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Abstract

We have introduced a novel solvent-based method to roughen polymer sur-

faces and characterized treated polypropylene (PP). The method consists of

three main steps: solvent treatment, drying, and peeling. We investigated the

effects of process parameters such as time of immersion in the solvent, solvent

temperature, and drying temperature on the surface morphology created. The

structure formed on the surface is mainly influenced by solvent temperature

and drying temperature. We also characterized the wetting behavior of the sur-

faces. The patterned surfaces exhibit superhydrophobic characteristics with a

high water contact angle (CA) (>155 �) and low water contact hysteresis (<5�).
Adding an effective nucleating agent to PP makes it possible to generate out-

standing CAs (>160�) and tailor spherulite sizes. The method is simple and

scalable, therefore this superhydrophobic material is easy to mass-produce.
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1 | INTRODUCTION

Superhydrophobic (with water contact angle (CA)
exceeding 150�) and water-repellent surfaces (hystere-
sis below 10�) are fascinating and widely used,[1] their
uses ranging from self-cleaning surfaces[2] and anti-ice
coatings[3] to anti-corrosion surfaces[4,5] and mem-
branes.[6,7] The formation of superhydrophobic surfaces
is essentially determined by two crucial parameters,
appropriate surface roughness and low surface energy.[8,9]

Surface roughness alters the CA measured on a heteroge-
neous surface according to two typical models: the Wen-
zel[10] and Cassie-Baxter[11] theories.

So far, various techniques[12–18] have been applied to
produce superhydrophobic surfaces on polymers by creat-
ing well-ordered structures. Of these solvent-based
techniques,[19–24] such as phase separation methods[25–28]

belong to a unique group. In the phase separation method,
a roughened surface is prepared with micro-and nanoscale
roughness; the properties of a homogeneous solution are
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changed, such as temperature, components, and concen-
tration. When the solvent is removed from the system, the
remaining solid phase forms the patterned structure.[29,30]

Phase separation methods can be classified according to
the ways of initiating the phase separation process. In the
case of thermally-induced phase separation (TIPS), phase
separation or crystallization occurs when the temperature
of the solvent is reduced.[31] A large number of publica-
tions investigate the effects of the processing parameters of
TIPS on surface structure formation. These process-
ing parameters include solution concentration and
temperature,[32] the molecular weight of polymer,[33] and
cooling conditions.[34] Many different textures can be pro-
duced by altering the concentration of the polymer solu-
tion. Typically, a dilute polymer solution produces a
surface with cellular morphology, while a highly concen-
trated solution or gels lead to sphere-like structures.[30]

The main advantages of phase separation methods are that
they are easy to reproduce and control, and the structure
is less prone to defects. TIPS can be best used with semi-
crystalline polymers.[35–37] Since it is simple, it is also cost-
effective in industrial-scale production.[38,39]

Polypropylene (PP) is one of the most widely used
semi-crystalline polymers. Due to its good mechanical
properties, excellent solvent resistance, low cost, and
inherent hydrophobic nature, PP is an extensively studied
conventional polymer.[40] These properties make PP a
great candidate for use with our technology.

Extruded PP products are widely used in electronics,
food packaging, construction, and many other areas.[41]

A roughened surface on these extruded products imbues
them with new properties, which opens up new applica-
tion areas.

Methods for producing roughened structured sur-
faces on PP using TIPS are becoming more wide-
spread.[32,42,43] Many studies give a comprehensive
overview of how crystallization depends on the tacti-
city and molecular weight of PP,[44–46] and how the
structure and properties can be adjusted by changing
the treatment conditions, such as solvent type and its
temperature,[47] solution concentration[31,48] and cool-
ing temperature.[49,50]

Several phase separation–based technologies are used
to form the superhydrophobic coating on the surface of a
selected substrate.[51,52] In these cases, an additional step
may be required to increase interfacial adhesion between
the substrate and the deposited layer to prevent exfolia-
tion, which would further complicate the technology.[53]

Moreover, the adhesion between the substrate and the
roughened coating also has to be considered for better
usability. Creating the rough surface directly from the sub-
strate would simplify the method and eliminates adhesion
problem between the substrate and roughened layer.

This study introduces an easy-to-perform, low-cost
technology for preparing hierarchically structured sur-
faces on extruded PP sheets via a method involving sol-
vent treatment, drying, and peeling.

