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Abstract

In this study, we prepared polypropylene sheets with a superhydrophobic surface from extruded sheets with a phase separation 

method. We investigated the influence of extrusion parameters on the morphological properties of the polypropylene sheet and found 

that two significantly different structures can be formed in the cross-section of the sheet when the cooling temperature was varied. 

The effect of the morphology of the extruded material was studied on phase separation and through that on the surface structure 

that formed. The created morphology of the extruded sheet plays a significant role in the procedure of the phase separation method 

and less in surface wettability. We also included a polypropylene blend and nucleated polypropylene in this study to investigate their 

role in surface morphological changes and indirectly on wetting behavior. Surfaces have become superhydrophobic with an increased 

water contact angle from 102° to 150° and contact angle hysteresis below 10°. For nucleated polypropylene samples, we achieved 

remarkably good results (a water contact angle of 158°). The morphological and wettability behavior of the surfaces were investigated 

with a polarized optical microscope and water contact angle measurements, and scanning electron microscopy, respectively.
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1 Introduction
In the past few decades, superhydrophobic surfaces have 
been gaining significant attention within different sci-
entific and industrial fields [1, 2]. The importance of the 
research topic is well illustrated by the increasing amount 
of research on these surfaces [3]. Conventionally, the 
applied methods for creating superhydrophobic surfaces 
are classified into two approaches, namely creating the 
rough surface and modification of the chemical compo-
sition of the surface with a material having low surface 
energy [4]. Developing a simple, controllable, and inex-
pensive method for large-scale superhydrophobic surfaces 
is still a great challenge [5], since the currently available 
techniques consist of multiple steps to achieve the final 
product and require specific equipment and time-consum-
ing processes [6].

The solvent-based techniques, including phase separa-
tion methods, can address these needs [7, 8] since phase 
separation is a widely used technique to prepare super-
hydrophobic surfaces on semi-crystalline polymers, such 

as polypropylene (PP) [9]. During the phase separation 
method, a homogeneous solution is first prepared with 
polymer and a high-boiling point solvent at an elevated 
temperature to create a homogeneous solution. Then the 
phase separation is induced by cooling the polymer solu-
tion or adding non-solvent to the solution [9].

As a result, phase separation takes place so that a rough-
ened structure will be obtained from the separated phases 
after the evaporation of the solvent. The polymer con-
tributes to the formation of a matrix structure that can be 
tuned by the interactions between polymers and solvent 
and the polymer/solvent ratio [9].

Superhydrophobic surfaces made from PP have been 
studied by several authors due to the intrinsically hydro-
phobic nature of PP and their great price–performance 
ratio [10]. First, Erbil et al. [11] reported on superhydro-
phobic PP surfaces using the phase separation method 
with the appropriate selection of solvents, non-solvents, 
and cooling temperatures.
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Surface wettability is closely related to the morphology 
of the surface formed with phase separation. Numerous 
researchers have studied the effect of solvents and the 
crystallization behavior of PP in surface structure forma-
tion during phase separation [12, 13].

In the case of non-nucleated PP grades, the course of 
crystallization depends on the regularity of the chain struc-
ture and the crystallization conditions [14]. Zhu et al. [15] 
systematically studied the effect of the tacticity of PP on 
surface wettability by changing the mass ratio of the com-
posite coatings of atactic and isotactic PP. The created sur-
face was water repellent and wetting behavior could be 
tuned from slippery to sticky with a change of the ratio of 
atactic and isotactic PP. The distinct wetting behaviors can 
be attributed to the different morphologies, which resulted 
from the different crystallization behaviors of PP with dif-
ferent regularity.

We can also find an example of constructing superhy-
drophobic PP surfaces with the addition of a nucleating 
agent. The distribution and size of spherulites and the 
rate of phase separation can be influenced with nucleating 
agents, which can be inorganic and organic materials like 
salts, fillers, organic acids, polymers and apolar materials 
soluble in the molten polymer [16, 17]. The structure of 
superhydrophobic surfaces made from solutions is influ-
enced by the polymerization catalyst. Zhang et al. [18] 
investigated superhydrophobic surfaces made of metal-
locene catalyst PP (m-PP) and Ziegler−Natta catalyst PP 
(ZN-PP). Depending on the type of catalyst, the micro-
sized particles formed on the surface differed. A micro-
sized crystalline particle formed on the surface of the 
m-PP film, while the ZN-PP particle surface exhibited an 
amorphous state. They found that during film formation, 
m-PP had a higher crystallization rate and higher crystal-
linity. The results also revealed that the superhydrophobic-
ity and thermal stability of the m-PP film were much better 
than those of the ZN-PP film.

