation
mechanism, leading to greater regularity of structure with fewer defects. The shift in
the temperature boundary between regimes II and III was previously observed for iso-
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tactic polypropylene, containing almost exclusively α-phase [38], and for poly(ethylene
oxide) [58].
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4. Conclusions

Previously conducted research on the crystallization of polypropylene, in which
almost exclusively the α-form was formed, showed that limitations in the mobility of
macromolecules in the melt due to the presence of other macromolecules influence the
crystallization. Since, after external nucleation, it was possible to obtain a high content of
the β-phase in crystallized polypropylene, and it has been known that under usual crystal-
lization conditions, β-spherulites grow faster than α-spherulites, research was undertaken
on the influence of the degree of entanglement of macromolecules on the crystallization in
the β-form.

During non-isothermal crystallization, it was observed that the crystallization of sam-
ples, in which about 80% of the β-crystals were formed, occurred at a higher temperature
and faster (conversion of the melt into the β-phase) when the polymer was disentangled.
The heat of crystallization was slightly higher for disentangled polypropylene. The dif-
ferences described above resulted from easier transport of less entangled macromolecules
to the crystal growth sites. This accelerated the crystal growth process but did not help
nucleation much because the time needed for additional nucleation was limited.

The isothermal crystallization was also examined, starting with a DSC analysis of
the whole process. The crystallization was faster in nucleated samples and the fastest in
those with limited entanglements. It was observed that the content of β-crystals decreased
with the crystallization temperature. The reduction of the amount of β-forms at high
temperatures was not a feature of the nucleant used, but a characteristic future of polymer
crystallization at high temperatures.

Analysis according to the Avrami approach showed that at temperatures of 135–140 ◦C,
i.e., when the growth of β-crystals predominated, most nuclei were active in the nucle-
ated, disentangled polymer. The increased efficiency of the introduced nucleant when the
macromolecules were disentangled was probably due to the facilitated presence of macro-
molecules near the active planes of the nucleus, those that were ready to build crystals.

Over a wide temperature range, it was observed that β-phase spherulites grew faster
when there were fewer constraints caused by macromolecular entanglements. The effect
became more apparent when the measured large difference (5–6 ◦C) in the equilibrium
melting temperature was taken into account. A shift in the range of regime II crystallization
of the β-phase in partially disentangled polypropylene was also observed.

All the phenomena described above were caused by the easier movement of macro-
molecules to the sites of β-crystal grown when the entanglement density of macromolecules
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was reduced. The greater mobility and freedom of large fragments of macromolecules
favored the arrangement of macromolecules near the existing embryo and their transfer
into a stable nucleus. The disentangling of macromolecules is even more important during
the crystal growth phase, when a straight fragment of the chain is deposited on the surface
of the crystal, and it must be able to fold. With less entanglement, the formation of a new
layer on the crystal occurs faster, and there are also fewer defects.

Author Contributions: Conceptualization, A.P.; investigation, J.K. and A.P.; supervision, A.P.;
writing—original draft preparation, A.P.; writing—review and editing, J.K. and A.P. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the Centre of Molecular and Macromolecular Studies, Polish
Academy of Sciences, grant 500-03.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Dataset available on request from the corresponding author due to
internal rules of the institute.

Conflicts of Interest: The author declares no conflicts of interest. The funders had no role in the design
of the study, in the collection, analysis, or interpretation of data, in the writing of the manuscript, or
in the decision to publish the results.

References
1. Varga, J. Crystallization, Melting and Supermolecular Structure of Isotactic Polypropylene. In Polypropylene: Structure, Blends and

Composites; Karger-Kocsis, J., Ed.; Chapman and Hall: London, UK, 1994; Chapter 3; pp. 56–115.
2. Zhou, P.-Z.; Zhang, Y.-F.; Lin, X.-F. Thermal stability of nucleation effect of different β-nucleating agents in isotactic polypropylene.

