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A B S T R A C T

This work investigates the influence of the alkyl chain length in organosilane-modified silica particles on the 
crystallization behavior and polymorphic composition of isotactic polypropylene (iPP). Using differential scan
ning calorimetry (DSC) and wide-angle X-ray scattering (WAXS), blends of iPP with both modified and un
modified SiO2 particles were analyzed. The kinetics of isothermal crystallization was calculated as well. The 
results show that organosilane-modified silica promotes the formation of the β-phase, with its proportion 
increasing alongside the length of the alkyl chain. Besides, the polymorphic composition of iPP is significantly 
affected by cooling rate and crystallization temperature, with rapid cooling favoring β-phase formation. The 
highest β-phase content in iPP is achieved using silica modified with octadecyltriethoxysilane (C18) combined 
with rapid cooling or isothermal crystallization below 134 ◦C. Notably, these significant effects were achieved at 
a very low silica concentration of just 0.2 wt percent in the polymer matrix. The combination of Hoffman- 
Lauritzen theory and Avrami kinetics model was applied to study the influence of silica modification on crys
tallization kinetics: The effect on morphology proved to be greater than on the crystallization kinetics. This study 
provides insights into tailoring the crystallization and polymorphism of iPP via surface modification of filler 
particles in combination with setting of processing conditions.

1. Introduction

Polypropylene is the second most widely used polymer after poly
ethylene [1,2]. The isotactic form of polypropylene (iPP) finds wide 
application in many industrial sectors. iPP is a semicrystalline and 
polymorphic polymer, i.e. it can crystallize into the monoclinic α-phase, 
trigonal β-phase, and orthorhombic γ-phase [3–5]. During cooling, iPP 
naturally crystallizes into the most stable α-phase (Tm ≈ 170 ◦C) [6]. 
The β-phase offers different mechanical properties without undergoing 
chemical changes in composition. Primarily, the β-phase exhibits higher 
toughness and drawability [7–9]. However, the melting point is 
approximately 15 ◦C lower than the α-phase [6,10]. Specific β nucle
ating agents are often utilized to induce crystallization into the β-phase. 
Typical representatives of β nucleating agents are dicarboxylic acid salts: 
calcium salt of pimelic or suberic acid (Ca pimelate, Ca suberate), aryl 
dicarboxamides: N,N-dicyclohexyl-2,6-naphthalenedicarboxamide 
(commercially NJ Star NU-100) or organic dyes such as 

β-quinacridone [3,9,11–14].
However, nucleating agents are not the only factors influencing 

crystallization. Any other additives added to the polymer or impurities 
present in the polymer can also affect crystallization. These substances 
cause a reduction in the nucleation energy barrier required to create a 
nucleation seed [15]. A significant category of such additives is fillers, 
which are incorporated into polymers to modify their mechanical 
properties and for economic benefits, as fillers are often substantially 
cheaper than polymers [16–18]. The determining parameter governing 
the nucleating capabilities of fillers is the interfacial energy, which re
fers to the free energy at the interface between the filler and the poly
mer. This depends on various parameters such as the specific surface 
chemistry of particles, topology, and morphology of the fillers [19,20].

Isotactic polypropylene is a material with a non-polar nature, 
meaning it has no affinity with polar substances. This property also af
fects its interaction with polar fillers. One of the main factors influencing 
the behavior of inorganic particles in a polymer matrix is their 
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dispersion. Proper dispersion of particles in the matrix is crucial for 
achieving homogeneous properties and minimizing agglomeration 
[21–24]. There are two approaches to address this issue. The first option 
is to modify the polymer matrix by grafting with polar groups (mostly 
maleic anhydride). These polar groups can interact with polar fillers, 
thus enhancing their mutual adhesion. Maleic anhydride can also react 
with surface groups of the filler and create bonds between iPP and the 
filler, leading to improved dispersion and mutual adhesion [25,26]. The 
second and more widespread method is surface modification of fillers, 
known as organophilization. Organophilization, using either bonding or 
non-bonding agents, is a surface modification process aimed at 
increasing its affinity or compatibility with organic substances [23,25,
26].

Various research teams have focused on studying the influence of 
both unmodified and organophilized fillers on the crystallization of iPP. 
It has long been known that talc has very significant nucleating capa
bilities [27–31] and, in low concentrations, is commonly used for this 
purpose. On the contrary, calcium carbonate is classified as an inactive 
filler concerning the crystallization of iPP [28,32–34]. Modifying CaCO3 
with stearic acid, however, increase its nucleating activity and can even 
induce the induce the formation of the β-phase in iPP [35]. Poly
dimethylsiloxanes, titanates, or fatty acids appear to be less effective 
modifiers [32,36].