With the method presented,[54] an integrated outer
layer forms on the surface of the sample similar to the
skin layer of asymmetric membranes,[55–57] which are
often produced with the TIPS method. Asymmetric mem-
branes represent a specific group of membranes where a
thin skin layer forms on the porous layer.[58–60] Tuning of
the formation of the skin layer or eliminating it is highly
favorable for the optimization of the membrane perme-
ability and surface wettability.[61,62] With this novel tech-
nology, we can remove this skin layer easily to exploit
the superhydrophobicity of the underlying surface.

This paper describes the structure and the correla-
tions between processing parameters and the morphology
created, such as the effect of solvent temperature and
immersion time on spherulite size, the thickness of the
skin and porous layer, and the effect of the drying temper-
ature on spherulite size and the removability of the skin
layer. We also investigated the effect of a nucleating agent
for PP on the morphology of the surface. The morphology
was investigated by scanning electron microscopy and
polarized optical microscopy. The wettability of the cre-
ated surfaces was characterized with a CA goniometer. To
the best of our knowledge, this unique method on PP
sheets has not been previously investigated. We strongly
believe that this method can effectively form tunable struc-
tured surfaces in mass production as well.

2 | EXPERIMENTAL

2.1 | Materials

PP homopolymer (Tipplen H681F, MOL Petrochemicals
Co. Ltd., Hungary) with a melt flow rate (MFR) of
1.7 g/10 min. A non-soluble nucleating agent was ADK
STAB NA-21 E (Adeka, Tokyo, Japan). The nucleating
agent was added to the polymer in amounts of 50 to
1000 ppm. Xylene (mixture of isomers, purity 98%) was
supplied by VWR Chemicals, Germany, and used as
received.

2.2 | Experiments

We extruded 1 mm PP sheets with a co-rotating twin-
screw extruder (TSA, Cernobbio, Italy, L/D ratio
40, D = 32 mm) equipped with a 250 mm wide sheet die
and a sheet line (Trocellen QCAL-Quadro Calandra
Linea R&G). The die lip was set to 1.1 mm. During
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extrusion, the temperature of the zones was 190, 200,
200, 200, and 200�C, the temperature of the die was
210�C, the feed rate was 5 kg/h and screw rotation speed
was 60 1/min. The temperature of the conveying equip-
ment (Trocellen QCAL-Quadro Calandra Linea R&G)
was 30�C, and the pulling speed was set for the final
1 mm thickness of the sheet.

For the nucleated samples, we first produced a master-
batch with 1 wt% nucleating agent with the same co-
rotating twin-screw extruder with a rod die. The applied
temperature zones were 190, 200, 200, 200, and 200�C
from hopper to die. The temperature of the die was 200�C
and the screw speed was 20 1/min. The masterbatch was
granulated with an S330 granulator (Rapid, Bredaryd,
Sweden), dry-mixed, and added to the PP pellets. The final
nucleating agent concentrations were 50, 500, and
1000 ppm. The sheet was extruded with settings similar to
those used in the film extrusion of neat PP.

The PP samples were cut into rectangles of
150 mm � 200 mm. Figure 1 shows the schematic dia-
gram of the solvent treatment and the subsequent steps.
For the investigation of the effects of the solvent treat-
ment parameters, the PP samples were immersed in
xylene (2 L). Solvent temperatures were 120, 125, and
130�C and the duration of immersion was 30, 60, 90, and
120 s. Finally, the samples were dried at 30�C for
24 hours in an air-ventilated oven (UT6120, Thermo
Fischer Scientific, USA), then for 24 hours in a vacuum
oven (FCD-3000, Faithful) at 30�C.

In the drying temperature investigation, the samples
were solvent-treated at 125�C for 60 s and then dried at
30, 50, 70, 80, 100, 120, and 125�C for 30 min. After dry-
ing, the samples were further dried at 30�C for 24 hours,
then placed in a vacuum oven at 30�C for 24 hours in all
cases. Finally, the skin layers were peeled off from both
sides of the sheet.

The nucleated samples were solvent-treated at
120, 125, and 130�C for 60 and 120 s. The samples were

dried at 30�C for 24 hours in an air-ventilated oven
(UT6120, Thermo Fischer Scientific, USA), then for
24 hours in a vacuum oven (FCD-3000, Faithful)
at 30�C.

Finally, the skin layers were peeled off as a single
layer (they were not broken during peeling off) from both
sides of the sheet with duct tape (Professional 4613, Tesa,
Hamburg).

The remaining sheet and both sides of the peeled skin
were investigated.

