
1. Introduction
Polypropylene (PP) ranks among the most commer-
cially used polymer materials due to its low price and
good technological processability. It is a highly ad-
justable material known for its outstanding mechan-
ical properties, good chemical resistance, and thermal
stability, making it suitable for many applications. PP
is widely used in automotive, packaging, electrical
engineering and healthcare. PP can be easily
processed using various methods, including injection
moulding, extrusion, and blow moulding, allowing a
high degree of design flexibility and efficient produc-
tion [1]. Commercial PP is commonly prepared using
iso-specific Ziegler-Natta or metallocene catalysts,
producing linear chains and, in the case of the second
mentioned, narrow molecular weight distribution.
The resulting linear structure of PP limits its applica-
tions for processes where good extensional properties

and melt strength are required, such as thermoform-
ing, film blowing, foaming and fibre spinning [1, 2].
An effective strategy for enhancing these constrain-
ing properties involves introducing long chains onto
the polypropylene backbone [3, 4]; incorporating
long-chain branching in PP significantly influences
the crystallization and resultant morphology. Long-
chain branched polypropylene (LCBPP) exhibits
structural defects impacting nucleation and crystallite
growth. In cases where LCBPP is generated through
a radical-driven synthesis process utilizing peroxides
in the molten state, the formation of long branches is
linked to chain scission and gel formation, signifi-
cantly influencing the nucleation rate. The self-seed-
ing effect of LCBPP has been observed, underscoring
its impact on crystallization [5–7].
PP exists in four crystalline structures, α-, β-, γ- and
smectic structure, an intermediate between crystalline
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and fully amorphous phases of PP. These structures
depend on crystallization conditions with the possi-
bility of recrystallization. The monoclinic α-phase,
formed under established processing conditions, can
recrystallize from a less ordered α1-phase with a ran-
dom distribution of ‘up’ and ‘down’ chain packing
of methyl pendant groups to a more ordered α2-phase
with a well-defined deposition of ‘up’ and ‘down’
helices in the crystal unit cell [8]. The trigonal
β-phase can be induced by creating adequate crys-
tallization conditions, such as a high-temperature
gradient, the presence of shear forces, or the most
efficiently using heterogeneous β-nucleating agents.
Compared to the α-phase, the β-phase demonstrates
significantly improved toughness and ductility but
is thermodynamically less stable. When subjected to
stretching at elevated temperatures, the β-phase can
recrystallize into the α-phase [9–11]. The third crys-
talline phase of polypropylene is the orthorhombic
γ-phase, which infrequently occurs under specific
thermodynamic conditions [12], either through very
high pressure [13, 14] or using types of material with
low molecular weight, molecules with defects or
copolymers [15].
Concerning polymorphic composition, long branches
characterized by increased irregularities on the poly-
mer backbone enhance PP’s ability to crystallize into
the orthorhombic γ-phase alongside the α-phase, even
under elevated pressures [4]. Furthermore, the crys-
tallization temperature significantly influences the
regularity of helical conformation, thereby exerting
a pronounced effect on the resulting crystalline phase
structure of LCBPP [1]. The presence of branching
points as structural defects hinders the rate of crys-
tallite growth. Nevertheless, the overall crystalliza-
tion process is accelerated in the case of LCBPP due
to a significantly higher nucleating rate [6, 3].
Blending polymers is a proven and effective ap-
proach for creating novel polymeric materials fea-
turing enhanced or tailored properties [16, 17]. This
method not only lowers the expense associated with
developing new polymers but also allows fine-tuning
properties, such as substituting a portion of the com-
position with a more cost-effective polymer. In some
instances, polymer blending is a more cost-effective
alternative than using specific additives. It becomes
feasible to tailor materials for targeted performances
through adjustments in composition, blending con-
ditions, and the introduction of chemical modifica-
tions or functional groups along the polymer chain,