The morphology of iPP filled with silica particles has also been the 
subject of many studies. It is known that with increasing concentration 
of silica in iPP, smaller spherulites are formed, and the crystallization 
temperature shifts towards higher values [21,22]. However, silica par
ticles tend to agglomerate within the iPP matrix, leading to poor 
miscibility and weak interaction between the filler and the polymer 
[37]. Therefore, silica is often appropriately modified. A stronger 
nucleating effect and faster crystallization are observed with modifica
tion by octylsilane [38], dimethyldichlorosilane 
[39and3]-methacryloxypropyltrimethoxysilane [40]. A. K. Schlarb et al. 
[21] observed that increasing the concentration of silica in poly
propylene results in the formation of smaller spherulites and a shift of 
the crystallization temperature to higher values. Similar trends were 
also reported by A. Pustak et al. [22], who expanded their study to 
include more variables. They compared microfillers, both unmodified 
and modified with organic carbon compounds, with available nano
fillers that were either unmodified or modified with methacrylsilane and 
hexamethyldisilazane. Modified fillers exhibited better dispersion and 
reduced particle agglomeration compared to unmodified SiO2. Howev
er, an interesting finding was that SiO2 particles with modified 
non-polar surfaces induced the formation of larger spherulites than 
those with polar surfaces, across the entire concentration range. How
ever, in none of the mentioned works, a change in the polymorphic 
composition of iPP was detected.

This work aims to find out how different lengths of alkyl chains affect 
the behavior of organosilane-modified silica particles in iPP. The pre
pared materials are studied both in terms of polymorphic composition 
and, particularly, in terms of crystallization behavior.

2. Materials and methods

2.1. Materials

The high-isotacticity (>98.5 %) iPP homopolymer Borclean™ 
HC300BF (MFR 3.3 g/10 min) without containing slip, anti-block, or 
antistatic additives was supplied by Borealis AG company [41]. Tet
raethoxysilane (TEOS), ethanol, ammonium hydroxide NH4OH, and 
acetic acid CH3COOH were used to synthesize SiO2. For particle modi
fication, four types of alkoxysilanes differing in the length of alkyl chain: 
methyltriethoxysilane, propyltriethoxysilane, octyltriethoxysilane, and 
octadecyltriethoxysilane were supplied by Gelest, Inc.

2.2. Sample preparation

The SiO2 particles were synthesized via the Stöber process [43,44] 
and then modified with alkoxysilanes [45]. Schematic representation of 
organosilanol structure attached to a silica surface is shown in Fig. 1. 
Particle size and size distribution were determined using a Mastersizer 
3000+ instrument. The 16 mg of SiO2 was dispersed in 3 mL deminer
alized water To improve dispersion, the sample was sonicated for 30 s. 
The median particle size (D50) is 0.55 μm, D95 is 0.92 μm. The presence 
of organophilic content was confirmed by thermogravimetric analysis 
(TGA) [46–48] (see Fig. S1).

Mixtures of iPP with low content of 0.2 wt% (commonly used con
centration of nucleating agents [49–51]) of modified or unmodified SiO2 
(Table 1) were prepared by melt mixing at 190 ◦C using a Haake mini
extruder with a screw speed of 60 rpm for 5 min. The mixtures were 
pressed into 1 mm thick plates at 190 ◦C and then rapidly cooled. These 
plates were then used for all the analysis.

2.3. X-ray diffraction

The polymorphic composition of the polymer mixtures was studied 
by wide-angle X-ray scattering (WAXS) on an XRDynamic 500 instru
ment, Anton Paar. The measurement was performed in reflection mode 
using CuKα (λ = 0.154 nm) radiation in the angular range 2θ from 5 to 
30◦.

The total crystallinity was calculated by integrating the area of 
crystalline peaks and their ratio to the sum of crystalline and amorphous 
regions. Crystallinity was determined using the relation: 

Xc=
∑

AC
∑

AC +
∑

AA
(1) 

where AC is the integrated area of the crystalline reflections and AA is the 
area of the diffuse amorphous component. The relative content of the 
β-phase was evaluated based on the ratio of the intensity of the principal 
β(300) diffraction peak at 2θ ≈ 16.1◦ to the sum of the intensities of the 
characteristic α(110), α(040), α(130), and β(300) peaks: 

Kβ =
Aβ

300

Aβ
300 + Aα

110 + Aα
040 + Aα

130
(2) 

where Aβ
300 is the intensity of the β-phase, and Aα

110,Aα
040,Aα

130 are the 
respective intensities of the main α-phase peaks. The calculation is 
performed after background subtraction and deconvolution of the 
diffraction profiles [52–54].