J. Therm. Anal. Calorim. 2018, 132, 1845–1852. [CrossRef]
3. Wu, B.; Zheng, X.; Xu, W.; Ren, Y.; Leng, H.; Liang, L.; Zheng, D.; Chen, J.; Jiang, H. β-Nucleated Polypropylene: Preparation,

Nucleating Efficiency, Composite, and Future Prospects. Polymers 2023, 15, 3107. [CrossRef] [PubMed]
4. Zeng, F.; Peng, H.; Chen, J.; Kang, J.; Yang, F.; Cao, Y.; Xiang, M. Investigation on the crystallization behavior and morphology of

β-nucleated isotactic polypropylene/glass fiber composites. Soft Mater. 2017, 15, 229–240. [CrossRef]
5. Yuan, Q.; Jiang, W.; An, L. Study of β-α recrystallization of the polypropylene. Colloid Polym. Sci. 2004, 282, 1236–1241. [CrossRef]
6. Lotz, B. α and β phases of isotactic polypropylene: A case of growth kinetics ‘phase reentrency’ in polymer crystallization.

Polymer 1998, 39, 4561–4567. [CrossRef]
7. Li, J.X.; Cheung, W.L.; Jia, D. A study on the heat of fusion of β-polypropylene. Polymer 1990, 40, 1219–1222. [CrossRef]
8. Lovinger, A.J.; Chua, J.O.; Gryte, C.C. Studies on the α- and β-forms of isotactic polypropylene by crystallization in temperature

gradient. J. Polym. Sci. Polym. Phys. Ed. 1977, 15, 641–656. [CrossRef]
9. Juhasz, P.; Varga, J.; Belina, K.; Marand, H. Determination of the equilibrium melting point of the β-form of polypropylene.

J. Therm. Anal. Calorim. 2002, 69, 561–574. [CrossRef]
10. Monasse, B.; Haudin, J.M. Growth transition and morphology change in polypropylene. Colloid Polym. Sci. 1985, 263, 822–831.

[CrossRef]
11. Varga, J.; Garzo, G. Isothermal crystallization of the β-modification of polypropylene. Acta Chim. Hung. Acad. Sci. 1991, 128,

303–317.
12. Jiang, W.; Song, X.; Zhou, R.; Wu, Z.; Hu, B.; Zhang, Y.; Liang, Z.; Chen, Z.; Kanga, J.; Xiang, M. Influences of molecular structure

on the isothermal crystallization behavior and mechanical properties of β-nucleated isotactic polypropylene. Polym. Plast. Technol.
Mater. 2020, 59, 1724–1735. [CrossRef]

13. Varga, J. Supermolecular structure of isotactic polypropylene. J. Mater. Sci. 1992, 27, 2557–2579. [CrossRef]
14. Nakamura, K.; Shimizu, S.; Umemoto, S.; Thierry, A.; Lotz, B.; Okui, N. Temperature Dependence of Crystal Growth Rate for α

and β Forms of Isotactic Polypropylene. Polym. J. 2008, 40, 915–922. [CrossRef]
15. Mollova, A.; Androsch, R.; Mileva, D.; Gahleitner, M.; Funari, S.S. Crystallization of isotactic polypropylene containing beta-phase

nucleating agent at rapid cooling. Eur. Polym. J. 2013, 49, 1057–1065. [CrossRef]
16. Padden, F.J.; Keith, H.D. Spherulitic Crystallization in Polypropylene. J. Appl. Phys. 1959, 30, 1479–1484. [CrossRef]
17. Gradys, A.; Sajkiewicz, P.; Minakov, A.A.; Adamovsky, S.; Schick, C.; Hashimoto, T.; Saijo, K. Crystallization of polypropylene at

various cooling rates. Mater. Sci. Eng. A 2005, 413–414, 442–446. [CrossRef]
18. Leugering, H.J.; Kirsch, G. β-Modification of Polypropylene and Its Two Component Systems. Angew. Makromol. Chem. 1973, 33,

17–23. [CrossRef]
19. Pawlak, A.; Piorkowska, E. Crystallization of isotactic polypropylene in temperature gradient. Colloid Polym. Sci. 2001, 279,

