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ABSTRACT
New processing routes and materials for non-biocidal, antifouling (AF) coatings with an
improved performance are currently much sought after for a range of marine applications. Here,
the processing, physical properties and marine AF performance of a fluorinated coating based
on a thermoplastic (non-crosslinked) fluorinated polymer are reported. It was found that the
addition of lubricating oil and hydrodynamic drag reducing microstructures improved the AF
properties substantially, i.e. the settlement of a marine biofilm, containing mixed microalgae
including diatoms, was reduced to low levels. More importantly, the remaining fouling was
removed from the coatings at low hydrodynamic shear rates and promising AF properties were
obtained. Moreover, additional potential benefits were revealed originating from the thermo-
plastic nature of the coating material which might result in significant cost reductions.
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Introduction

The accumulation of biological organisms on surfaces,
referred to as biofouling, is a widespread problem with
impacts in multiple sectors (Schultz 2007; Harding and
Reynolds 2014; Deshpande et al. 2015; Jiang et al.
2017). Marine biofouling has a substantial economic
impact and, for instance, increases fuel consumption
and costs for the shipping industry (Schultz 2007;
Schultz et al. 2011). Conventional coatings for marine
anti-biofouling are based on biocidal technologies and
their use results in extensive release of toxic and bio-
accumulative compounds into the marine environment
and eventually the food chain (Konstantinou and
Albanis 2004; Thomas and Brooks 2010; Dafforn et al.
2011). There is therefore a need for novel, effective
and non-toxic coatings to replace biocidal antifouling
(AF) coatings (Lejars et al. 2012; Nurioglu et al. 2015).

Recently, oil-infused crosslinked polymers have
shown promise in this regard (Boggs et al. 2012; Xiao
et al. 2013; Miserez et al. 2017; Kommeren et al.
2019). In these systems, crosslinked synthetic poly-
mers based on fluoropolymers or polydimethylsilox-
anes (PDMS) are used with a large volume fraction of

oligomeric species, lubricants and/or oils. A thin
liquid layer is generated on the material surface and
the lubricant diffuses from the coating to the water
interface and this liquid layer is replenished as it
becomes depleted. These coatings are capable of
repelling a range of contaminants including ice,
blood, and bacteria, and have proven highly effective
in resisting bacterial adhesion under both static and
flow conditions (Wong et al. 2011; Xiao et al. 2013;
Yao et al. 2014; He et al. 2018).

The ability to further tailor AF properties with
surface relief structures in lubricant infused coatings
potentially further expands the functionality and
applications of these coatings. For example, the imple-
mentation of surface relief structures in crosslinked
fluoropolymers increases control over wettability and
influences cellular adhesion in application areas such
as AF coatings (Yao et al. 2014). These surfaces have
the capability to repel a wide variety of liquids,
including water, hydrocarbons, crude oil or blood,
using a combination of surface topographies.

Despite the enormous progress in the field of non-
toxic AF coatings it is still challenging to create new
low cost materials and processing routes that
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allow tailoring of the AF properties for improved
performance. As a proof of concept, a new fluorinated,
non-biocidal and non-crosslinked polymer containing
a lubricant was investigated with a special emphasis
on coatings containing hydrodynamic drag reducing
structures. The thermoplastic nature of these coatings
reduces materials and processing cost which might be
an important feature for their widespread use. More
importantly, it is shown that these thermoplastic coat-
ings have a low settlement of marine biofilm (com-
prising of mixed microalgae, including diatoms) and
that the marine biofilm is easily removed at low
hydrodynamic shear rates. These excellent AF proper-
ties combined with stable microstructures via a simple
embossing process make it beneficial in, for instance,
shipping applications.

Materials and methods

Materials

A thermoplastic elastomer (TPE) was used (polyvinyli-
denefluoride hexafluoropropylene (P(VDF-HFP),
TecnoflonVR N215) which was supplied by Solvay SA
and which is referred to by the supplier as a fluoroelas-
tomer copolymer. The TPE was tested via multiple
techniques (XRMA, GC-MS, GPC and NMR) for toxic
species and these were not found. The lubricant,
a perfluorinated polyether (PFPE, Fluorolink E10/6) was
also kindly supplied by Solvay SA. A perfluorinated
copolymer (fluorinated ethylene propylene copolymer
(FEP, TEFLONVR FEP 100)) was purchased from Du
Pont de Nemours Nederland B.V. The solvent, methyl
isobutyl ketone (MIBK) was purchased from Acros
Organics and methyl ethyl ketone (MEK) was purchased
from Biosolve B.V. An adhesion promoting acrylic
basecoat (experimental material XX/04901, a copolymer
comprising of methyl methacrylate, lauryl methacrylate
and 3-(trimethoxysilyl)propylmethacrylate), a commer-
cial fluoropolymer, a non-biocidal marine fouling release
coating (IntersleekVR 1100SR), and polydimethylsiloxane
(PDMS) were all supplied by Akzo Nobel N.V.