2.4. Differential scanning calorimetry

The isothermal and non-isothermal crystallization was studied on a 
Mettler Toledo DSC 1 instrument with an automatic sample feeder and 
under N2 atmosphere (20 ml/min).

To measure non-isothermal crystallization, the samples punched into 
circular specimens with a diameter of 6 mm and a mass of approximately 
5 mg were first heated from 30 ◦C to 210 ◦C. After 5 min at 210 ◦C, 
cooling to 30 ◦C was performed at various cooling rates (2, 5, 10, 20, and 
40 ◦C/min). To study isothermal crystallization, the samples were 
heated from 30 ◦C to 210 ◦C. After 5 min at 210 ◦C the samples were 
cooled to the crystallization temperature at a rate of 60 ◦C/min, at which 
the sample was maintained throughout the crystallization period. All 
heating regimes were performed at a heating rate of 10 ◦C/min.

The crystallinity from DSC measurement was calculated by 
measuring the enthalpy of melting ΔHm obtained from the area under 
the melting peak, and comparing it to the reference value for 100 % 
crystalline polypropylene ΔH∗

m: 

XC =
ΔHm

ΔH∗
m

(3) 
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where ΔHm is the experimental heat of melting (in J/g), and ΔH∗
m is the 

literature value for a fully crystalline sample, typically taken as 207 J/ 
g49,50

To determine the β-phase content, the melting endotherms associ
ated with the β- and α-phases are separated by assigning the individual 
melting peaks in the DSC curve. The areas under the respective peaks 
correspond to the enthalpies of melting for the β-phase (ΔHβ) and the 
α-phase (ΔHα). The relative proportion of the β-phase is then calculated 
as: 

Kβ =
ΔHβ

ΔHβ + ΔHα
(4) 

Where ΔHα and ΔHα are the areas under the melting peaks for the β- and 
α-phases, respectively. This approach enables quantification of both the 
total degree of crystallinity and the fraction of the β-phase in poly
propylene samples using DSC analysis [55–57].

3. Results and discussion

3.1. Crystalline morphology

To study the polymorphic composition, measurements were per
formed by wide-angle X-ray scattering. Fig. 2 presents the X-ray spectra 
of the studied mixtures. The dominant diffraction maxima correspond to 
reflections of the α-phase of iPP and the peaks are located approximately 
at 2θ = 14◦, 17◦, 18.5◦ and 21,9◦, i.e. typically for the (110), (040), 
(130) and (131, 041) planes. The peak at 21.1◦ is not clearly assignable 
to a single phase – it is the sum of α-phase (111) and β-phase (301). The β 
peak (300) at 2θ = 16,1◦ s key for identifying and quantifying the 
β-phase, so it is shown in detail.

The crystallinity of all materials varies within a narrow range of 
58–61 %. The presence of organophilized particles does not affect the 
overall crystallinity of the polymer unlike the polymorphic composition. 
A significant content of the β-phase, namely 19 %, is observed in the PP- 
SiO2-C3 mixture, and the proportion of the β-phase further increases 
with the increasing length of the alkyl chain of the used organosilane. 
The highest content of the β-phase is recorded in the PP-SiO2-C18 
mixture (34 %). There is no observable difference between unmodified 
particles and particles modified using C1, the organosilane with the 
shortest alkyl chain. Therefore, it can be seen that the length of the alkyl 

chain of the organosilane has an essential influence on the polymorphic 
composition of PP.

The results of polymorphic composition obtained from WAXS can be 
compared with the results of the first melting on DSC, i.e., the melting of 
the material that has not been deprived of its thermal history. 
Comparing the calculated amount of the β-phase from Table 2 with the 
first melting profile in Fig. 3, the DSC results confirm that rapidly cooled 
PP, PP-SiO2, and PP-SiO2-C1 samples show almost no β-phase content. 
The β-phase content is observed by a peak around the temperature of 
155 ◦C in samples where an organosilane with a longer alkyl chain was 
used. DSC also confirmed that the largest content of the β-phase is 
present in PP-SiO2-C18. By subtracting the proportional DSC melting 
signal of PP from the melting signal of the modified samples, the ratio 

Fig. 1. Organosilanol structure attached to a silica surface [42] where R is -CH3 in methyltriethoxysilane (a), -C3H7 in propyltriethoxysilane (b), -C8H17 in octyl
triethoxysilane (c), and -C18H38 in octadecyltriethoxysilane (d).