coupled with control of phase morphology. Polymer
blending enables the optimization of rheological,
mechanical, and thermal behaviors. LCBPP/PP blends
have already been widely investigated. However,
studies are mainly focused on the effect of the addi-
tion of long branches on the improvement of me-
chanical properties and rheological behavior of PP
[3, 4, 18–27]. In the study of Stange et al. [21], it is
assumed that the small number of long branches
strongly affects long relaxation times and the strain
hardening behavior at low strain rates. Thus, at least
for polypropylene, low amounts of long branches
lead to a similar strain rate dependence of the strain
hardening, so the strain hardening decreases with in-
creasing strain rate.
Furthermore, LCBPP can increase melt strength and
enable a wider processing window of PP. Similar
findings were observed by Fang et al. [23], who noted
that adding LCBPP to PP improved melt strength,
resulting in a strain-hardening behavior even at the
10% content of LCBPP. Moreover, McCallum et al.
[24] found that PP/LCBPP blends exhibited in-
creased melt strength and improved mechanical
properties than PP.
According to the theory, the entanglement of long
branching increases molecular interaction and de-
creases molecular slippage [25, 26]. As the result of
the experiments of Zhao et al. [27], the long branch-
es of LCBPP entangled as soon as formed, and the
molecular weight of LCBPP was higher than that of
PP. Moreover, spherulitic size is another essential
factor affecting a material’s impact strength. The
higher nucleation rate and lower crystal growth rate
of LCBPP promoted the formation of large numbers
of small spherulites compared to PP. The size of PP’s
spherulites was larger than that of LCBPP, and the
distribution of spherulites was lower than that of
LCBPP; large but loose morphology results in more
stress-concentrating points, which decreased the im-
pact strength. Thermal analysis of blends from the
study of McCallum et al. [24] revealed single melt-
ing and crystallization peaks for blends. The intro-
duction of branched material significantly impacted
both the melting and crystallization temperatures.
Tabatabaei et al. [28] found that for PPs with melt
flow rate (MFR) values ranging from 4.0 to 0.4 g
10 min–1, the incorporation of a small quantity (2.5
and 10 wt%) of LCBPP leads to an increase in nu-
cleating sites, degree of crystallinity, and crystalliza-
tion rate. However, with a higher proportion of
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branched material (40 and 60 wt%), a reduction in
crystallinity content occurs, attributed to the con-
straint on chain mobility. Wang et al. [29] observed
that the addition of 30 or 40 wt% of LCBPP resulted
in increased nucleation and overall crystallization
rates, along with elevated crystallization tempera-
ture. The study by Macedo et al. [30] focused on the
evaluation of the rheological and thermal properties
and non-isothermal crystallization kinetics of blends
PP and LCBPP with the conclusion of possible ap-
plication of the blends in processes demanding a
combination of rheological properties, such as high
strain hardening, and fast crystallization.
Although many studies have investigated LCBPP/PP
blends, few are focused on the isothermal crystal-
lization and polymorphic structure of the created
blend. This study follows the previous study [19],
which focused on the effect of nucleating agents on
the crystallization of PP and LCBPP. The study aims
to compare the effect of long-chain branching on the
crystallization of PP during isothermal crystalliza-
tion at various high crystallization temperatures (Tc).
All blends containing different amounts of LCBPP
are compared to the PP nucleated by a common sor-
bitol-based α-nucleating agent, targeted to find dif-
ferences in nucleation efficiency in the selected
range of various thermal crystallization conditions.

2. Experimental
2.1. Materials
Two distinct isotactic polypropylene grades were ob-
tained from Borealis AG (Vienna, Austria). The first
variety, Daploy WB140HMS, a long-chain branched
polypropylene (LCBPP), exhibits a melt flow rate
(MFR) of 2.1 g/10 min. This LCBPP possesses an
isotacticity index of 96%, a weight-averaged molec-
ular weight of 600000 and a polydispersity index of
5.2. The second type, Borclean HC300BF, is linear
polypropylene with an MFR of 3.3 g/10 min (both
measured by ISO 1133, at 230°C, 2.16 kg). This PP
demonstrates an isotacticity index of 98%, a weight-
averaged molecular weight of 300000 and a polydis-
persity index of 8.0. In the case of LCBPP, the long
branches were introduced into the primary polymer

chain through monomer grafting via radical process-
es driven by peroxides in the molten state. Both poly -
mers contain no process additives other than a stan-
dard stabilization system. Specific α-nucleating/clari -
fying agent Millad 3988 (1,3;2,4-bis(3,4-dimethyl-
benzylidene)sorbitol), supplied by Milliken Chemical,
Ghent, Belgium, was applied in the concentration of
0.2 wt% in linear polypropylene [31].