939–946. [CrossRef]

https://doi.org/10.1007/s10973-018-7079-0
https://doi.org/10.3390/polym15143107
https://www.ncbi.nlm.nih.gov/pubmed/37514497
https://doi.org/10.1080/1539445X.2017.1325372
https://doi.org/10.1007/s00396-004-1063-x
https://doi.org/10.1016/S0032-3861(97)10147-1
https://doi.org/10.1016/S0032-3861(98)00345-0
https://doi.org/10.1002/pol.1977.180150405
https://doi.org/10.1023/A:1019916007954
https://doi.org/10.1007/BF01412960
https://doi.org/10.1134/S0965545X20330032
https://doi.org/10.1007/BF00540671
https://doi.org/10.1295/polymj.PJ2007231
https://doi.org/10.1016/j.eurpolymj.2013.01.015
https://doi.org/10.1063/1.1734985
https://doi.org/10.1016/j.msea.2005.08.167
https://doi.org/10.1002/apmc.1973.050330102
https://doi.org/10.1007/s003960100519


Polymers 2024, 16, 1710 18 of 19

20. Zhang, Y.-F.; Xin, Z. Isothermal Crystallization Behaviors of Isotactic Polypropylene Nucleated with α/β Compounding
Nucleating Agents. J. Polym. Sci. B Polym. Phys. 2007, 45, 590–596. [CrossRef]

21. He, Z.; Zhang, Y.-F.; Li, Y. Dependence of β-crystal formation of isotactic polypropylene on crystallization conditions. J. Poym.
Res. 2020, 27, 250. [CrossRef]

22. Carmeli, E.; Ottonello, S.; Wang, B.; Menyhárd, A.; Müller, A.J.; Cavallo, D. Competing crystallization of α- and β-phase induced
by β-nucleating agents in microdroplets of isotactic polypropylene. Cryst. Eng. Comm. 2022, 24, 1966–1978. [CrossRef]

23. Papageorgiou, D.G.; Chrissafis, K.; Bikiaris, D.N. β-Nucleated Polypropylene: Processing, Properties and Nanocomposites. Polym.
Rev. 2015, 55, 596–629. [CrossRef]

24. Varga, J.; Murda, I.; Ehrenstein, G.W. Highly Active Thermally Stable β-Nucleating Agents for Isotactic Polypropylene. J. Appl.
Polym. Sci. 1991, 74, 2357–2368.

25. Zhao, S.; Xin, Z. Nucleation Characteristics of the a/b Compounded Nucleating Agents and Their Influences on Crystallization
Behavior and Mechanical Properties of Isotactic Polypropylene. J. Polym. Sci. B Polym. Phys. 2010, 48, 653–665. [CrossRef]

26. Philips, R.A.; Wolkowicz, M.D. Structure and Morphology. In Polypropylene Handbook; Moore, E.P., Jr., Ed.; Hanser Publishers:
Munich, Germany, 1996; Chapter 3; pp. 134–138.

27. Norton, D.R.; Keller, A. The spherulitic and lamellar morphology of melt-crystallized isotactic polypropylene. Polymer 1985, 26,
704–716. [CrossRef]

28. Galeski, A. Nucleation in polypropylene. In Polypropylene: Structure, Blends and Composites; Karger-Kocsis, J., Ed.; Chapman and
Hall: London, UK, 1994; pp. 25–49.

29. Shi, G.; Zhang, X.; Qiu, Z. Crystallization kinetics of β-phase poly(propylene). Makromol. Chem. 1992, 193, 583–591. [CrossRef]
30. Eckstein, A.; Suhm, J.; Friedrich, C.; Maier, R.; Sassmannshausen, J.; Bochmann, M.; Mulhaupt, R. Determination of Plateau

Moduli and Entanglement Molecular Weights of Isotactic, Syndiotactic, and Atactic Polypropylenes Synthesized with Metallocene
Catalysts. Macromolecules 1998, 31, 1335–1340. [CrossRef]

31. Fetters, L.J.; Lohse, D.J.; Graessley, W.W. Chain dimensions and entanglement spacings in dnese macromolecular systems.
J. Polym. Sci. B Polym. Phys. 1999, 37, 1023–1033.