Table 1 
Nomenclature of polymer mixtures.

Samples Modifier Modifier designation

PP – –
PP-SiO2 Unmodified –
PP-SiO2-C1 Methyltriethoxysilane C1
PP-SiO2-C3 Propyltriethoxysilane C3
PP-SiO2-C8 Octyltriethoxysilane C8
PP-SiO2-C18 Octadecyltriethoxysilane C18

Fig. 2. WAXS spectra of prepared samples (up) and a detailed view of the β 
peak (down).
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between the melting enthalpies of the two crystalline phases was ob
tained. Assuming that both pure polymorphic phases (α and β) exhibit 
similar ΔHm

eq, the content of the β-phase can be estimated based on this 
calculation – the results are listed in Table 2 (the estimated errors of the 
β-phase determination are <5 %). The general agreement between the 
WAXS and DSC results regarding the content of the β-phase further 
confirms the crucial influence of the high cooling rate (as a supplemental 
aspect to the presence of the β-nucleating agents) for the dominant 
formation of the β-phase in isotactic polypropylene.

3.2. Non-isothermal crystallization and melting

The effect of modified silica on crystallization was first studied under 
non-isothermal conditions. Cooling thermograms of two representatives 
of PP-SiO2 and PP-SiO2-C18 are shown in Fig. 4. The results of the other 
mixtures are not shown, as the course of crystallization is very similar in 
all cases, as seen in and Fig. 5 and Table S1. As the cooling rate increases, 
the crystallization temperature Tc naturally decreases. A similar trend is 
observed in all cases, i.e., the crystallization temperatures at each 
cooling rate are very similar for all samples. The presence of unmodified 

or modified silica particles has a negligible effect on the development of 
the Tc under given conditions. More interestingly, it is to observe the 
melting behavior and thus supermolecular composition of mixtures 
crystallized from the melt at different cooling rates. These heating scans 
are shown in Fig. 6.

Here, a dominant endothermic peak can be observed, corresponding 
to the melting of polypropylene in the α-modification, located approx
imately in the range of 165–170 ◦C. With increasing cooling rate, a 
second peak appears around 150–155 ◦C, which can be attributed to the 
melting of the β-phase of polypropylene. The melting curves after non- 
isothermal crystallization at low cooling rates of 2 ◦C/min and 5 ◦C/ 
min show no significant differences independently of silica presence. 
The cooling rate was slow enough for all melt to crystallize into the 
α-phase. The first differences between the mixtures are observed at a 
cooling rate of 10 ◦C. Upon heating such crystallized mixtures, distinct 
melting peak of the β-phase can be observed in PP-SiO2-C18. This is 
even more evident after faster cooling at 20 ◦C/min, where the melting 
peak of the β-phase is well observable in all mixtures that use modified 
silica. A hint of the β-phase presence is also observed in PP-SiO2. Pure PP 
shows little to no indication of the β-phase. This changes in the fastest 
cooled samples, where the β-phase is observable in all cases, including 
neat PP. It has long been known that a higher content of the β-phase can 
be achieved even in pure polypropylene when rapidly cooled [58,59]. 
However, the proportion of the β-phase is greater in mixtures where 
modified silica was used. The organophilization of SiO2 thus enhances 
the effect of rapid cooling on the formation of the β-phase. Determining 
the specific representation of the β-phase from DSC exotherms is 

Table 2 
The proportion of the β-phase of iPP in the studied mixtures.

Samples Xc (%) β-phase/WAXS (%) β-phase/DSC (%)

PP 61 1 –
PP-SiO2 61 2 –
PP-SiO2-C1 62 2 –
PP-SiO2-C3 58 19 22
PP-SiO2-C8 59 23 16
PP-SiO2-C18 59 34 33

Fig. 3. DSC crystallization endotherms of prepared samples – first melting.

Fig. 4. DSC crystallization exotherms of PP-SiO2 (left) and PP-SiO2-C18 (right) samples at different cooling rates.