2.3 | Characterization of morphology

Surface and cross-section morphology were analyzed
with a Jeol JSM-IT 200 scanning electron microscope
(SEM). For the examination of the cross-sectional mor-
phology, samples were cryo-fractured and made conduc-
tive by sputtering with a thin gold layer for 50 s at 10 mA
in a vacuum before SEM imaging. The size of spherulites
was analyzed based on the surface SEM images with the
aid of the ImageJ software. For the calculation of average
spherulite size, we measured the diameters of approxi-
mately 300 spherulites.

The morphology of the surface was studied with a
Zeiss Axioscope polarized optical microscope (POM)
equipped with a Leica DFC 320 digital camera. We ana-
lyzed crystallinity based on the images. Micrographs were
recorded with the Leica IM50 software.

The nanoscale morphology of the sample surfaces
was observed with a PSIA XE-100 atomic force micro-
scope (AFM, Park Systems Corp., South Korea) in tap-
ping mode. The data were collected in an area of
5 μm � 5 μm.

The CA was measured with the sessile drop method.
To measure the advancing CA (CAadv), we deposited a
20 μL droplet of deionized water onto the surface of the
sample using a standard goniometer (Model 100–06,

FIGURE 1 Schematic diagram of the solvent treatment.
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Ramé-Hart Inc.). The receding CA (CArec) was measured
while the volume of a sessile drop was slowly decreased
by 10 μL. Each measurement was conducted at least five
times across the sample surface. CA hysteresis was calcu-
lated from the difference between the advancing and
receding CAs with the droplet construction and removal
procedure. The shape of the drops was recorded with a
high-resolution CCD camera and analyzed for CA mea-
surements using the Image J software.

The porosity was determined from the true and
apparent density according to Equation 1:

ε %ð Þ¼ ρt�ρa
ρt

� �
�100 ð1Þ

where ε is the porosity, and ρt and ρa are the true and
apparent density of the samples, respectively.

ρa was determined from 4 cm � 4 cm samples. We
removed the skin layer from both sides of the treated sam-
ples and measured their weight. ρa is obtained by dividing
the weight of the samples by their volume. ρt was mea-
sured on an Ultra pycnometer 1000 (Quantachrome, Boy-
nton Beach, FL, USA) with helium at 20�C.

For the specific surface area measurement, samples
were cut into ca 4 mm � 4 mm pieces and degassed for
24 h at 110�C. Low-temperature (�196.15�C) nitrogen
adsorption measurements were performed on a NOVA
2000 e (Quantachrome, Boynton Beach, FL, USA) auto-
matic volumetric instrument. The apparent surface area
SBET was determined with the Brunauer–Emmett–Teller
(BET) model.[63] From the measured apparent surface
area, we determined the calculated specific surface area
(S�BET), which refers to the specific surface area of the
porous layer. We used the thickness of the treated sam-
ples (t1) and the sample's bulk phase (t2) determined
from the SEM cross-section images, the apparent density
(ρaÞ of the samples, and the true density (ρtÞ of the
extruded sample. S�BET was calculated with the following
equations:

V1 ¼m1�ρa ð2Þ

V1 ¼ t 3ð Þ �Aþ t 2ð Þ �A ð3Þ

t1 ¼ t2þ t3 ð4Þ

A¼V1=t1 ð5Þ

V2 ¼ t2�A ð6Þ

m2 ¼V2�ρt ð7Þ

m3 ¼m1�m2 ð8Þ

Totsurface ¼ SBET�m1 ð9Þ

S�BET ¼Totsurface=m1 ð10Þ

where V 1, V2, V3 are the volume of the solvent-treated
sample, the porous layer and the bulk phase, respectively.
m1, m2, m3 are the weight of the solvent-treated sample,
porous layer and bulk phase, respectively.

The thermal analysis of the solvent-treated and
annealed samples was examined by differential scanning
calorimetry (DSC12E, Mettler-Toledo) in a nitrogen
atmosphere. The extruded samples were immersed in sili-
cone oil (annealing) because it does not swell PP. After
that, the samples were removed and rinsed with isopro-
pyl alcohol, and dried in air at room temperature over-
night. The same temperature and the immersion time
were used in silicone oil annealing and solvent-treate-
ment. Differential scanning calorimetry was performed
from 30 to 220�C at a heating rate of 10�C/min. This tem-
perature was maintained for 5 minutes, then the samples
were cooled to 30�C at a cooling rate of 10�C/min. The
degree of crystallinity (Xc) was calculated with the follow-
ing equation:

Xc ¼ ΔHm

ΔH0

� �
�100 ð11Þ

where ΔHm and ΔH0 are the first melting enthalpy and
melting enthalpy of a 100% crystalline sample; for PP it is
207 J/g.[64]

3 | RESULTS AND DISCUSSION

3.1 | Characterization of morphology

The surface morphology of the extruded and the
unpeeled, treated sample is shown in Figure 2. The sam-
ple in Figure 2B was immersed in a 125�C solvent
for 60 s.