Preparation of TPE samples

Glass microscope slides were abraded (grit 150) and
cleaned by sonication (in acetone, 15min) and

subsequently they were treated by UV-ozone in a
photoreactor (Ultra Violet Products, PR100, 20min).
In order to aid adhesion, the substrates were first
coated with an adhesion promoting acrylic basecoat
using a doctor blade method with a slit height of
140 mm. An intermediate layer consisting of p(VDF-
HFP) (30wt%, dissolved in a 1:4 mixture of MEK and
MIBK) was applied to aid adhesion between the AF
finish coat and the basecoat. The AF coating was then
applied, consisting of p(VDF-HFP) (30wt%) and the
lubricant PFPE (3wt%, Solvay) dissolved in a 1:4 mix-
ture of MEK and MIBK. Both of the TPE solutions
were applied using a doctor blade method with a slit
height of 630 mm. A schematic representation of the
multilayer samples is shown in Figure 1.

A brass master mould (20� 20mm), which was
micro-machined with a triangular diamond cutter, was
made by the Equipment & Prototyping Centre of the

Figure 1. Schematic representation of the coating scheme used for micro-structuring with drag reducing micro-structures and
antifouling testing.

Figure 2. (A) Photograph of the master mould. (B) SEM image of
the master mould surface. (C) Surface profile of the master mould
(measured using a stylus profiler). (D) Photograph of an embossed
TPE sample (dashed blue lines indicate the embossed area).
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University of Technology Eindhoven (Figure 2(A–C)).
The trapezoidal grooves were based on the microstruc-
tures used in previous studies that showed drag reduc-
tion in comparison to flat surfaces (Bechert et al. 2000;
Stenzel et al. 2011; Benschop et al. 2018). The direct
use of the brass master resulted in adhesion issues and
therefore the brass master was used to create an
inverse (negative) copy of the microstructures in FEP.
This FEP mould was created by mechanical embossing
of the brass master in FEP sheets with a thickness
of 10mm. The master mould was placed on top
of the FEP and the stack was heated to 270 �C in
a mechanical embossing apparatus (Tribotrak, DACA).
A load of 3 kg was applied on the stack for 2min and
subsequently the stack was cooled down to room
temperature and the brass master was removed.
The resulting negative FEP mould was used for
thermal embossing of the positive hydrodynamic drag
reduction structure in the TPE coating. As illustrated
in Figure 3, the same embossing procedure was used at
a temperature of 100 �C to create a micro-structured
surface (25� 25mm) in the centre of the substrates
(Figure 2(D)). An overview of the different materials
and coating techniques is presented in Table 1.

Preparation of IntersleekVR 1100SR and
PDMS samples

Six replicate samples of IntersleekVR 1100SR as a positive
performance control coating and a pigmented polydime-
thylsiloxane (PDMS) elastomer as a negative or reference
coating were applied to 76mm � 25mm � 2mm PVC
slides. All the PVC slides were cleaned by wiping with
xylene before application of IntershieldVR 300 as a primer

coat followed by IntersleekVR 731 as a tie coat. The primer
and tie coats were prepared in accordance with the man-
ufacturer’s instructions (www.international-marine.com)
and applied by a small foam roller, the primer was cured
for 24 h at 18 �C before the tie coat was applied followed
by a further 24 h at 18 �C before the top coats of
IntersleekVR 1100SR and PDMS were applied. The
IntersleekVR 1100SR was prepared in accordance with the
manufacturer’s instructions (www.international-marine.
com) and applied using a synthetic brush. For the pig-
mented PDMS elastomer coating, DOW CORNINGVR 3-
0213 was used to which titanium dioxide (TIOXIDE
TR92) and iron oxide (BAYFERROX BLACK 318M)
were added so as to match the grey colour of the
IntersleekVR 1100SR. The pigments were incorporated by
mixing with a High Shear Disperser (HSD) mounted
with an impeller blade. Before being applied by a syn-
thetic brush a crosslinker (Wacker TES 40) and catalyst
were added (TIB KAT 216) and hand mixed with a pallet
knife.