Fig. 5. Dependence of the crystallization temperature Tc on the rate of cooling 
rate vc.
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practically impossible because during cooling, both phenomena, the 
crystallization of the α-phase and the crystallization of the β-phase, 
overlap [60]. It is also difficult to define the exact contents of individual 
polymorphs from heating curves due to possible recrystallization pro
cesses. Nevertheless, the profile of the heating curve gives good insight 
into qualitative composition of the supermolecular structure. In the case 
of prepared mixtures, the most distinct β-phase peak is always observed 
with the organosilane with the longest alkyl chain, C18. Thus, the long 
alkyl chain allows the creation of a suitable template for the growth of 
the trigonal β-phase of polypropylene on the surface of silica. More in 
general, it can be stated that length of the alkyl chain of the used 
organosilane while modifying the silica influence the morphology of 
iPP.

3.3. Isothermal crystallization and melting

Isothermal crystallization enables a more detailed study of crystal
lization kinetics and was performed as a supplement to non-isothermal 
crystallization. The exotherms of pure PP and mixtures at different 
crystallization temperatures and corresponding crystallization S-curves 
created by integrating the heat flow curve are illustrated in Fig. 7, the 
dependence of crystallization half-time on crystallization temperature is 
shown in Fig. 8. Corresponding values are listed in Table S2.

The description of the crystallization rate often utilizes the crystal
lization half-time t0,5. This is the time at which 50 % of the polymer is 
crystallized and is derived from the calculation of relative crystallinity. 
It is not accurate to evaluate the crystallization half-time from the peak 
of the crystallization curve, as this peak may not be symmetrical. The 
crystallization half-time typically lies beyond the peak of the curve [61,
62].

In the case of the isothermal measurements performed at low tem
peratures (128 and 130 ◦C), the evolved heat associated with the for
mation of the crystalline phase largely overlapped with the DSC artifact 
signal (in this case also exothermic) corresponding to the transition from 
the non-isothermal to the isothermal conditions. This parasitic signal 
was filtered out utilizing the standard thermo-kinetic procedure, i.e., via 
subtraction of the similar but fully separated heat flow profile obtained 
for the isotherm at 134 ◦C. Owing to the excellent reproducibility of the 

DSC data, which was also confirmed for the onset edge of this parasitic 
signal, only negligible scatter was obtained in the overlap region – the 
negative scatter values were cut off, the positive values were left as 
produced. This way, a reproducible and physically meaningful method 
was used to subtract the thermokinetic background (baseline) and 
obtain the pure crystallization signal.

The shortest crystallization half-time t0,5 is observed in PP-SiO2 in 
most crystallization temperatures (Fig. 8). The presence of silica speeds 
up the crystallization, but most significantly in the unmodified variant. 
As for mixtures containing organophilized SiO2 particles, a decrease of 
crystallization half-time is also observed with the exception of PP-SiO2- 
C1. It is apparent that silica modified by organosilane with the shortest 
alkyl chain slows down crystallization. This is particularly noticeable at 
higher crystallization temperatures. At Tc = 140 ◦C, PP-SiO2-C1 crys
tallizes 24 % slower than PP-SiO2. Similar differences are observed at Tc 
= 136 and 138 ◦C. A possible explanation is that the unmodified SiO2 
particles possess a higher number of active sites for rapid nucleation of 

Fig. 6. DSC fusion endotherms under a heating rate of 10 ◦C/min prepared by non-isothermal crystallization.

Fig. 7. Relative crystallinity at different crystallization temperatures.
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iPP, while modification with organosilanes (particularly those with 
short chains) may partially "coat" the particles and thus reduce the 
number of available nucleation centers. At the same time, longer alkyl 
chains render the surface more nonpolar, which can limit direct nucle
ation interactions but improve dispersion and promote the formation of 
the specific β-phase, which crystallizes under different conditions. The 
overall effect therefore depends on the balance between nucleation ac
tivity, dispersion, and the surface chemistry of the modified particles. In 
the case of other modified silica particles, the crystallization half-time is 
shorter but it cannot be definitively inferred that the length of the alkyl 
chain of the organosilane affects t0,5 with specific trend.