The untreated sheet has a smooth surface (Figure 2A)
due to extrusion, while after the treatment, the surface
becomes rough (Figure 2B).

Figure 3 shows the surface morphology of the peeled
sample and the inner side of the skin layer.

The resulting outer layer is peeled off, and the surface
of the inner side of the outer layer (Figure 3B) and the
peeled samples (Figures 3C,D) exhibit a sphere-like struc-
ture. The outer layer is hereinafter referred to as skin

1292 VÁMOS ET AL.
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layer. Figure 3A shows the POM image of the inner side
of the skin layer. The POM image reveals that the spheri-
cal structures exhibit a birefringent nature. The typical
blue and yellow quarters indicative of birefringent spher-
ulites can be seen.[65]

The surface of the peeled samples consists of regular
and well-separated spherulites, which suggests that they
did not interfere with each other during their growth.
Similar surface topographies can be found in the litera-
ture where the surface consists of spherulites with

FIGURE 2 SEM images of (A) the surface of the extruded sheet and (B) the outer surface of the skin layer. The solvent temperature was

125�C and immersion time was 60 s.

FIGURE 3 POM image

(A) of the inner side of the skin

layer, SEM images of (B) the

inner surface of the skin layer,

(C) the surface of the peeled

sheet, (D) is a magnification of a

particle in (C). Solvent

temperature was 125�C and

immersion time was 60 s.

VÁMOS ET AL. 1293
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different sizes and voids between them, which confirm
the porous nature of the surface.[66,67] The enlarged SEM
image (Figure 3D) reveals that PP crystalizes as typical
spherulites with a micro-and nanoscale hierarchical
structure from the PP gel. The surface of spherulites also
has a roughness of several tens of nanometers. The nano-
scale roughness of the spherulites is a result of the radi-
ally growing branched and banded chain-folded lamellae
and the solvent treatment conditions.[68]

Figure 4 shows the SEM images of the cross-section
of the cryo-fractured samples after treatment. Figure 4A
shows the cross-section of the extruded sheet, and
Figure 4B shows the cross-section of the solvent-treated
sheet before the peeling step. Figure 4C,D show the
cross-section of the developed porous structure shown in
Figure 4B at a higher magnification.

Under the skin layer, the cross-section has a porous
layer consisting of spherulites. The size of the spherulites
decreases in the direction of the bulk phase. There is a sig-
nificant change in the cross-section of samples: below a
certain depth, the porous structure turns into a dense
material. The sharp change (marked with a red line in
Figure 4C,D) shows the depth of solvent penetration into
the sample. To determine the thickness of the bulk phase
and the porous layer, we used this sharp boundary to dis-
tinguish the two layers. Asymmetric membranes have a

structure similar to the presented porous structure and the
dense layer on top of it. An important type of asymmetric
membrane is an integrally skinned membrane, where the
size of the pores gradually changes from very large to very
fine and there is a skin layer on top of the membrane.[69]

3.2 | The effect of solvent treatment
parameters on the structure

Figure 5A shows how the thickness of the skin and the
porous layer of the samples changes when immersion
time is varied (from 30 to 300 s) at a constant solvent
temperature of 125�C. In each case, the solvent treatment
step was followed by a drying step at 30�C.

The treated samples have a symmetrical structure
(Figure 4B), and the porous and skin layer are formed
on both sides of the samples. The presented solvent
penetration depth, skin, and porous layer thicknesses
in Figures 5A,B belong to one side of the treated
samples.

The thickness of the skin and porous layer increases
with increasing immersion time. However, after 180 s,
the thickness of the layers hardly increases. Figure 5A
shows that a constant thickness of the layers was
achieved at 125�C.

FIGURE 4 Cross-sectional

SEM images of (A) the extruded

PP sheet and (B) the sheet

treated with a 125�C solvent for

60 s, and the treated sheet at

higher magnification (C) with

and (D) without the skin layer.
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Besides immersion time, solvent temperature also
influences the formation of the structure. In Figure 5B,
the thickness of the layers is shown as a function of sol-
vent temperature with a constant immersion time. With
increasing solvent temperature, the thickness of each
layer increases.