2.2. Samples preparation
The nucleating agent (NA) was mixed into the PP in
two steps, first manually, then using a twin-screw ex-
trusion machine [19]. During the first step, 0.3 wt%
of paraffin oil was added to the granulate to properly
disperse NA Millad 3988 at the concentration of
0.2 wt%. Polypropylene blends containing 0.3% of
paraffin oil and various amounts of LCBPP (1, 2, 5
and 10 wt%) and pre-mixed linear polypropylene with
NA (PPN) were mixed by a co-rotating twin-screw
extruder from Brabender GmbH & Co, Duisburg,
Germany, including further cooling and pelletization
processes. The extrusion conditions were established
as followingly: a screw speed of 50 min–1, with bar-
rel zone temperatures set to 180, 200, and 210°C. In
order to ensure consistent processing and thermal
treatment for all samples, neat PP and neat LCBPP
underwent an identical procedure.
Subsequently, the prepared pellets were compression
molded to produce plates with a thickness of
0.5 mm, using a pressing temperature of 210 °C for
5 min, followed by cooling at 60 °C for 10 min, as
separators served polyethylene terephthalate films.
The resulting specimens were subjected to wide-
angle X-ray scattering (WAXS) and differential scan-
ning calorimetry (DSC) to obtain information about
the supermolecular structure and thermal properties
of PP, LCBPP, nucleated PPN and blends. The
nomenclature, along with the corresponding weight
percentages of LCBPP incorporated into blends, can
be found in Table 1.

2.3. Methods
The influence of varying amounts of LCBPP in blends
compared to the influence of NA on the crystallization
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Table 1. Nomenclature of blends.
PP PPN LCBPP BL1 BL2 BL5 BL10

LCBPP [%] 0 0.0 100 1 2 5 10
PP [%] 100 98.8 0 99 98 95 90
NA [%] 0 0.2 0 0 0 0 0



process of PP was investigated under isothermal
conditions using a differential scanning calorimeter
DSC1 by Mettler Toledo, Columbus, Ohio, USA.
Samples, approximately 5 mg in weight, were loaded
into aluminum pans and measured with an empty
pan serving as a reference. Measurements were con-
ducted within an inert nitrogen atmosphere at a gas
flow rate of 20 ml/s.
The following thermal regime was applied: heating
from 50 to 220°C at a rate of 10°C/min, annealing at
220°C for 5 min to eliminate any prior thermal his-
tory, followed by cooling to crystallization temper-
atures (130, 135, 140, 142, 144, 146, 148 and 150°C)
at a cooling rate of 50°C/min. Subsequently, the sam-
ples were held at the crystallization temperature until
the crystallization peak was complete, but for no
longer than 180 min. This was followed by heating to
190°C by 10°C/min to observe the melting profile.
The examination of the crystalline structure was car-
ried out using a wide-angle X-ray diffractometer
(PANalytical X’Pert PRO) from Malvern PANalyti-
cal, Malvern, United Kingdom. The diffractometer
employed Bragg-Brentano geometry in reflection
mode with CuKα radiation and a Ni filter (λ =
0.154 nm, I = 30 mA, U = 40 kV) within the diffrac-
tion angle range of 2θ = 5‒30°. Additionally, a tem-
perature cell (Anton Paar TCU 110, Graz, Austria)
was incorporated into the diffractometer. Samples
were prepared at dimensions of 10.0×14.0×0.5 mm
to fit within the temperature cell, and conductive
paste was utilized to ensure uniform thermal conduc-
tivity across the samples. The samples were then
heated from 25 to 220 °C at a rate of 10 °C/min and
held at this temperature for 5 min to obtain amor-
phous halo measurements.
Subsequently, the samples were cooled to the desired
crystallization temperature, either 140 or 150 °C,
based on the limit temperatures determined from DSC
measurements, with a cooling rate of 20 °C/min. At
this stage, the samples were maintained at the crys-
tallization temperature for 171 min, and X-ray dif-
fractograms were collected at specified intervals (0,
4, 8, 12, 99, 171 min) during the isothermal crystal-
lization process. The crystallinity of the samples was
calculated from the share of the fitted areas of the
crystalline part (AC) and amorphous part (AA) using
Equation (1) [32]:

(1)

X-ray patterns were analyzed by the Scherrer equa-
tion (Equation (2)), which gives the length Lhkl of
the crystallite domain in the direction perpendicular
to (hkl):

(2)

where λ is the wavelength of the used X-ray, FWHM
is the full width at half maximum of the relevant
peak, and 2θ is the peak position; both values are in
radians. The constant K is omitted by setting it to 1,
as in previous studies [19, 32].

3. Results and discussion
3.1. Thermal behavior
The DSC analysis compared the nucleation efficien-
cies of long branches and NA Millad 3389 and their
impact on the crystallization process under isother-
mal conditions. Crystallization temperature varied
from 130 to 150°C, and crystallization time (tc) was
set to a maximum of 180 min. In the case of PP, the
crystallization in the given time frame was completed
only at low temperatures, 130 and 135°C. At these
low crystallization temperatures, the crystallization
exotherms of LCBPP, PPN and all blends were in-
complete because of the crystallization during cool-
ing to the desired Tc. Figure 1 shows the comparison
of crystallization curves of isothermally crystallized
samples at various higher crystallization tempera-
tures. Only the curves with whole exotherms are
shown. Crystallization half-time calculated from the
exotherms in Figure 1 is visible in Figure 2. The in-
fluence of long branches, acting as heterogenous nu-
cleation seeds, is clearly visible. Neat PP exhibits
whole crystallization at a given time frame only at
lower crystallization temperatures (130 and 135°C).
With a rising amount of LCBPP content in the
blends, the crystallization half-time shortens, which
is the expected behavior compared to the crystalliza-
tion of neat PP. LCBPP crystallizes fastest, even at
the highest Tc. The effect of NA is visible; NA accel-
erates crystallization of more than 10% content of
long branches but works only to Tc = 146°C; at high
temperatures, NA is not efficient, as was proved in a
previous study [19]. In contrast, the long branches
significantly support crystallization, and even with
1 wt% of LCBPP in the PP/LCBPP blend, the blend
crystallizes up to the highest Tc. With higher concen-
trations of LCBPP, the differences in crystallization
half-times decrease; the crystallization half-times of
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the blends become more similar, and if the blends
were prepared at higher concentrations up to meas-
ured 100% LCBPP content, one would expect the
crystallization half-times of these theoretical mix-
tures to be very similar to equal, indicating that high-
er concentrations do not affect significantly the rate
of crystallization.

The isothermally crystallized samples were after-
wards heated to obtain the melting temperature (melt-
ing temperature is the peak of the endotherm). The
results are shown in Figure 3. In the case of neat PP,
only the samples fully crystallized (at 130 and 135°C)
were melted, with visible melting temperatures of
present dominating α-phase (approx. 167 °C) and
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Figure 1. Crystallization curves of isothermally crystallized samples at various crystallization temperatures (the inset shows
an x-axis cutout), a) Tc = 140°C, b) Tc = 142°C, c) Tc = 144°C, d) Tc = 146°C, e) Tc = 148°C, f) Tc = 150°C.



small peak of β-phase (approx. 155°C) for lower Tc.
In general, the increase in melting temperature, de-
pending on the increase of Tc, is observed. Two melt-
ing temperatures of PPN and blends refer to recrys-
tallization of α1-phase (approx. 170 °C) to more
ordered α2-phase (approx. 174 °C) during melting.
The lower the value of melting temperature, the thin-
ner the created lamellae structure. One can see that
the thinnest lamellae of the α-phase have LCBPP.
PPN and blends have similar melting temperatures,
with the exception of BL1 reaching slightly lower
values at higher crystallization temperatures. At Tc
130 and 135 °C, melting temperatures are similar to
neat liner PP. However, no β-phase melting peak is
observed as in the case of all blends. Thus, the addi-
tion of LCBPP into linear PP reduces the formation
of β-phase during isothermal crystallization, playing
the role of an α-nucleating agent.