After controlled isothermal crystallization, the samples were heated 
up to observe the melting thermograms, see Fig. 9 and S3. The dominant 
peak at temperature approx. 166 and 170 ◦C, depending on crystalli
zation temperature, is observed in all cases. This peak is associated with 
melting of α-phase and mostly is not symmetric showing the shoulder at 
lower temperatures. In samples containing organosilanised silica crys
tallized at lower temperatures, an additional peak at temperature of 
approx. 154 ◦C can be identified and points out the presence of β-phase. 
Thus, the modification of silica by organosilane can increase the 
nucleation activity into β-phase, however with strong dependence of 
crystallization temperature; the lower the crystallization temperature, 
the more significant melting peak of β-phase. The threshold temperature 
appears at 134 ◦C, where the β peaks are still visible and can be 
unambiguously identified. At higher crystallization temperatures, the 
polymer crystallizes primarily into the α-phase, similar to PP and PP- 
SiO2. However, it should be noted, that the asymmetry of the melting 

peak of the α-phase may also indicate the presence of a small amount of 
the β-phase, along with the presence of less perfect crystals of the 
α-phase. The values of melting temperatures (taken as a maximum of 
melting peaks) are listed in Table 3. As mentioned before, the materials 
PP and PP-SiO2 show very similar profile of melting curves, accordingly, 
the melting temperatures differ only slightly by 0.5 ◦C. Therefore, sim
ply using heterogeneous SiO2 particles in the polymer matrix is insuf
ficient to change the polymorphic composition. The β-nucleation effect, 
according to presented results, is achieved only when these heteroge
neous particles are modified using organosilanes and, in addition, suit
able crystallization temperature is applied. The need for appropriate 
setting of crystallization conditions with regard to the β-nucleating 
agent used is a common phenomenon [63,64]. In general, the effec
tiveness of nucleating agents can be enhanced by adjusting the crystal
lization conditions, even in the case of highly effective and commercially 
used agents [65,66].

Considering the mutual relationship between the isothermal and 
non-isothermal crystallization processes, it can be inferred from the 
comparison of the corresponding melting peaks (Figs. 3 and 9) that the 
formation of the β-phase occurs in a relatively complex manner. 
Following the fast cooling during the isothermal crystallization experi
ments, significant amounts of the β-phase start to form at T ≤ 134 ◦C. On 
the other hand, during the non-isothermal crystallization experiments, 
similar amounts of the β-phase form during cooling at 10–20 ◦C/min, i. 
e., at temperatures T ≤ 125–128 ◦C. This discrepancy suggests that the 
high cooling rate is crucial for the formation of the β-phase. Since the 
growth rate of the β-phase is known to exceed that of the α-phase only 
within the Tαβ–Tβα critical window (approx. 105–141 ◦C) [67], and since 
the present β-nucleating agents further enhance the nucleation rate of 
the β-form, the high cooling rate appears to primarily function as a 
suppression of the (otherwise dominant) nucleation&growth of the 
α-phase. Despite the crystal growth rate conditions being theoretically 
favorable for the dominant crystallization of the β-phase within the 
Tαβ–Tβα critical window, no β-phase forms in the pure PP even during 
isothermal annealing at 128 ◦C. This stresses the utmost importance of 
the nucleation process (as opposed to the consequent growth of the 
formed nuclei), where only the addition of the nucleating agents in
creases the rate of the β-nucleation high enough for the process to be 
competitive with the α-nucleation.

3.4. Crystallization kinetics

A potential influence of the organophilized SiO2 particles on the 
crystallization kinetics of iPP was explored for the isothermal crystalli
zation data depicted in Fig. 7 (note that the isothermal data were 
selected due to the guaranteed absence of potential thermal gradients 
during the DSC measurement). The crystallization kinetics was 
described in terms of the standard solid-state kinetic equation for DSC 
[68]: 

Fig. 8. Dependence of the crystallization half-time on the crystallization 
temperature.

Fig. 9. DSC melting endotherms of the studied mixtures crystallized at 128 ◦C (left) and 136 ◦C (right) (for 130, 132, 134, 138 and 140 see Fig. S3).
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Φ=ΔHc⋅
dα
dt

= ΔHc⋅K(T)⋅f(α) (5) 

where Φ is the heat flow recorded by the DSC instrument, ΔHc is the 
crystallization enthalpy, α is the degree of conversion from the amor
phous (undercooled liquid) into the crystalline phase, t is time, dα/dt is 
the rate of conversion, K(T) is the temperature-dependent rate constant, 
and f(α) is a suitable kinetic model. As is customary for polymeric ma
terials, the rate constant was expressed within the framework of the 
Hoffman-Lauritzen theory [69]: 

K(T)=A⋅exp
(

−
U

R(T − T∞)

)

exp
(

−
KG

TΔTf

)