The polymer–solvent interaction likely plays a key
role in the formation of the structure created. The
treatment starts with a solvent immersion step when
the hot solvent diffuses into the polymer sheet through
the surface and toward the center of the samples like a
sharp front.[70] The solvent swells the polymer, and as
a consequence, a gel layer forms in the outer region of
the sheet. The degree of swelling in the gel layer
decreases toward the bulk phase. The thickness of the
gel layer increases over time as the solvent diffuses dee-
per into the polymer. In the initial period, the swelling
step dominates, which increases the thickness of the
gel layer. When the degree of swelling reaches a critical
level, the polymer molecule becomes independent of
the adjacent molecules and leaves the surface and is
dissolved in the solvent. Since the loosest molecules
dissolve, the thickness of the gel layer decreases. After
the rate of solvent diffusion into the bulk phase and
polymer dissolution reaches a steady state at the given

solvent temperature and the gel layer with constant
thickness will gradually move towards the center of the
sample.[70]

During the drying step, the skin layer and the porous
structure form.[71,72] First, the solvent starts evaporating
from the swelled surface and this leads to the formation
of the skin layer. The solidified skin layer entraps the sol-
vent molecules underneath, so their evaporation
slows down.

The formation of the spherulitic porous structure in
the cross-section is a consequence of the crystallization of
PP and solvent evaporation during the drying step.[71]

Various studies have demonstrated that a spherulitic
structure forms from a semicrystalline polymer gel.[44,73]
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TABLE 1 Characteristics of solvent-treated PP sheets; the applied solvent temperature was 125�C.

Immersion time (s) SBET m2=gð Þ m1 gð Þ ρa g=cm3ð Þ ρt g=cm3ð Þ t1 cmð Þ t2 cmð Þ S�
BET (m2=gÞ ε (%)

0 0.895

30 0.8 5.16 0.79 0.905 0.108 0.904 12.6 12

60 1.9 4.50 0.73 0.912 0.112 0.816 16.3 19

90 1.6 4.94 0.68 0.911 0.116 0.780 12.5 24

150 2.7 4.07 0.69 0.911 0.110 0.715 16.3 24

210 2.5 3.91 0.62 0.914 0.105 0.590 12.4 31

280 1.5 4.58 0.56 0.911 0.980 0.570 12.7 40

TABLE 2 Spherulite sizes of the solvent-treated PP sheets.

Spherulite size (μm)

Immersion time (s)

Solvent temperature (�C)

120 125 130

30 18.7 ± 4.1 23.9 ± 4.4 30.7 ± 7.0

60 16.7 ± 3.4 23.2 ± 5.5 29.6 ± 6.2

90 20.1 ± 5.6 24.2 ± 7.1 30.8 ± 9.2

120 16.0 ± 3.9 27.5 ± 9.5 30.2 ± 7.6

VÁMOS ET AL. 1295
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Since the evaporation of the solvent is moderate due to
the skin layer, the presence of the solvent during crystal-
lization results in the formation of separate spherical
spherulites and voids among them.

Table 1 presents the measured (SBET) and calculated
specific surface area (S�BET) and the porosity (ε) of the
samples. We took the porous layer forming on both sides
of the samples into account to determine both porosity
and specific surface area.

The surface-treated samples have a moderately calcu-
lated specific surface area S�BET

� �
of about 12–16m2/g. As

Table 1 shows, overall porosity (ε) increases with immer-
sion time because the ratio of the porous layer and the
bulk phase increases with immersion time.

The experiments with different solvent temperatures
and immersion times revealed that besides the thickness
of the porous and skin layers, the size of the spherulites
on the porous layer also changes as solvent treatment
parameters are changed. The changes in average spheru-
lite size and its standard deviation are summarized in
Table 2.

The results indicate that solvent temperature has a
pronounced impact on average spherulite size. Increasing
solvent temperature, results in the formation of larger
spherulites from �16 μm (120�C) to �30 μm (130�C),
regardless of immersion time, while the structure of the
spherulites is constant. In comparison, spherulite sizes do
not change considerably with varying immersion times at
a constant solvent temperature.