3.2. Supermolecular structure
Wide-angle X-ray Scattering (WAXS) in connection
with a temperature cell was used to investigate the
morphological characteristics of isothermally crys-
tallized samples. Two crystallization temperatures,
140 and 150 °C, were selected as representatives
based on outcomes derived from thermal analysis.
The experimental procedure involved measurements
carried out after the sample’s melting, upon reaching
the desired crystallization temperature, and at spec-
ified intervals during the crystallization process (0,
4, 8, 12, 99, and 171 min). Notably, the thermal con-
ditions during WAXS differ from those during DSC
due to variations in sample size, atmospheric condi-
tions during measurements, and, predominantly, the
cooling rate. Consequently, it is imperative to ac-
knowledge that the results obtained from WAXS are
not entirely comparable to those obtained from DSC,
given the inherent differences in experimental con-
ditions; however, the trends should be the same.
The presence of peaks corresponding to the main
planes of the α-phase α(110), α(040), and α(130), β-phase
(300) and γ-phase (117) can be observed in the typi-
cal diffraction spectra of three-phase crystalline sys-
tems [6]. X-ray diffractograms of blends, presented
in Figure 4, show the evolution of phases during
isothermal crystallization at selected times. The
progress of crystallization of neat PP, nucleated PPN
and neat LCBPP was described in a previous study
[19]; thus, these diffractograms are not presented
here. The initiation of the crystallization process in
neat PP isothermally crystallized at 140 °C occurred
at crystallization time (tc) 8 min of time-dependent
crystallization. The final pattern (after tc 171 min at
140 °C) contains, in addition to the α-diffraction
peaks at angles 2θ = 14.20°, 17.00° and 18.80°, a
small diffraction peak of the β-phase (16.20°) and
also a small broad γ-phase diffraction peak (20.05°);
a three-phase system with a dominant amount of
α-phase was formed. The addition of NA to the PP
significantly accelerated the crystallization process.
Formation of the β-phase was suppressed entirely,
while the diffraction peak corresponding to the
γ-phase was observed; a two-phase α/γ system with
α-phase dominance was formed. Increasing the crys-
tallization temperature to 150°C leads to a retarda-
tion of crystallization and also to the exclusive for-
mation of the α-phase: no β- and γ-diffraction peaks
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Figure 2. Crystallization half-time of samples crystallized at
various crystallization temperatures.

Figure 3. Melting temperatures of samples crystallized at
various crystallization temperatures.
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Figure 4. Evolution of WAXS patterns over time of crystallization a) BL1 at 140°C, b) BL1 at 150°C, c) BL2 at 140°C,
d) BL2 at 150°C, e) BL5 at 140°C, f) BL5 at 150°C, g) BL10 at 140°C, h) BL10 at 150°C.



were observed. LCBPP crystallized into both the α-
and γ-phases at 140°C. At 150°C, the crystallization
was slightly slower, and the γ-phase diffraction peak
disappeared.
With the rising amount of LCBPP content in the
blends, the crystallization occurs faster, even at high
Tc. It is visible that the γ-phase, at elevated Tc, dis-
appears.
In Figure 5, overall crystallinity was calculated from
the WAXS crystallization patterns (Figure 4) and
plotted as a function of time. In the case of crystal-
lization at 140 °C, except for neat PP, all samples
crystallized partially upon cooling. Expectedly,
LCBPP samples crystallize faster than nucleated
PPN due to their self-nucleation ability, which is con-
sistent with the DSC measurement results. The
achieved overall crystallinity is higher for neat PP
than for LCBPP. Adding an NA leads to a slight de-
crease in overall crystallinity, as does the addition of
LCBPP independently on concentration. At 0 min,
right after the desired Tc is reached, LCBPP possess-
es the highest overall crystallinity but remains almost
the same after further crystallization. Although all
blends were partially crystallized at 0 min, a plateau