Several studies have reported the potential of supe-
rhydrophobic surfaces produced from polymer blends 
[19, 20]. Rioboo and coworkers have shown that it is pos-
sible to tune the superhydrophobicity of polymer surfaces 
by simply modifying the ratio of non-superhydrophobic 
and superhydrophobic polymers in the blend. They also 
revealed that superhydrophobic coating could be produced 
from commercial PP, including recycled materials [19].

PP is one of the most widely used polymers in many 
commodities as well as industrial applications [21, 22]. 
Injection molding and extrusion are among the most 

common processing techniques used to produce PP prod-
ucts [23, 24]. In both processing technologies, the mor-
phology of the products shows a strong correlation with the 
applied processing technology [25–27]. Liparoti et al. [28] 
investigated the morphological and structural differences 
caused by mold temperature in injection molded samples. 
Examination of the cross-sections revealed that different 
polymer layers with different crystallinity and orientation 
were formed due to the different cooling temperatures of 
the mold. By varying the temperature of the mold, they 
were able to modify the thickness of each layer or even 
eliminate the layer. 

During extrusion, the temperature of the caliber unit, 
as well as the drawing ratio, play a major role in the 
cross-sectional morphological properties and mechanical 
characteristics of the resulting samples [27, 29]. 

Macauley et al. [27] studied the correlations between the 
structural properties of extruded PP sheets and the extrusion 
parameters. They concluded that the morphology of the 
extruded sheets is primarily influenced by caliber tempera-
ture. Both the crystallinity and the thickness of the lamella 
show a decreasing tendency with decreasing caliber tem-
perature and with increasing supercooling. As a result of the 
increasing supercooling, the cross-section of the sheets can 
be divided into two very different regions by the abruptly 
cooling outer part in contact with the caliber and the spheru-
litic bulk structure formed inside the sheet.

Most phase separation methods form the structured 
surface from a polymer solution by coating [30–32]. 
Fewer examples can be found of using the phase separa-
tion method to create a structured surface from the bulk 
material. One can assume that the morphology of extruded 
material might affect phase separation and, through that 
,the surface structure formed. In this study, we investi-
gated the effect of the morphology of extruded sheets on 
the phase separation method and on the surface charac-
teristics by its wetting properties. We also included sam-
ples containing minor polymer components or nucleating 
agents in this study to investigate their role in surface mor-
phological changes and indirectly on wetting behavior.

2 Materials and methods
2.1 Materials
We used Tipplen H681F polypropylene homopolymer 
(MOL Petrolkémia Zrt., Tiszaújváros, Hungary) as matrix 
material, which has a melt flow rate of 1.7 g/10 min (mea-
sured at the temperature of 230 °C with the load of 2.16 kg). 
We used two different propene-rich grades of atactic poly- 
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alpha olefins (APAOs), kindly proided by Evonik (Evonik 
Resource Efficiency GmbH, Marl, Germany)  sold under 
the tradenames of Vestoplast® 703 (VP 703) and Vestoplast® 
792 (VP 792). The properties of the APAO grades are listed 
in Table 1.

We also used a non-soluble nucleating agent, ADK STAB 
NA-21E (Adeka, Tokyo, Japan). It is an aluminum-contain-
ing organophosphorus compound with a melting point of 
210 °C. As a solvent, we used xylene (mixture of isomers, 
purity 98%) supplied by VWR Chemicals, Germany.

2.2 Sample preparation
First, a PP sheet with a thickness of 1 mm was extruded 
with a co-rotating twin-screw extruder (TSA, Cernobbio, 
Italy, L/D ratio 40, D = 32 mm) equipped with a 150 mm 
wide sheet die. The die lip gap was set to 2.5 and 1.1 mm. 
The temperature zones were set to 190, 200, 200, 200 and 
200 °C from hopper to die, and the die temperature was 
210 °C. The screw speed was 60 1/min. As caliber and con-
veying equipment, vertical cylinders (Trocellen QCAL-
Quadro Calandra Linea R&G) were used. The temperatures 
of the cylinders were 30 °C and 80 °C, and the pulling speed 
was set according to the final 1 mm thickness of the sheet.

We prepared the nucleated PP in two extrusion steps. 
For the nucleated samples, a masterbatch with 1 wt% was 
added to the PP and dry-mixed in advance, and extruded 
with a co-rotating twin-screw extruder, with a rod die. 
The temperature zones were set to 190, 200, 200, 200 and 
200 °C from hopper to die, and the temperature of the die 
was 200 °C, and screw speed was 20 1/min. The extruded 
masterbatch filaments were pelletized with an S330 granu-
lator (Rapid, Bredaryd, Sweden) and added to the PP pel-
lets. The final nucleating agent concentration was 500 ppm. 
The nucleated PP was sheet-extruded with similar settings 
to the neat PP. However, in the case of nucleated PP, we 
only worked with a cylinder temperature of 80 °C and a die 
lip gap of 1.1 mm.