The resulting porous layer consists of spherulites that
form via nucleation and growth steps.[65] The crystalline
structure forming during extrusion is likely disintegrated

in the swelling step and a semicrystalline gel is produced.
The semicrystalline gel consists of a three-dimensional
network structure, where the crosslinking points are crys-
tallites.[44,74] These crystallites could serve as self-nuclei
during crystallization. The higher the degree of swelling,
the more mobile the polymer molecules are, and the
more pronounced the destruction of the crystalline struc-
ture is. The molecules under the preformed skin layer
have the highest mobility and kinetic energy to crystallize
into quiescent spherulites. With increasing solvent tem-
peratures and degree of swelling, fewer nuclei are pre-
sent, allowing the formation of larger spherulites.[68]

Figure 6 presents the size distribution of the spheru-
lites at different solvent temperatures with an immersion
time of 60 s.

With increasing temperatures, the spherulite size dis-
tribution curves shift toward higher size ranges and
broaden, which meets the expectations of spherulitic
crystallization under conventional crystallization condi-
tions from polymer melt.[75] In our case, one can specu-
late that at higher solvent temperatures, the original
structure of the sheets formed during the extrusion disin-
tegrates more. Consequently, during the drying step of
the sheets, fewer nuclei (self-seeds, self-nuclei) are avail-
able in the treated zone to initiate the growth of spheru-
lites, leading to bigger spherulites with a broader
distribution.

The changes in crystallinity of the annealed and the
solvent-treated PP sheets varying the solvent tempera-
tures and immersion times are shown in Table 3. The ref-
erence sample is the extruded but not solvent-treated
sample.

The changes in crystallinity of annealed samples were
negligible compared to the reference sample, irrespective
of the applied temperatures and immersion times. All the
samples solvent-treated with xylene displayed an increase
in crystallinity as a function of solvent temperature and
immersion time. In the case of xylene-treated samples,
the increased crystallinity can be attributed to the recys-
tallization in the solvent-affected layer and not to the
recrystallization of the bulk phase.

3.3 | The effect of drying on the
structure

We assumed that drying also plays a crucial role in con-
trolling the formation of the structure, so we investigated
the effect of drying temperature (between 30 and 125�C),
using constant solvent treatment conditions (tempera-
ture: 125�C and immersion time: 60 s). Figure 7 shows
the thickness of the skin and the porous layer at different
drying temperatures.
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With increasing drying temperature, the thickness of
the porous layer decreases; at 125�C, the porous layer
almost disappears. On the other hand, there is no clear
relationship between drying temperature and the thick-
ness of the skin layer. As the porous layer becomes thin-
ner, it is more difficult to peel off the skin layer. The
drying temperature determines the time of crystal
growth, the rate of solvent evaporation, and the rate at
which the skin layer forms. At higher drying tempera-
tures, the rate of solvent evaporation is higher. The
observed declining trend in the thickness of the porous
layer can be attributed to the higher drying temperature.
At higher drying temperatures, the skin layer forms more
slowly and solvent evaporation is faster, which leads to a
thinner porous layer.

Figure 8 shows the relationship between drying tem-
perature and the distribution of spherulite size on the
surface of the sample after the peeling step.

The average spherulite sizes for samples dried at
30, 50, and 70�C are 23.2 ± 5.5 μm, 19.4 ± 7 μm, and

22.58 ± 5.9 μm, respectively. The calculation of the aver-
age size of spherulites is based on the size of 300 spheru-
lites measured on the surface of the sample. The average
spherulite sizes obtained at different drying temperatures
are not considerably different; however, the drying tem-
perature has an effect on the spherulite size distribution,
the spherulite sizes slightly shift toward higher size
ranges at higher drying temperatures. It means that the
drying temperature has an effect on the temporal distri-
bution of the nuclei formed during the crystallization.
Symmetrical spherulite size distribution (Figure 8, 50�C)
indicates that most of the spherulites (nuclei) formed at
the same time during the crystallization. An asymmetri-
cal size distribution shifted to the higher spherulite sizes
(Figure 8, 70�C) means that more spherulites formed at
the beginning of the crystallization, which was able to
grow larger, while a shift to the smaller temperature

TABLE 3 The degree of

crystallinity of annealed and solvent-

treated samples. Solvent temperature (�C) Immersion time (s)

Xc (%)

Silicone oil Xylene

Reference 37.9

120 60 38.1 39.3

125 30 37.4 37.8

60 37.8 41.0

90 38.5 42.2

120 38.6 41.4

130 60 38.2 42.4
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FIGURE 7 The effect of drying temperature on the structure of

samples solvent-treated at 125�C for 60 s.
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ranges (Figure 8, 30�C) means that the majority of the
spherulites formed at close to the end of the crystalliza-
tion.[75] Spherulite sizes of samples dried above 70�C are
not presented because we could not peel the skin layer
off the surface of these samples.