(6) 

where A is a pre-exponential factor, U is the activation energy of the 
segmental jumps in polymer chains (considered to be 6300 J/mol for the 
majority of polymeric materials [69]), R is the universal gas constant, 
T∞ is the temperature under which all motions associated with viscous 
flow are supposed to be significantly higher than the given experimental 
time scale for the crystal growth (customarily T∞ = Tg – 30 ◦C, where Tg 
is the glass transition temperature), KG is the kinetic parameter associ
ated with nucleation, ΔT is the undercooling (defined as ΔT = Tm

eq – T, 
where Tm

eq is the equilibrium melting temperature), and f is the correc
tion factor defined as f = 2T/(Tm

eq + T). For the present data, the 
well-known Avrami model [70–73] was utilized: 

f(α)=m(1 − α)[ − ln (1 − α)]
1−

(
1
m

)

(7) 

where m is the Avrami kinetic exponent representing the nucleation 
conditions and crystal growth geometry. Prior to the kinetic calculations 
based on Equations (5)–(7), the applicability of the Avrami model was 
verified using the characteristic kinetic function z(α) [74]: 

z(α)=Φ⋅t (8) 

For the Avrami model to be valid, the maximum of this function αmax, 

z needs to occur at α ≈ 0.632; the particular limits are 0.620–0.665 for 
the r2 = 0.999 correlation, and 0.585–0.705 for the r2 = 0.995 corre
lation. The αmax,z values determined for the present materials (averaged 
over all Tcs) are listed in Table 4; as can be seen, the obtained αmax,z 
values are borderline or just outside the r2 = 0.999 interval, which 
confirms the applicability of the Avrami model (Eq. (7)).

In the present study, a generalized reduced gradient (GRG) non- 
linear optimization method based on the combination of Equations 

(3)–(7) was used to fit the isothermal crystallization data. To reduce the 
number of variables, the kinetic parameters KG and A were extracted 
from the experimental data in the preliminary step. Assuming a similar 
degree of conversion being reached at t0.5 under all experimental con
ditions (verified for the present data), the following linearization can be 
derived from Equation (6): 

ln(1 / t0.5)+
U

R(Tc − T∞)
= lnA −

KG

T0.5ΔTf
(9) 

where T0.5 is the temperature corresponding to t0.5. This evaluation is for 
the present data shown in Fig. 10. The linear fits of the data gave KG and 

Table 3 
Melting point of the α-phase and β-phase of the studied mixtures.

Tc PP PP-SiO2 PP-SiO2-C1 PP-SiO2-C3 PP-SiO2-C8 PP-SiO2-C18

Tmα Tmβ Tmα Tmβ Tmα Tmβ Tmα Tmβ Tmα Tmβ Tmα Tmβ

128 166.3 – 166.8 – 166.5 153.4 166.6 153.4 166.0 153.1 167.6 153.6
130 167.0 – 167.0 – 166.6 154.1 166.9 154.3 166.6 153.8 167.2 154.1
132 167.6 – 167.5 – 167.5 155.1 167.8 155.1 167.4 154.6 167.9 155.1
134 168.5 – 168.6 – 168.6 – 168.6 156.0 168.4 155.6 168.7 155.9
136 169.6 – 169.8 – 169.8 – 169.7 – 169.4 – 169.6 –
138 170.6 – 170.5 – 170.7 – 170.5 – 170.4 – 170.6 –
140 171.4 – 171.5 – 171.6 – 171.5 – 171.4 – 171.6 –

Table 4 
Values of αmax,z, KG and A determined for the present composites.

Samples αmax,z (− ) KG ln(A/s− 1)

PP 0.670 ± 0.012 66500 ± 3800 4.45 ± 0.33
PP-SiO2 0.663 ± 0.004 64000 ± 3500 4.41 ± 0.30
PP-SiO2-C1 0.676 ± 0.017 68100 ± 4400 4.53 ± 0.38
PP-SiO2-C3 0.673 ± 0.021 65200 ± 4400 4.43 ± 0.39
PP-SiO2-C8 0.672 ± 0.015 65000 ± 4100 4.45 ± 0.36
PP-SiO2-C18 0.664 ± 0.012 64400 ± 3900 4.31 ± 0.34