We also prepared neat PP sheets by film extrusion. 
The sheets were prepared with a LE 25-30/C single-screw 
extruder and an LCR300 flat-film line (Labtech Engineering 
Co. Ltd., Samutprakarn, Thailand). The temperatures of 

the extruder zones were 190, 195, 200, 205 and 210 °C from 
hopper to die, and the die temperature was 210 °C. The 
lips of the die were opened to 2 mm. Sheets were prepared 
with cylinder temperatures of 30 and 80 °C at two different 
screw speeds. In one case, the screw speed was 280 1/min 
with a pulling speed of 1.0 m/min and in the other case, the 
screw speed was 300.  1/min with 1.4 m/min pulling speed. 

The polymer blends were prepared in two extrusion 
steps. At first, the dry mixture of PP and APAO was 
extruded into a filament with a LE 25-30/C co-rotat-
ing twin-screw extruder (Labtech Engineering Co. Ltd., 
Samutprakarn, Thailand). The weight ratio of PP and 
APAO was 90/10. The rotating speed of the volumetric 
feeder was 30 1/min, and the temperature of the extruder 
zones was 190, 195, 200, 200, 200, 205, 205, 210, 210 and 
210 °C from hopper to die, the temperature of the die was 
210 °C, and screw speed was 120 1/min. The extruded 
filaments were pelletized with an LZ-120/VS granulator 
(Labtech Engineering Co. Ltd., Samutprakarn, Thailand). 
As a second step, a sheet was prepared with settings simi-
lar to those used in the film extrusion of neat PP. For poly-
mer blends, we only used a cylinder of 80 °C and the pull-
ing speeds of 1.0 m/min.

The nominated thickness of the extruded sheet, regard-
less of the type of extruder, was 1 mm.

The schematic diagram of the two types of extruders 
used can be seen in Fig. 1.

Table 1 Main properties of the APAO grades

Name
Melt viscosity 

at 190 °C 
(Pa s)

Molecular 
weight, Mw 

(g/mol)

Tensile 
strength 
(MPa)

Vestoplast® 703 2.7 ± 0.7 34 000 2.1

Vestoplast® 792 120 ± 30 118 000 5.8

(b)
Fig. 1 Schematic diagram of the arrangement of tempered cylinders of 

sheet extrusion (a) and film extrusion (b)

(a)
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For phase separation, we cut the samples from the 
extruded sheets and immersed them in a xylene bath for 
60 s at 125 °C. Finally, the samples were dried at 30 °C 
for 24 hours in an air-ventilated oven (UT6120, Thermo 
Fischer Scientific, USA), then 24 hours in a vacuum oven 
(FCD-3000, Faithful) at 30 °C. After the drying step, the 
skin layers were peeled off from both sides of the sheet and 
the peeled sheets were used for further investigation.

2.3 Morphology characterization
The surface and cross-sectional morphology were ana-
lyzed with a scanning electron microscope (SEM) (Jeol 
JSM-IT 200). For the cross-sectional examination, samples 
were cryo-fractured under liquid nitrogen and sputtered 
with a thin gold layer for 50 s with 10 mA in a vacuum 
using a sputter coater (JEOL JFC-1300 Auto Fine Coater).

The melting behavior of the samples was examined by 
differential scanning calorimetry (DSC12E, Mettler- Toledo) 
in a nitrogen atmosphere. For the analysis, the samples were 
heated at 10 °C/min from 30 to 220 °C. This temperature 
was maintained for 5 minutes and then the samples were 
cooled to 30 °C at a cooling rate of 10 °C/min. The degree of 
crystallinity (Xc) was determined according to Eq. (1).
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where Xc is the degree of crystallinity of PP, ∆Hm is the 
first melting enthalpy and ∆H0 is the melting enthalpy for 
a 100% crystalline sample; for PP it is 207 J/g [33].

A Zeiss Axioscope polarized optical microscope 
(POM) equipped with a Leica DFC 320 digital camera was 
used to visualize the structural layer over the thickness of 
the extruded samples. 

The water contact angle was measured with a sessile 
water drop with a Ramé-Hart model 100-06 contact angle 
measuring system at ambient temperature. First, a 20 μl 
droplet of distilled water was gently deposited onto the 
surface of the sample. The homogeneity of the surface 
was characterized by contact angle hysteresis, which is 
the difference between the advancing and receding contact 
angles obtained from the droplet construction and removal 
procedure. Contact angle measurement data were evalu-
ated with the Image J software.

Tensile tests were performed with a Z020 universal ten-
sile testing machine (Zwick/Roell GmbH, Ulm, Germany) 
equipped with a 20 kN load cell. The test speed was 
200 mm/min, and the initial grip-to-grip separation was 
20 mm. The tests were conducted at room temperature 
(23 °C), and at least 5 five specimens were tested in each case.