32. Krajenta, J.; Pawlak, A.; Galeski, A. Deformation of Disentangled Polypropylene Crystalline Grains into Nanofibers. J. Polym. Sci.
B Polym. Phys. 2016, 54, 1983–1994. [CrossRef]

33. Niu, H.; Wang, Y.; Liu, X.; Wang, Y.; Li, Y. Determination of plateau moduli and entanglement molecular weights of ultra-high
molecular weight isotactic polypropylene synthesized by Ziegler-Natta catalyst. Polym. Test. 2017, 60, 260–265. [CrossRef]

34. Pawlak, A. The Entanglements of macromolecules and Their Influence on the Properties of Polymers. Macromol. Chem. Phys.
2019, 220, 1900043. [CrossRef]

35. Pawlak, A. Crystallization of Polymers with a Reduced Density of Entanglements. Crystals 2024, 14, 385. [CrossRef]
36. Wang, X.H.; Liu, R.; Wu, M.; Wang, Z.; Huang, Y. Effect of chain disentanglement on melt crystallization behaviour of isotactic

polypropylene. Polymer 2009, 50, 5824–5827. [CrossRef]
37. Xiao, Z.; Sun, Q.; Xue, G.; Yuan, Z.; Dai, Q.; Hu, Y. Thermal behavior of isotactic polypropylene freeze-extracted from solutions

with varying concentrations. Eur. Polym. J. 2003, 39, 927–931. [CrossRef]
38. Pawlak, A.; Krajenta, J.; Galeski, A. The Crystallization of Polypropylene with Reduced Density of Entanglements. J. Polym. Sci. B

Polym. Phys. 2017, 55, 748–756. [CrossRef]
39. Wang, B.; Cavallo, D.; Zhang, X.; Zhang, B.; Chen, J. Evolution of chain entanglements under large amplitude oscillatory shear

flow and its effect on crystallization of isotactic polypropylene. Polymer 2020, 186, 121899. [CrossRef]
40. Liu, M.; Chen, J.; Luo, J.; Min, J.; Fu, Q.; Zhang, J. Investigating the disentanglement of long chain branched polypropylene under

different shear fields. J. Appl. Polym. Sci. 2022, 139, 51642. [CrossRef]
41. Krajenta, J.; Safandowska, M.; Pawlak, A. The re-entangling of macromolecules in polypropylene. Polymer 2019, 175, 215–226.

[CrossRef]
42. Lezak, E.; Bartczak, Z. Experimental study of the formation of β- and γ-phase isotactic polypropylene and estimation of the phase

composition by wide-angle X-ray scattering. Fibres Text. East. Eur. 2005, 53, 51–56.
43. Lezak, E.; Bartczak, Z.; Galeski, A. Plastic deformation behavior of β-phase isotactic polypropylene in plane-strain compression

at room temperature. Polymer 2006, 47, 8562–8574. [CrossRef]
44. Turner-Jones, A.; Aizlewood, J.M.; Beckett, D.R. Crystalline forms of isotactic polypropylene. Makromol. Chem. 1964, 75, 134–158.

[CrossRef]
45. Strobl, G. The Physics of Polymers; Springer: Berlin/Heidelberg, Germany, 2007; Chapter 5.
46. Karatrantos, A.; Composto, R.J.; Winey, K.I.; Kroger, M.; Clarke, N. Modeling of Entangled Polymer Diffusion in Melts and

nanocomposites: A review. Polymers 2019, 11, 876. [CrossRef]
47. Vega, J.F.; Rastogi, S.; Peters, G.W.M.; Meijer, H.E.H. Rheology and reptation of linear polymers. Ultrahigh molecular weight