Fig. 10. Evaluation of KG and A according Eq. 5 (up) and demonstration of the 
quality of the fit of the isothermal crystallization data (obtained for pure iPP) by 
the Avrami-Hoffman-Lauritzen model, i.e., the combination of Eqs. (1)– 
(3) (down).
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A values listed in Table 4. Considering the mild curvature of the data 
depicted in Fig. 10 (which most probably indicates the transition be
tween the II and III nucleation/growth regimes, as defined by the 
Hoffman theory [69]), an optional solution to the linearization repre
sented by Equation (9) would be the determination of the 
temperature-dependent KG and A parameters. However, it can be shown 
that the parameters KG and A exhibit high mutual correlation in Equa
tion (6), and thus compensate each other. Hence, KG was set to be 
constant (as listed in Table 4), and A was set as a variable during the 
non-linear optimization. The Tg and Tm

eq values were taken from litera
ture on iPP (Tg ≈ 0 ◦C [75], Tm

eq ≈ 186.2 ◦C [76]); considering the high 
similarity of the crystallization and melting DSC signals obtained for 
pure iPP and organosilane-modified iPP/silica composites, an assump
tion of the akin similarity of Tg and Tm

eq values was adopted.
Very high quality (correlation coefficients ranging between 0.9980 

and 0.9995) of the fits of the experimental data by the combination of 
Equations (5)–(7) was obtained for all isothermal DSC curves. In Fig. 10, 
an example of the experimental data being fit by the Avrami-Hoffman- 
Lauritzen model is shown for the pure iPP material. Qualitatively 
identical fits were also obtained for the iPP/silica composites. As can be 
seen, the only minor systematic discrepancy occurs in the endset region 
of the crystallization peaks, where at low Tcs, the model slightly un
derestimates the prediction (as shown in the inset of the given figure). 
The base kinetic parameters (set variable during the optimization) 
representing the crystallization behavior of the present composites are 
depicted in Fig. 11. The crystallization enthalpy varies between ~95 and 
101 J/g, which (compared to the literature value of the equilibrium 
melting enthalpy ΔHm

eq = 207 J/g for 100 % crystalline iPP) indicates 
that the overall crystallinity achieved during the isothermal annealings 
could be estimated to Xc ≈ 46–49 %. However, this estimate can be 
burdened by a relatively large error due to the expected temperature 
evolutions of ΔHc and ΔHm (in accordance with the Kirchhoff's law 
based on the non-constant temperature dependence of heat capacity). 

The Avrami exponent was, in all cases, very close to 3, which indicates 
three-dimensional crystallites growing from heterogeneously formed 
nuclei. At low Tcs, a slight decrease of the Avrami exponent m ≈ 2.5–2.8 
occurs, which may be associated with the transformation rate starting to 
be controlled by diffusion instead of the reaction on the interface [77]. 
Such interpretation may be physically explained by the high trans
formation rate associated with the high undercooling, where the higher 
importance of diffusion is related to the far-reaching morphological 
perturbations during the re-organization into the crystalline phase. The 
last graph in Fig. 11 depicts the values of the pre-exponential factor A 
determined for the present composites. The strong temperature depen
dence is directly related to the compensation effect between KG and A, as 
was discussed above. No significant development with the organo
siloxane treatment (or the silica addition itself) can be identified.

4. Conclusion

The crystallization behavior and polymorphic composition of iPP 
and iPP mixtures with modified and unmodified SiO2 particles have 
been described. The organophilization of SiO2 particles influences the 
resulting polymorphic composition but depends on processing condi
tions as well. In laboratory-prepared mixtures that were rapidly cooled, 
the β-phase was detected, and its quantity was the highest when the 
longest alkyl chain of the used organosilane was applied. Cooling rate 
significantly affects the polymorphic composition (despite not altering 
the crystallization kinetics significantly), as confirmed by both 
isothermal and non-isothermal crystallization results. In the case of 
isothermal crystallization, the β-phase begins to form at a crystallization 
temperature lower than 134 ◦C. For non-isothermal crystallization, the 
β-phase forms already at a cooling rate of 10 ◦C/min for the PP-SiO2-C18 
mixture containing silica modified with the organosilane bearing the 
longest alkyl chain. However, higher cooling rates are needed for other 
mixtures with modified organosilanes. Organosilane-modified particles 

Fig. 11. Values of ΔHc, m, and A determined by non-linear optimization for the isothermal crystallization data.
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influence the crystallization rate of iPP, with shorter alkyl chains (C1) 
slowing it down, while longer chains (C3, C8, and C18) accelerate it. 
However, the changes occur primarily at the level of nucleation rather 
than crystal growth. Clear differences were demonstrated between 
organophilized and non-organophilized mixtures. The nature of the 
surface of organophilized SiO2 particles changed from polar to non- 
polar, which had a positive effect on mixing and ultimately influenced 
the polymorphic composition and crystallization behavior of the studied 
mixtures.
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