The peeling test was performed using a Z010 univer-
sal tensile testing machine (Zwick/Roell GmbH, Ulm, 
Germany) equipped with a 10 kN load cell. For the tests, 
50 × 120 mm2 rectangular specimens were used. The skin 
layer on the samples was glued with adhesive tape (466, 
Tesa, Germany, Hamburg) the end of the adhesive tape was 
secured between the grips of the tensile machine, and the 
sample was placed in a standard roller holder used for the 
tear test. The test was performed at a speed of 1000 mm/min. 
The tear force was measured as a function of the elongation. 
The test was carried out on 5 specimens in each case.

3 Results
In order to vary the cross-sectional morphology of the 
samples, we used two extrusion methods for sample 
preparation. Table 2 contains the list of the prepared sam-
ples with the main settings. The S/PP/30/1 suffix refers to 
the type of extrusion, the material used, the temperature 
of the cooling cylinder, and the velocity of pulling.

A POM study was carried out to determine the 
cross-sectional morphology of the samples. The morpho-
logical structure over the cross-section of the extruded 
samples with respect to the cooling temperature and the 
pulling velocity is shown in Fig. 2. Fig. 2 (a)–(d) presents 
the POM images of sheets cooled with symmetric cylin-
der arrangement and Fig. 2 (e)–(h) presents POM images 
of sheets cooled with asymmetric cylinder arrangement.

Based on the POM images, we can establish that dif-
ferent preparation methods result in samples with different 
cross-sectional morphology. On the one hand, we were able 
to produce samples Fig. 2 (a)–(d) that had a symmetrical 
cross-sectional structure due to contact by tempered roll-
ers on both sides. Cooling was the same on both sides of 
the extruded samples. On the other hand, by applying the 
asymmetrical cooling technique (tempered roller and room 
temperature air), we can get samples Fig. 2 (e)–(h) with 
asymmetrical shell-core morphology in the cross-section.

Table 2 The extrusion settings and sample designations

Designation Type of 
extrusion

Cylinder 
temperature (°C)

Pulling velocity 
(m/min)

S/PP/30/1

symmetric

30 1.0

S/PP/80/1 80 1.0

S/PP/30/1.3 30 1.3

S/PP/80/1.3 80 1.3

A/PP/30/1

assymetric

30 1.0

A/PP/80/1 80 1.0

A/PP/30/1.4 30 1.4

A/PP/80/1.4 80 1.4
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The thick core layer is composed of spherulites, which 
are formed under quiescent-like crystallization conditions. 
The high cooling rate of 30 °C near the shell layer leads to 
the formation of a highly oriented structure. Furthermore, 
a high-resolution analysis would be needed if we wanted 
to differentiate the sublayers.

Lowering the cooling rates by increasing the cooling 
temperature to 80 °C leads to a very thinshell layer since 
the oriented macromolecules have a longer time for relax-
ation. For samples having an asymmetrical structure, no 
shell layer formed on the non-contacting side . Presumably, 
the cooling rate of this side was slower, similar to the side 
cooled at 80 °C; the polymer molecules were able to crys-
tallize in the form of spherulites. We compared the crys-
tallinity of the extruded samples by DSC and established 
no significant differences (37–39%) in the degree of crys-
tallinity with different sample preparation methods.

The extruded samples were solvent-treated according 
to the schematic graph in Fig. 3.

The solvent treatment is based on temperature-induced 
phase separation and revealed several morphological 
changes in the PP samples, as shown in the SEM images 
in Fig. 4 (a) and (b). The solvent swells the surface region 
to a depth of several tens of micrometers, increasing chain 
mobility. When the solvent evaporates, it causes recrystal-
lization and a porous structure (see Fig. 4 (a)). In addition 
to the solvent-affected layer on the sample surface, another 
structure appears, denoted as the "skin layer", which can 
be peeled off from the treated sheet samples. As shown 
below (Fig. 4 (a)), the skin layer is compact and the sol-
vent-affected layer beneath is porous. As the solvent grad-
ually diffuses toward the center of the material, it forms 
a gradient structure. The recrystallized spherulites are 
large and close to the surface, and their size gradually 
decreases toward the center.

We examined the samples by SEM to compare the mor-
phologies after the solvent immersion and drying process. 
Fig. 5 shows the results of the evaluation of cross-sectional 
SEM micrographs of the samples, the thickness of skin 
and the porous layer as a function of cooling temperature. 
Both sides of the samples were evaluated, and it is repre-
sented as side A and side B. The same color (blue or red) 
belongs to the same side of the sample.