3.4 | Surface wettability of the treated
samples

The untreated PP sheets showed CAadv and CAH of 102�

and 7�, respectively. The surface wettability results of the
solvent-treated samples, dried at 30�C and peeled, are
shown in Table 4.

On the treated PP samples, the increase in hydropho-
bicity (CAadv is above 150�) and the low CAH, (less than
5�) can be attributed to the micro-, and nanoscale surface
morphology, since the treatment does not affect the
chemical composition of the surface, only its morphol-
ogy. Due to the formation of the hierarchically structured
surface morphology, the surface has superhydrophobic
and water-repellent characteristics, which agrees with
other published studies.[25,26]

According to the heterogeneous wetting theories,
including the Wenzel and Cassie-Baxter state, the water
droplet on a surface of Cassie-Baxter state shows signifi-
cantly lower CAH than a surface in the Wenzel state due
to the presence of liquid–air and solid–air interfaces.[76]

Our results of the CA and surface morphology analy-
sis may indicate Cassie-Baxter's wetting mechanism of
the roughened surface created.

As was discussed previously, spherulite size on the
surface can be tuned by solvent temperature. Therefore,
we investigated the effect of spherulite size on wetting
properties. Changes in spherulite sizes did not cause a
significant difference in the CA due to the small change
in spherulite size. Thus, changes in solvent treatment
parameters do not affect the wetting behavior of the
surface.

The effect of drying temperatures on surface wettabil-
ity is presented in Table 5.

Drying temperature correlates more significantly with
surface wettability. The higher the drying temperature,
the lower CAadv is and the higher CAH is. Presumably,
the decreasing trend in CAadv and the increasing trend in
CAH are caused by the damage to the porous structure
during the peeling step. As the drying temperature
increased, the samples became more difficult to peel. The
surface of the sample dried at 70�C is shown in Figure 9.

We were able to remove the skin layer up to 70�C,
but there are many defects on the surface as the skin

TABLE 4 Contact angles measured on solvent-treated surfaces treated at 120, 125, and 130�C for 30, 60, 90, and 120 s.

Immersion time (s)

Solvent temperature (�C)

120 125 130

CAadv (�) CAH (�) CAadv (�) CAH (�) CAadv (�) CAH (�)

30 155.7 ± 4.6 2.9 ± 0.2 156.2 ± 0.4 0.9 ± 0.9 157.4 ± 0.6 1.7 ± 0.5

60 156.8 ± 2.3 2.6 ± 1.7 154.9 ± 1.2 1.1 ± 0.9 156.6 ± 1.1 2.3 ± 2.1

90 151.6 ± 2.3 1.8 ± 2.9 152.9 ± 1.2 1.9 ± 1.3 155.6 ± 1.1 1.4 ± 0.7

120 154.7 ± 1.1 2.5 ± 2.9 155.6 ± 1.2 3.6 ± 0.7 154.2 ± 2.4 0.9 ± 1.1

TABLE 5 Contact angles measured on surfaces solvent-treated

at 125�C for 60 s and dried at different temperatures.

Drying temperature (�C) CAadv (�) CAH (�)

30 154.9 ± 1.2 1.1 ± 0.9

50 142.8 ± 4.2 4.7 ± 3.7

70 137.4 ± 8.5 10 ± 6.3

FIGURE 9 SEM images of superhydrophobic sample solvent-

treated at 125�C for 60 s and dried at 70�C (the defects are shown

with black arrows).
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layer was difficult to peel. These defect points are marked
with black arrows in Figure 9.

3.5 | Effect of a nucleating agent

The previously discussed results show that the surface of
the extruded PP sheet can be made superhydrophobic
with our method. However, by changing the parameters
of the method, we cannot significantly alter surface wet-
tability. Thus, we investigated the effect of a nucleating
agent (ADK STAB NA-21 E) on micro-, and nanoscale
roughness. We used a solvent temperature of 125�C and

an immersion time of 60 s. To evaluate the changes in
spherulite size, we compared the surfaces of the treated
neat and treated nucleated samples by SEM images
(Figure 10). The nanoscale roughness of the spherulites
surfaces was determined with the use of AFM topograph-
ical images. Table 6 summarizes the main surface geome-
try parameters and CAadv of the nucleated and treated
samples. Nanoscale roughness is presented with its root
mean square (RMS).