Characterization

The brass master mould surface profile was measured
using a stylus profiler (Dektak XT, Bruker) using
a 2mm radius stylus tip. The cross sections of TPE
riblet surface structures were analysed using scanning
electron microscopy (JSM-IT100, JEOL). To prepare
the samples the TPE riblet surface structures were
cooled in liquid nitrogen and cut with a razor blade
in order to create cross sections. The cross sections
were placed on aluminium stubs covered with carbon
tape and sputter coated with a gold target at 60mA
for 30 s. These measurements were repeated in time

Figure 3. Schematic representation of embossing process: (1) Making a stack of the FEP mould and the TPE coated substrate and
heating to 100 �C. (2) Applying a load on the stack for 2min. (3) Cooling down to room temperature and removal of the FEP
mould from the multilayer antifouling substrate.

Table 1. Name, description and the application process for the different coatings.
Name Coating description Application process

TPE smooth Thermoplastic fluorinated co-polymer (flat) Doctorblade coating
TPE with lubricant smooth Thermoplastic fluorinated co-polymer with PFPE lubricant (flat) Doctorblade coating
TPE with lubricant and riblets Thermoplastic fluorinated co-polymer with PFPE lubricant

(with micro-structured surface)
Doctorblade coating

IntersleekVR 1100SR Commercial fluoropolymer foul release coating Brush
PDMS Polydimethylsiloxane Brush
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on multiple embossed samples, all kept under
static laboratory condition (room temperature, in air,
no illumination) to obtain the geometric data for
a stability assay. Tensile tests were performed on
a Lloyd EZ20 tensile tester (Lloyd Instruments) at
room temperature using a 500N load cell and a speed
of 10mm min�1. Typically, a strip was stretched
following a strain cycle starting at 0% strain, increas-
ing to a strain of 100% and decreasing the strain
again to 0%. Tensile bars were made from the TPE
and a PDMS reference (Sylgard 184, Dow) according
to ISO 527-2 (Type 5B, Gauge length 12mm).

Biofilm growth and release testing

In order to evaluate the fouling-control performance,
surfaces were tested in a biofilm culturing reactor,
informally known as the ‘slime farm’ (Longyear 2014).
The culture system is regularly inoculated by fresh
biofilm, in this case, collected from non-toxic
panels immersed (2–3months) in the Raffles Marina in
Singapore. Before the samples were transferred to the
culturing reactor they were leached for three weeks
in a 48L tank. This tank was connected to a carbon
filter with a turnover of 132 times h�1 running for
8 h day�1. The biofilm culturing reactor consists of a
recirculating artificial seawater system (temperature
22± 2 �C, salinity 33± 1 psu, pH 8.2 ± 0.2) into which
a culture of microorganisms (mixed microalgae,
including diatoms) was introduced. Under controlled
hydrodynamic and environmental conditions marine
biofilms are cultivated and subsequently grown on
coated test surfaces. Five different coating types were
assessed (Table 1). Samples were placed into the sys-
tem for 75days to allow biofilm growth on the surface
(six glass or PVC slides for each coating type). After
75days the samples were removed and tested
for biofilm release in a variable-speed hydrodynamic
flow-cell (Politis et al. 2009). The fouled microscope

slides were installed in the flow cell and fully turbulent
seawater was passed along the surfaces as described in
the literature (Ventura et al. 2017; Benschop et al.
2018). The water velocity was incrementally increased
from zero to 4.1m s�1 (1.5, 2.1, 2.6, 3.1, 3.6 and
4.1ms�1), while remaining constant at each speed for
1min. The slides were imaged with a digital camera
(Powershot G1 X, Canon) before each speed increment
and the amount of biofilm remaining on the surface as
a percentage of the total area (% cover) was evaluated
using image analysis software (Schneider et al. 2012). The
percentage cover of biofilm was averaged across the six
replicate slides and the mean percentage cover was com-
pared between surfaces at each speed using ANOVA.

Results

Flat films without a microstructure were produced
based on a thermoplastic elastomer (TPE) without
lubricants. The mechanical performance of this
material was compared with crosslinked PDMS. In
Figure 4, it is shown that the Young’s modulus of these
materials was close to identical (PDMS: 1.4± 0.2MPa;
TPE: 2.0± 0.2MPa) and the value for PDMS corre-
sponds with previously reported moduli (Johnston et al.
2014). The PDMS sample exhibited a high degree of
strain hardening and a high tensile strength, in contrast
to the thermoplastic fluorinated copolymer. Moreover,
the PDMS samples had a low tension set (<1%) and
this in contrast to the TPE samples (32%). The low
degree of strain hardening and the high tension set of
the fluorinated copolymer is typical for thermoplastic
and non-crosslinked systems and potentially has
consequences for the properties of the coatings.