Samples S/PP/30/1 and S/PP/30/1.3 have a symmetri-
cal structure after extrusion. After solvent treatment, the 
thickness of the skin and porous layers on both sides of the 
samples is nearly the same. The samples A/PP/30/1 and A/
PP/30/1.4 have asymmetric structures; the thickness of the 
skin and the porous layer are not equal on opposite sides 
of the samples. The A and B sides of samples S/PP/30/1 
and S/PP/30/1.3 and the B side of samples A/PP/30/1 and 
A/PP/30/1.4 were tempered in a similar way (in contact 
with the cylinder at 30 °C), and the thicknesses of the skin 
and porous layer are nearly identical. The air-contact side 

Fig. 2 POM images of extruded PP sheets, where (a) is S/PP/30/1,  
(b) is S/PP/80/1, (c) is S/PP/30/1.3, (d) is S/PP/80/1.3, (e) is A/PP/30/1, 

(f) is A/PP/80/1, (g) is A/PP/30/1.4 and (h) is A/PP/80/1.4

(a) (b)

(c) (d)

(e) (f)

(g) (h)
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A (A/PP/30/1 and A/PP/30/1.4) did not show a core-shell–
like structure that would differ from the others. The thick-
ness of the porous layer increased, and the thickness of the 
skin layer decreased on side A.

Fig. 5 (b) shows the layer thicknesses of the samples 
cooled at 80 °C. In the case of samples where the original 
materials have a symmetrical structure (samples S/PP/80/1 
and S/PP/80/1.3), layer thickness values on the opposite 
sides of the samples are the same. Contrary to the results 

obtained with cooling at 30 °C, the 80 °C–cooled samples, 
even in the case of the asymmetric extruded structure 
(sample A/PP/80/1 and A/PP/80/1.4), did not show asym-
metric morphology after the solvent treatment. The skin 
and porous layers have the same thickness.

Regarding drawing speeds, we can conclude that its 
effect can be neglected on the final morphology – the 
thickness of the layers was similar. 

Fig. 3 Schematic graph of solvent treatment

(b)
Fig. 4 SEM micrographs of a solvent-treated PP sample, (a) cryo-

fractured cross-section close to the surface and (b) upper view of the 
surface after skin layer removal

(a)

(b)
Fig. 5 Thickness of skin and porous layers of surface-treated samples 

cooled at (a) 30 °C and at (b) 80 °C

(a)
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The skin layer of samples cooled at 30 °C was thicker 
and the porous layer was thinner than those values of the 
samples cooled at 80 °C. No clear relationship can be 
established between the layer thicknesses of the samples 
and the drawing rate, regardless of the cooling rate in the 
investigated range.

After removing the skin layer, we evaluated the remain-
ing surface morphology of the samples with spherulite size 
and water wetting behavior. As a reference, we also mea-
sured the wettability of extruded PP sheets, which had CAadv 
of 102° and CAhyst of 7°. The results are listed in Table 3.

The average size of the spherulites measured on the sur-
face was in the range of 10 to 19 μm, regardless of the mor-
phology structure of the extrudate which was subjected to 
the solvent treatment. The results indicate that most of the 
samples show superhydrophobic characteristics. In two 
cases (samples S/PP/80/1 and S/PP/80/1.3), some reduction 
can be observed. These weaker contact angle results can be 
attributed to the mechanical degradation during the removal 
of the skin layer. In addition to their superhydrophobicity, 
the samples also have water-repellent properties because 
the measured contact angle hysteresis is less than 10°.

Based on the investigation of extrusion parameters, the 
cooling rate at the cylinder has the primary effect on the 
thickness of the porous layer and the formation of the skin 
layer. On the other hand, we found that these processing 
parameters and methods have an almost negligible effect 
on the size of spherulites on the surface in the investigated 
range. According to the literature, it is expected that the 
dominant effect on wettability should be relevant to the 
spherulite size.

To quantify the skin layer removability, we measure the 
force required to remove the skin layer from the surface by 
peeling tests. The average tear force results are shown in 
Table 4.

The average tear force is a good indication that the skin 
peeling becomes increasingly difficult at higher cooling 
temperatures. A higher force was required to skin the 
samples cooled at 80 °C. Here we have to note that in the 
case of samples cooled at 80 °C, the average tear force 
does not reflect the detachment of the inhomogeneous skin 
layer from the surface. The inhomogeneous skin layer sep-
aration is shown in Fig. 6. The scattering of the results is 
well discernible on the blue straight and dash-dot curves.

Based on the extrusion parameters investigation, the 
cooling rate at the cylinder has the primary effect on the 
thickness of the porous layer and the formation of the skin 
layer. On the other hand, we found that these processing 
parameters and methods have an almost negligible effect 
on the size of spherulites on the surface in the investigated 
range. According to the literature, it is expected that the 
dominant effect on wettability should be relevant to the 
spherulite size.