was reached at tc around 8 min and further, with
slight differences. For higher Tc, 150°C, the neat PP
and nucleated PPN did not reach the plateau, so the
final overall crystallinity could not be evaluated, but
it is undoubtedly higher than in the case of LCBPP.
When adding only 1% of LCBPP content into PP,
overall crystallinity is higher than neat LCBPP, and
the crystallization plateau is reached after 40 min of
crystallization. Clearly, the addition of LCBPP into
PP has, at an elevated Tc, a superior effect on the
crystallization process, crystallization rate and over-
all crystallization than the addition of NA.
From the WAXS patterns obtained at the longest
crystallization time, i.e. 171 min, by using the Scher-
rer equation, the values of the length Lhkl of crystal-
lite domain in the direction perpendicular to (hkl) in
the (110), (040) and (130) planes of the α-crystallites
were calculated (Table 2). In the case of PP crystal-
lized at 140 °C, adding the NA leads to a significant
reduction in crystal dimension. However, this is not
the case for a crystallization temperature of 150°C;
the dimension of the crystal remains the same, inde-
pendent of the addition of NA; thus, at this high tem-
perature, NA does not serve its function. Crystal
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Figure 5. Growth of crystallinity during time-dependent isothermal crystallization at a) Tc = 140°C and b) Tc = 150°C.

Table 2. Crystal dimension calculated from WAXS data.
Sample Tc = 140°C Tc = 150°C

L110
[nm]

L040
[nm]

L130
[nm]

L110
[nm]

L040
[nm]

L130
[nm]

PP 42.8 19.0 42.6 42.8 42.7 42.6
LCBPP 28.5 24.4 21.3 34.3 28.5 28.4
PPN 34.3 21.4 34.1 42.8 42.7 42.6
BL1 34.3 21.3 34.1 42.8 24.4 42.6
BL2 28.5 21.3 34.1 42.8 24.4 34.1
BL5 34.3 24.4 34.1 34.3 21.3 28.4
BL10 21.4 19.0 24.3 24.5 21.3 24.3



 dimension lowers with the rising amount of LCBPP.
It can be noticed that at both crystallization temper-
atures, the blend with 10 wt% of LCBPP possesses
a lower crystal dimension than neat LCBPP. 

4. Conclusions
Based on the comparative study of the crystallization
behavior and supermolecular structure of polypropy-
lene blends incorporating various amounts of LCBPP
and sorbitol-based clarifying NA Millad 3988 mixed
into PP, this study provides valuable insights into the
nucleating efficiency and crystallization kinetics of
these systems. The results obtained from the thermal
analysis reveal a clear advantage of LCBPP over NA
in promoted crystallization, especially at elevated
crystallization temperatures. While NA accelerates
crystallization to a certain extent, its efficiency de-
creases at higher temperatures, whereas LCBPP con-
sistently demonstrates superior nucleating ability
across a range of temperatures. Incorporating LCBPP
into PP blends enhances crystallization rates and
overall crystallinity, indicating its effectiveness as a
nucleating agent even at low concentrations. WAXS
analysis clarifies the morphological evolution of the
crystalline phases in the blends during isothermal
crystallization. LCBPP facilitates the formation of α-
and γ-phases, with the latter disappearing at elevated
temperatures. Moreover, adding LCBPP leads to
faster crystallization kinetics than nucleated PP, re-
sulting in higher overall crystallinity.
The investigation into the crystal dimension using
the Scherrer equation highlights the role of LCBPP
in influencing the supermolecular structure. Blends
with LCBPP exhibit shorter crystal dimensions
than neat PP and nucleated PP, indicating finer
crystalline structures and thus influencing physical
properties [6, 19].
Overall, the findings underscore the significant im-
pact of LCBPP as a nucleating agent on the crystal-
lization behavior and supermolecular structure of PP
blends.
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