A polymeric master based on FEP was produced
from a metallic original, as described in the materials
and methods section. This FEP master had the inverse
(negative) structure of the desired micro-structure for
hydrodynamic drag reduction. Typically, the thermal
embossing or imprinting of this microstructure was
performed in the melt of the thermoplastic rubber
and below the melting temperature of the polymeric
(FEP) master and the sample was quenched to room
temperature before release from the mould. The
use of a perfluorinated master based on FEP was bene-
ficial from a mould release point of view. The direct
use of a metallic master resulted in strong adhesion
between the master and the polymer which was
circumvented by creating an intermediate FEP master.
Micro-structures for hydrodynamic drag reduction
were embossed in the coatings and typical examples
of the original and the reproductions are shown

Figure 4. Stress–strain curves of PDMS and the thermoplastic
elastomer (TPE). The solid lines shows stress under increasing
strain, the dashed lines show stress under decreasing strain.
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in Figure 5. It is shown that the microstructures were
accurately reproduced in both the FEP master and in
the AF coatings. A limited set of data was generated to
explore the stability of the microstructures. In Figure 6,
the height and top angle of the microstructures are
plotted as a function of time. It is shown that the
micro-structures did not change within the timescale
of the experiments in TPE coatings with and without
lubricants.

Before the samples were moved into the bio
culturing reactor they were all leached as described in
the materials and methods section. The biofilm growth
on the samples at 0 flow rate was tested and significant
variation was found (ANOVA, F(4,24)¼ 7.301,
p¼ 0.0005). The results are shown in Figure 7 (top
row). It is shown that IntersleekVR 1100SR, PDMS and
the TPE without lubricant all had a high settlement.
The addition of a lubricant to the TPE coatings
reduced the settlement of biofilm quite significantly as
is shown in the two most right columns in Figure 7. It
seems that the settlement of marine biofilm on these
coatings was low in comparison with all the reference
samples, which is a rather unexpected result that is
discussed in more detail later.

The adhesion strength of the marine biofilm was
tested under dynamic conditions at an increasing
water velocity to establish the influence of hydro-
dynamic shear rate. In Figure 7, it is shown that the
commercial, non-biocidal coating (IntersleekVR

1100SR) performed well, e.g. the initial settlement
of marine biofilm was removed almost completely
at moderate water velocity. The PDMS and TPE coat-
ing without lubricant, with a high initial settlement
of marine biofilm, exhibited a poor performance
with increasing hydrodynamic drag. The settlement
of marine biofilm remained high up to high water
velocity. The smooth TPE coating with lubricant
outperformed the IntersleekVR 1100SR coating at low
water velocity, but had a higher final biofilm
coverage. Whereas, the TPE coating with lubricant
and riblets appeared to outperform all the other
reference samples. The initial settlement in static
conditions was already low and was rapidly removed
from the materials at low water velocity.

The above-described observations were further
quantified as described in the experimental section
and the results are shown in Figure 8. In agreement
with the results in Figure 7 it was found that, on

Figure 5. SEM images of the riblet surface in the FEP mould (left) and the TPE copy (right).

Figure 6. The height (left) and the top angle (right) of the riblet structures vs time for TPE coated samples with and with-
out lubricant.
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average, the TPE coatings with lubricants outper-
formed all the reference samples in both static and
low water velocity conditions. Moreover, it is also
shown that microstructures for hydrodynamic drag
reduction on average improved the performance even
more, which is surprising in view of the previous
literature (Benschop et al. 2018). However, when
ANOVA was used to compare the biofilm coverage of
the coatings, not all results proved significant. When
comparing all coatings there is a significant difference
at all water velocities. This was caused by the large
difference between PDMS and TPE compared
with IntersleekVR 1100SR and the TPE coatings
with lubricant, for example at 2.1m s�1 (ANOVA,

F(4,24)¼ 38.614, p< 0.0005). When the TPE coatings
with lubricant were compared with IntersleekVR

1100SR significant variation was only found at the
final water velocity (ANOVA, F(2,14)¼ 5.830,
p¼ 0.014). Moreover, this variation was caused by
a significant effect of the riblets. This becomes clear
when comparing the TPE coatings with lubricant
at the final water velocity (ANOVA, F(1,9)¼ 8.433,
p¼ 0.017). The results in Figure 8 were obtained
using images of the whole sample. However,
the samples with riblets were only partially embossed
(see Figure 7). As a consequence, the real fouling
release (FR) properties are probably better than the
results presented in Figure 8.