Besides the processing conditions, the morphology of 
the final PP surface should be influenced by other factors, 
such as the composition of the material. To investigate the 
efficiency of this way of development in our solvent-treat-
ment process, we prepared two compositions: 1. using a 
nucleating agent, 2. using of minor polymer com-ponent 
for blending.

Table 3 Surface wettability and spherulite sizes of the solvent-treated 
PP sheets

Samples CA adv (°) CAhyst (°) Spherulite size (μm)

S/PP/30/1 152.2 ± 1.7 1.1 ± 0.7 21.4 ± 7.3

S/PP/80/1 144.6 ± 9.3 8.0 ± 2.6 15.4 ± 4.3

S/PP/30/1.3 147.1 ± 3.9 3.2 ± 4.3 19.8 ± 6.2

S/PP/80/1.3 148.7 ± 1.1 1.3 ± 0.4 15.3 ± 3.1

A/PP/30/1 153.6 ± 3.2 2.2 ± 1.4 13.1 ± 3.2

A/PP/80/1 151.1 ± 4.0 2.7 ± 1.7 10.8 ± 3.5

A/PP/30/1.4 150.8 ± 1.5 4.0 ± 1.2 13.1 ± 3.2

A/PP/80/1.4 155.8 ± 3.0 1.8 ± 0.3 13.7 ± 4.2

Table 4 Tear force of the skin layer of surface-treated sheets

Sample Tear force (N)

S/PP/30/1 3.0 ± 1.0

S/PP/30/1.3 2.1 ± 0.7

S/PP/80/1 18.5 ± 4.6

S/PP/80/1.3 19.8 ± 4.1

Fig. 6 Peeling test curves
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In order to do this, we extruded nucleated PP and PP 
blends where the temperature of the cooling cylinders 
was set to 80 °C. Similar to the investigation of extrusion 
parameters, a POM study was carried out to analyze the 
cross-sectional morphology of the samples, which can be 
seen in Fig. 7.

The samples Fig. 7 (a)–(d) exhibited symmetrical struc-
ture, where spherulites formed along the cross-section 
due to the higher cooling temperature. In the case of A/
PP-NA/80/1, the size of the spherulites is too small to be 
observed by POM, due to the effectiveness of the nucleat-
ing agent. The crystallinity of the samples was determined 
from DSC curves. The results are presented in Table 5.

There was no significant difference in the crystallinity; 
it varied between 33 and 35%. Meanwhile, the Tcp values 
increased slightly for blends and significantly for nucle-
ated samples compared to neat PP. A notable increase in 

Tcp (126.7 °C) was observed in the nucleated PP samples, 
indicating the efficiency of nucleation. 

The morphology of the solvent-treated PP blends and 
the nucleated PP was investigated by cross-section SEM 
images and is shown in Fig. 8.

The symmetrical structure of the extruded sheets results 
in nearly the same thickness of the skin and porous layers 
on both sides of the samples. PP blends had the thickest 
porous layer, while the porous layer thickness of nucleated 
PP was nearly the same as in the case of neat PP.

The effect of APAOs and nucleating agent on the sur-
face morphology of solvent-treated samples was investi-
gated by SEM and can be seen in Fig. 9

Fig. 7 POM images of the cross-section of extruded sheets cooled at 
80 °C, where (a) is A/PP/80/1, (b) is A/PP-VP 792/80/1, (c) is A/PP-VP 

703/80/1 and (d) A/PP-NA/80/1

(a) (b)

(c) (d)

Table 5 The value of crytallinity (XC) and crystallization peak 
temperature (Tcp) obtained from DSC curves

Samples XC (%) Tcp (°C)

A/PP/80/1 33.4 111.2

A/PP-VP 792/80/1 35.1 116.6

A/PP-VP 703/80/1 35.5 113.9

A/PP-NA/80/1 34.9 126.7

Fig. 8 Thickness of the skin and the porous layers of surface-treated PP 
blends and nucleated PP samples cooled at 80 °C

(a) (b)

(c) (d)
Fig. 9 SEM images of the surface of solvent-treated samples, where 

(a) is A/PP/80/1, (b) is A/PP-VP 792/80/1, (c) is A/PP-VP 703/80/1 and 
(d) A/PP-NA/80/1
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Fig. 9 (a) shows the surface pattern of neat PP, where the 
surface is composed of spherulites. Fig. 9 (b) and (c) illus-
trates that the surface of spherulites of PP blends was more 
structured at the nanoscale level compared to the spheru-
lites of the neat PP. However, a significant size change on 
a micro-scale did not occur. The surface of the nucleated 
PP (Fig. 9 (d)) was quite different from that of both neat PP 
and PP blends. Here, the size of the spherulites making up 
the microstructure of the surface was reduced consider-
ably. In order to find a correlation between the micro- and 
nanostructural changes and superhydrophobicity, we mea-
sured the size of the spherulites and surface wettability. 
Table 6 contains these results.