Spherulite size decreased from 23.2 μm ± 5.5 μm
(neat PP) to 1.55 μm ± 0.21 μm for the sample with
500 ppm nucleating agent and 1.26 μm ± 0.15 for the
sample with 1000 ppm nucleating agent. Figure 10 shows
that spherulite sizes change slightly when the amount of
NA-21 E is increased from 500 to 1000 ppm NA-21 E
since the efficiency of NA-21 E reaches saturation around
500 ppm.[77] Table 6 also shows that NA-21 at and above
500 ppm reduces average spherulite size by about one
order of magnitude compared to non-nucleated PP.

In the presence of a heterogeneous nucleating agent,
the formation of a nucleus is more likely on the heteroge-
neous surface of the nucleating agent. Thus, the more
crystal nuclei are created by the nucleating agent, the
smaller the size of the forming spherulites is.[68]

The results indicate that the nucleating agent
reduced the size of spherulites significantly, but the

FIGURE 10 SEM images of

the PP surface nucleated with

ADK STAB NA-21 E and treated

at 125�C for 60 s. (A) containing

0 ppm (neat PP), (B) containing

50 ppm, (C) containing

500 ppm, and (D) containing

1000 ppm nucleating agent.

Magnification was 1000 � .

TABLE 6 Dependence of spherulite size, surface roughness,

and contact angle of nucleated PP on different concentrations of

nucleating agent.

Nucleating
agent
concentration
(ppm)

Spherulite
size (μm)

RMS of
nanoscale
roughness
(nm) CAadv (�)

0 23.20 ± 5.50 52 154.90 ± 1.2

50 3.37 ± 0.41 73 159.30 ± 4.2

500 1.55 ± 0.21 67 163.15 ± 1.2

1000 1.26 ± 0.15 - 163.00 ± 1.1
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nano-roughness analysis of the surfaces of the spheru-
lites did not show remarkable differences between nucle-
ated and non-nucleated samples (Table 6). The RMS of the
nano-roughness of nucleated samples is quite similar to
that of non-nucleated samples. The nano-roughness mea-
sured on the surface of the spherulites is a consequence of
the chain-folded lamellae forming the spherulites and the
solvent treatment conditions. Chain folding is affected by
various parameters, such as crystallization temperature,
chain regularity, molecular weight, and crystallization
time.[78] The thickness of the chain-folded lamella depends
inversely on the degree of supercooling. The similar nano-
scale roughness results may be the consequence of the
same treatment conditions.

Table 6 shows the effect of the nucleating agent on
the CAadv of the treated samples. The samples with a
spherulite size below 3 μm had a CAadv of more than
160�, indicating superhydrophobicity. The results sug-
gested that increased hydrophobicity was mainly caused
by the improved surface roughness as a result of the
reduction in spherulite size.

Table 7 shows the effect of treatment conditions on
the spherulite size of treated PP samples nucleated with
500 ppm nucleating agent.

The size of the spherulites on the surface of nucleated
samples is almost identical regardless of the solvent tem-
perature and the immersion time, contrary to the results
of the previously presented neat PP samples (Table 2). In
nucleated samples, the nucleus density and thus the sizes
of the spherulites are mainly determined by the concen-
tration of the nucleating agent and not by the processing
conditions. Our results suggest that the number of het-
erogeneous nuclei can be considered almost constant
after the solvent treatment, regardless of the values of the
treatment parameters, so crystal growth can start from
almost the same number of nuclei.

4 | CONCLUSION

We produced a hierarchically structured surface on
extruded PP sheets with the combination of crystalliza-
tion from a surface polymer gel layer and a skin layer

peeling step. The applied methodology is easy-to-use, and
scalable, therefore, it may easily be mass-produced. The
surface exhibited superhydrophobic characteristics
through the formed roughened texture. The optimization
of treatment parameters enables a CA higher than 155�

and CA hysteresis lower than 5�. We investigated the
effect of treatment parameters and the addition of a het-
erogeneous nucleating agent on the formation of the
structure. In non-nucleated samples, the temperature of
solvent treatment had a significant influence on surface
texture, while the solvent treatment time affects only of
the thickness of the skin and porous layer. In addition,
the temperature of drying also influenced the structure.
A higher drying temperature makes the skin layer more
difficult to remove—above 70�C we were not able to
remove it. With the addition of a nucleating agent, our
method makes it possible to control surface morphology
and to prepare superhydrophobic surfaces with an out-
standing CA (>160�) and designable spherulite sizes.
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