Figure 7. Photographs of the biofilm removal assays under increasing flow conditions (0–4.1m s�1). Only the embossed
samples had a relief structure in the centre indicated by the blue lines (TPE with lubricant and riblets). Please note that
the TPE samples are transparent, resulting in visibility of the clamping system holding the samples (the 5–6 rounded rectangles).
The embossed structures are too small to see in the assay pictures.

Figure 8. The mean percentage biofilm cover (±SE) as a function of water velocity. N¼ 5 for the TPE with lubricant smooth
coating; for all other coatings N¼ 6.
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Discussion

Conventional non-biocidal FR coatings for a marine
environment are usually based on crosslinked fluoro-
polymers or crosslinked PDMS-like materials with or
without lubricants (Lejars et al. 2012). In specific cases,
surface relief structures are employed to enhance the
FR properties or to reduce hydrodynamic drag (Yao
et al. 2014; Benschop et al. 2018). Unfortunately, the
material cost of such coatings is quite high and the
generation of surface relief structures is laborious and
difficult to scale-up due to the crosslinked nature of
these coatings. Processes to generate such surface relief
structures have been developed but involve complex
and costly mask exposures, etching procedures and/or
dedicated equipment for simultaneous ultra-violet light
curing and surface structuring (Stenzel et al. 2010;
Stenzel et al. 2011; Kordy 2015; Kommeren et al. 2016;
Kommeren et al. 2019).

Thermoplastic (and non-crosslinked) polymers are
often preferred from a material and processing cost
point of view which is often related to their lower
cost and ease of processing. Thermoplastic materials
do not require complex curing cycles and surface
relief structures can be generated with high speed
thermal processes such as imprinting/embossing, cal-
endaring and/or injection moulding. Therefore, it was
decided to use these thermoplastic materials as the
materials of choice for this study.

A few critical remarks are appropriate with respect to
the results presented above. Firstly, the transfer of the
samples from the recirculating artificial seawater system
to the controlled hydrodynamic shear environment in
some cases introduced a loss in fouling which was
induced by the flow of water upon transfer.
Consequently, the data points in Figure 8 at zero water
velocity might have experienced a (very low) water vel-
ocity and should be slightly shifted to a little bit above
zero water velocity. On the other hand, this hardly
changes the main observations in this study and this was
therefore ignored. Secondly, this study was limited to a
single thermoplastic elastomer and a single lubricant
which was added in a single weight fraction (10wt%). A
further optimisation of the coatings with respect to the
chemical structure of the TPE, lubricant and weight frac-
tions would potentially result in further improvements
of these coatings in marine AF. Thirdly, a limited set of
data was presented concerning the long term stability of
the coatings and more extensive studies need to be per-
formed on large scale vessels to further establish their
practical applications and limitations. Fourthly, the sam-
ples had only been partially embossed which could result
in edge effects on the boundary of the embossed area.

However, when looking closely at the boundary region
in Figure 7 no such effect is seen. The release of biofilm
seems to be similarly spread when compared to the ref-
erence samples. Finally, the TPE with lubricant and a
micro-structure on average exhibited an improved per-
formance in comparison to their flat and lubricant free
counterparts. This rather unexpected result seems to
contradict another study which was performed on modi-
fied IntersleekVR 1100SR (Benschop et al. 2018) in which
hardly any influence of the hydrodynamic shear reduc-
ing structures was observed. At present, the origin of
this phenomenon is obscure and therefore no specula-
tion has been made on this. Despite the rather obvious
limitations described above, it is believed that the results
of this study are relevant for practical applications in a
marine environment.

Conclusions

Thermoplastic elastomers (TPEs) were used as AF
coatings in a marine environment and it was found
that these showed a promising performance both in
static and dynamic conditions. Moreover, the FR per-
formance is at least comparable to IntersleekVR 1100SR
and more experiments are necessary to strengthen the
significance of the trends seen in the biofilm coverage
means, in particular with regard to the potential bene-
ficial effect of the riblets on the AF performance. It is
anticipated that these coatings have significant cost
advantages compared to their crosslinked counterparts
and are potentially useful in a marine environment,
especially in hydrodynamic shear applications such as
marine vessels.
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