The changes on the surfaces of the spherulites of PP 
blends did not change the contact angles appreciably. 
In contrast, the micro-size change on the surface of the 
nucleated samples resulting from the decrease in spheru-
lite size led to a significant increase in contact angle, from 
151 to 158° of CAadv. The change in the size of spheru-
lites had a primary effect on wettability. The achieved 
nano-roughness modification did not have a significant 
impact on wettability.

According to the recommendations, VP 792 and VP703 
might improve the elongation at break of the blend [34]. 
To evaluate the positive effect on the mechanical proper-
ties, we carried out tensile tests on both extruded and sol-
vent-treated blends. The results are presented in Fig. 10.

Fig. 10 shows the results of tensile strength and elonga-
tion at break of extruded and solvent-treated samples. Based 
on the results of the extruded sheets, the addition of 10 wt% 
VP 703 increased elongation at break but did not change 
tensile strength. After the solvent treatment, the elonga-
tion at break of the samples was reduced compared to the 
extruded sheet, regardless of composition. In the case of 
solvent-treated PP blends, elongation at break was higher, 
while their tensile strength was lower than that of neat PP.

4 Discussion
If we want to test the reliability of our experiments on 
the effect of extrusion parameters, we can compare the 
cross-section images of the structure of extruded sheets 

with some publications studying the effect of cooling tem-
perature and pulling velocity. Macauley et al. [27] investi-
gate the effect of various extrusion parameters on the mor-
phological properties of PP, such as conveying cylinder 
temperature, pulling velocity, sheet thickness and melt tem-
perature. For sheet extrusion, they used a tempered cylin-
der arrangement similar to the arrangement we used in our 
sheet extrusion. They extruded a PP sheet of 1.4 mm and 
demonstrated that a pulling velocity between 7 and 9 m/min 
could increase crystallinity, while a lower pulling velocity 
in the range of 3 to 5 m/min does not result in a crystal-
linity difference. With a higher velocity, the molecules are 
more prone to the orientation of the machine direction. They 
increased sheet thickness from 0.4 mm to 1.4 mm. The thin-
ner sheet showed a lower level of crystallinity because of 
the greater cooling rates used on the sheet. They also varied 
the temperature of polymer melt and did not detect a signif-
icant influence on crystallinity. They detected an increase 
in overall crystallinity as the cooling temperature was 
increased from 30 °C to 80 °C. At the same time, they mea-
sured crystallinity separately inside the sheet and on both 
sides of the sheet that were in contact with the cooling cyl-
inders. In this case, they found a significant difference in 
crystallinity along the cross-section of the sheet. On both 
sides of the sheet, the crystallinity was lower than the bulk 
phase at all cooling temperatures. They concluded that the 
temperature of cooling cylinders plays a significant role in 
the morphological characteristics of an extruded PP sheet.

Similar to Macauley and his coworkers' results, we 
found that the pulling velocity might have a minor effect 
on the morphology at the applied low velocity. By varying 
the temperature of cylinders, we also achieved morphology 

Fig. 10 Tensile strength and elongation at break of PP blends and 
nucleated PP in the samples; suffixes (*) refer to the solvent-treated 

samples

Table 6 Surface wettability and spherulite sizes of the solvent-treated 
PP composites

Samples CAadv (°) Spherulite size (μm)

F/80/1 151.1 ± 4.0 10.8 ± 3.5

F/PP 792/1 149.5 ± 6.7 12.6 ± 3.4

F/PP 703/1 148.7 ± 3.0 13.0 ± 2.9

S/PP NA/1 158.4 ± 3.2 2.5 ± 0.7
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changes in the cross-section of the samples from core–
shell to fully spherulite structure. The significance of the 
temperature of the cylinder can also be recognized in film 
extrusion, where only one side of the sheet is connected to 
the cylinder. Here we can also follow the structural modi-
fication caused by the temperature of the cylinders. 

A key step in achieving the superhydrophobic surface 
is to remove the skin layer after solvent treatment of the 
extruded sheets. Therefore, it is important to adjust the 
extrusion parameters so that the skin layer can be eas-
ily removed. The experiments showed that the skin layer 
must reach a minimum thickness to avoid the failure of 
the structured surface underneath the skin layer during 
the peeling step. The results show that the surface of the 
extruded sheets with a core–shell structure has a thicker 
skin layer than the spherulitic structure in cross-section. 
Thus, the structure of the extruded sheet cooled at differ-
ent temperatures will affect the thickness of the skin layer. 
On the other hand, the cooling temperature of the cylin-
ders does not change the size of the spherulites under the 
skin layer appreciably. With the applied solvent treatment 
method, we formed superhydrophobic characteristics on 
each extruded sample surface.