chain dynamics in the melt. J. Rheol. 2004, 48, 663–678. [CrossRef]
48. Avrami, M. Kinetics of phase change. I General theory. J. Chem. Phys. 1939, 7, 1103–1112. [CrossRef]
49. Mao, J.J.; Jiang, Y.-Z.; Zhou, P.-Z.; Li, Y.; Zhang, Y.-F. Nucleus density and crystallization behavior of isotactic polypropylene

nucleated with different α/β compound nucleating agents. J. Therm. Anal. Calorim. 2020, 140, 2275–2282. [CrossRef]
50. Varga, J.; Stoll, K.; Menyhard, A.; Horvath, Z. Crystallization of Isotactic Polypropylene in the Presence of a β-Nucleating Agent

Based on a Trisamide of Trimesic Acid. J. Appl. Polym. Sci. 2011, 121, 1469–1480. [CrossRef]

https://doi.org/10.1002/polb.21072
https://doi.org/10.1007/s10965-020-02241-y
https://doi.org/10.1039/D2CE00087C
https://doi.org/10.1080/15583724.2015.1019136
https://doi.org/10.1002/polb.21935
https://doi.org/10.1016/0032-3861(85)90108-9
https://doi.org/10.1002/macp.1992.021930303
https://doi.org/10.1021/ma971270d
https://doi.org/10.1002/polb.24105
https://doi.org/10.1016/j.polymertesting.2017.04.007
https://doi.org/10.1002/macp.201900043
https://doi.org/10.3390/cryst14040385
https://doi.org/10.1016/j.polymer.2009.10.002
https://doi.org/10.1016/S0014-3057(02)00313-0
https://doi.org/10.1002/polb.24328
https://doi.org/10.1016/j.polymer.2019.121899
https://doi.org/10.1002/app.51642
https://doi.org/10.1016/j.polymer.2019.05.015
https://doi.org/10.1016/j.polymer.2006.10.016
https://doi.org/10.1002/macp.1964.020750113
https://doi.org/10.3390/polym11050876
https://doi.org/10.1122/1.1718367
https://doi.org/10.1063/1.1750380
https://doi.org/10.1007/s10973-019-08982-3
https://doi.org/10.1002/app.33685


Polymers 2024, 16, 1710 19 of 19

51. Mandelkern, L. Crystallization of Polymers. Vol 2 Kinetics and Mechanisms, 2nd ed.; Cambridge University Press: Cambridge, UK,
2004; p. 19.

52. Lorenzo, A.T.; Arnal, M.L.; Albuerne, J.; Muller, A.J. DSC isothermal polymer crystallization kinetics measurements and the use
of the Avrami equation to fit the data: Guidelines to avoid common problems. Polym. Test. 2007, 26, 222–231. [CrossRef]

53. Varga, J.; Ehrenstein, G.W. High-temperature hedritic crystallization of the β-modification of isotactic polypropylene. Colloid
Polym. Sci. 1997, 275, 511–519. [CrossRef]

54. Hussein, M.; Strobl, G. The Melting Line, the Crystallization Line, and the Equilibrium Melting Temperature of Isotactic
Polystyrene. Macromolecules 2002, 35, 1672–1676. [CrossRef]

55. Toda, A.; Taguchi, K.; Nozaki, K. Gibbs–Thomson, Thermal Gibbs–Thomson, and Hoffman–Weeks Plots of Polyethylene Crystals
Examined by Fast-Scan Calorimetry and Small-Angle X-ray Scattering. Cryst. Growth Des. 2019, 19, 2493–2502. [CrossRef]

56. Strobl, G. Crystallization and melting of bulk polymers: New observations, conclusions and a thermodynamic scheme. Prog.
Polym. Sci. 2006, 31, 398–442. [CrossRef]

57. Marand, H.; Xu, J.; Srinivas, S. Determination of the Equilibrium Melting Temperature of Polymer Crystals: Linear and Nonlinear
Hoffman-Weeks Extrapolations. Macromolecules 1998, 31, 8219–8229. [CrossRef]
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