We also studied samples containing a minor polymer 
component or nucleating agent to investigate their role in 
surface morphological changes and indirectly on wetting 
behavior. The selected APAO grades (VP 703 and VP 792) 
differ in their molecular weight by order of magnitude. After 
solvent treatment and removal of the skin layer, spherulites 
crystallized on the surface of the PP blend. The size of the 
spherulites is almost the same size as the spherulites on the 
surface of neat PP. The surface of the spherulites is com-
posed of micro-sized protuberances, so it may contribute to 
the modification of nano roughness, but it does not have a 
high impact on the surface wettability changes.

In the PP blends, 10 wt% APAO grades were mixed, 
and it did not lead to a notable change in surface wettabil-
ity. Based on the SEM and surface wettability investiga-
tions, no differences can be found between PP blends of 
different molecular weights of APAO grades. In the future, 
it may be advisable to perform tests on PP blends contain-
ing different weight percents of APAOs.

Besides surface characterization, the mechanical prop-
erties of PP blends were also tested. From the compari-
son of extruded and solvent-treated samples, it is clearly 
visible that both tensile strength and elongation at break 
are reduced in each sample. During solvent treatment, the 

porous and skin layers are formed from the solvent-affected 
layer. In the porous layer, the spherulites are loosely con-
nected to each other, so only the bulk phase, which is not 
affected by the solvent, will be the load-bearing part of the 
sample. From a mechanical properties point of view, it is 
favorable to minimize the thickness of the porous layer in 
the sample cross-section with the appropriate selection of 
extrusion and solvent treatment parameters.

The applied 10 wt% APAOs proved to be insufficient 
to achieve significant changes either in tensile strength 
or elongation at break. The positive effect of VP703 was 
detectable in elongation at break. It is supported by the 
work of Rioboo and his coworkers, where superhydropho-
bic surfaces were prepared from different compositions of 
PP blends by phase separation. They investigated the com-
position of blends to detect a change in wettability. Based 
on their study, if the percentage of PP exceeded a mini-
mum level, the other polymer used in the PP blend had 
no effect on wettability. The transition percentage of PP 
was 30, 40 and 70% for polystyrene, polyvinyl acetate and 
polychloroprene blends, respectively [19].

In contrast to PP blends, a significant change in surface 
morphology and thus wettability can be achieved with 
nucleated PP. The  nucleating agent, affected primarily the 
micro-roughness of the surface and reduced the size of the 
Spherulites from 10.8 μm to 2.5 μm, resulted in a large 
contact angle of 158.4° on the surface. Thus, the surface 
treatment of nucleated PP proved to be an effective way to 
change surface wettability significantly.

5 Conclusions
In this study the phase separation method we applied to 
create a superhydrophobic surface on PP sheets behaved 
differently depending on the morphology of the extruded 
sheet. We analyzed samples containing minor polymer 
components or nucleating agents to reveal their role in 
surface morphological changes and indirectly on wetting 
behavior. Based on the results, the following conclusions 
can be drawn.

The investigated cooling temperature of 30 and 80 °C led 
to two different structure formations along the cross-sec-
tion of extruded samples. With 30 °C-cooling, a core-
shell like structure was obtained, while with 80 °C, a fully 
spherulite structure developed in the cross-section of the 
samples. The results indicated that the effect of the applied 
pulling velocity of 1.0–1.4 m/min on the morphology of the 
extruded sheet was negligible. 
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We have found that the applied phase separation method 
is efficient for increasing hydrophobicity as water contact 
angles measured on the roughened surfaces were sig-
nificantly higher (~150°) compared to the extruded sheet 
(102°). However, it showed different behaviors as a func-
tion of the morphology of extruded sheet.After phase 
separation, in the case of a core–shell-like structure, we 
received a thicker skin layer and thinner porous layer com-
pared to the extruded sheets with a spherulite structure. 
To obtain a superhydrophobic surface, the skin layer is 
necessary to be peeled off from the surface. The skin layer 
must reach minimal thickness to be removed without dam-
aging the surface structure beneath. However, our results 
showed that the structure of the extruded sheet does not 
have a significant effect on surface wettability.

For the modification of wettability, we investigated 
PP blends and nucleated PP. In the case of PP blends, 

the nano-structure of the surface was changed while the 
micro-structure remained almost the same. In the case of 
nucleated PP, the micro-structure was greatly modified. 
We measured a significant increase in contact angle (158°) 
in the case of nucleated samples. Our results indicate that 
to change surface wettability, we primarily have to modify 
the micro-structure on the surface structure created.
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