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Abstract: Cork, the bark of Quercus suber L., in addition to presenting several notable physical-
mechanical properties, possesses a distinctive look and feel that make it attractive for interior surfaces,
such as in furniture, wall paneling, or flooring. This work envisaged the development of a coating
based on cork granules, a subproduct from the wine stopper industry, capable of creating a smooth
surface similar to natural cork. In order to avoid the high rugosity that characterizes surfaces coated
with paints that incorporate cork granules, a new solution was developed, based on a foamed acrylic
binder, applied by knife coating. The foam formulation was successfully optimized, using appropriate
additives and resorting to mechanical agitation to promote the generation of air bubbles. The addition
of cork granules did not hinder foam stability, and the final coating displayed the intended visual
and sensory characteristics. Dynamic Mechanical Analysis was performed on the pristine acrylic
foam and on the composite foam showed a stiffening effect associated with the presence of cork
granules, and a thermal transition centered at around —10 °C, associated with the acrylic binder’s
glass transition. The surface has hardness slightly lower than cork, depending on the amount of
particles incorporated. Pull-off testing consistently resulted in substrate failure, indicating that the
coating’s cohesion and adhesion are excellent. The developed coating showed to have the intended
functionality while being easily applicable on flat panel surfaces. The fact that a foam is used as a
binder system allows for a smooth and soft surface, having excellent opacity with minimal usage
of cork.

Keywords: acrylic; foam; coating; cork; composite; DMA; surface characterization

1. Introduction

Thanks to its micro-alveolar structure, cork is a natural material, obtained from the
bark of Quercus suber L., with a unique combination of properties, such as low density,
elasticity, resilience, high grip, low thermal conductivity, and high acoustic insulation
and decoupling capacity [1,2]. In addition to remarkable technical performance, cork has
a visually pleasing appearance and distinctive softness to the touch. This makes it an
interesting choice for decorative surfaces.

Cork granules are an industrial byproduct of cork stopper manufacture. They are available
in different size ranges (sub-millimeter to a few millimeters) and are shaped as irregular 3D

Coatings 2022, 12, 732. https:/ /doi.org/10.3390/ coatings12060732

https:/ /www.mdpi.com/journal/coatings


https://doi.org/10.3390/coatings12060732
https://doi.org/10.3390/coatings12060732
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/coatings
https://www.mdpi.com
https://orcid.org/0000-0001-9878-8411
https://orcid.org/0000-0002-2659-1772
https://orcid.org/0000-0002-4447-4473
https://doi.org/10.3390/coatings12060732
https://www.mdpi.com/journal/coatings
https://www.mdpi.com/article/10.3390/coatings12060732?type=check_update&version=2

Coatings 2022, 12,732

20f12

particles. For a long time, the cork industry has been researching their possible applications,
many of which have turned into successful commercial products. Granule agglomeration with
a polymeric binder (often a polyurethane) is a common approach to producing value-added
products such as technical stoppers, panels, composite structures, 3D-molded objects, etc. [3,4].
Other possibilities include use as pollutant adsorbents and fillers for composite materials such
as mortar, concrete, rubber, thermoplastics, coatings, etc. [5-8].

Agglomerated cork panels can combine thermal and acoustic insulation with aes-
thetic function in interior architecture [9,10]. On the other hand, cork-based coatings,
which incorporate cork granules in waterborne sprayable paint, mostly serve a technical in-
sulation purpose [11]. The coated surfaces are rough and irregular, lacking the appearance
and feel of natural cork. Pigments are added to the dispersion to provide a range of colors.

Aqueous acrylic polymer dispersions are commonly used as binders in waterborne coat-
ings, providing a film-forming polymer matrix that encapsulates pigments and fillers, strong
adhesion to the substrate, and a sufficiently durable and mechanically resistant surface. They are
usually copolymers, combining different monomers in order to provide the appropriate physical-
mechanical properties, being synthesized by emulsion polymerization [12].

The goal of the present work was to develop a coating based on cork granules that
provides a smooth decorative surface, resembling natural cork both visually and to the
touch. The target substrates are wood-based panels typically used in furniture or wall pan-
eling, such as particleboard and dry-process fiberboard, such as medium-density fiberboard
(MDF) or high-density fiberboard (HDF). In order to avoid the coarse surface roughness
associated with the incorporation of cork granules, the binder of the coating system was a
foam based on a waterborne acrylic resin. Upon drying, the foam solidifies, embedding
the cork granules and yielding a soft and visually pleasing surface. The acrylic foam is
obtained by agitation-driven air incorporation and applied by knife coating, which is an
easily scalable process for application on flat surfaces.

2. Materials and Methods
2.1. Materials

Cork granules grade MF5 (particle diameters between 300 and 500 um), were provided
by Amorim Cork Composites (Moselos, Portugal). The acrylic resin used as the foam system
was NeoCryl XK-232 (DSM, Heerlen, The Netherlands), an anionic acrylic copolymer
waterborne emulsion with 43—45 wt.% solid content. Foam stabilization additives were:
H600 thickener (BYK), Afilan A01 surfactant (Archoma, Basel, Switzerland), Hostapur SAS
30 surfactant (Clariant, Muttenz, Switzerland), and Tubicoat SHM ammonium stearate
(CHT, Ttibingen, Germany). The high-density fiberboard (HDF) panels used as coating
substrate were provided by SONAE Arauco (Mangualde, Portugal)—3 mm thickness and
a density of 840 kg-m 3.

2.2. Coating Production

The coating production process adapted a procedure used in the textile industry
for coating fabric with a thin layer of polyurethane foam [13]. The foam is formed by
incorporating air in an aqueous polymer dispersion, without resorting to blowing agents.
Firstly, foam stabilization additives were added to the acrylic resin in a 2000 mL container.
The total mass of the formulation was always 300 g. Intense stirring was applied for 15 min
with a lab agitator equipped with a 3-blade propeller (60 mm diameter) at 1100 rpm to
promote the formation of air bubbles. The resulting liquid foam was then applied on the
substrate—high-density board (HDF) with 3 mm thickness—by the knife coating technique
using an in-house-made apparatus. The gap between the substrate and the blade was
3 mm. The coated HDF boards were then dried in an oven at 80 °C for 60 min, yielding
a rigid foam strongly adhered to the substrate. To produce the composite acrylic/cork
coating, the intended amount of cork granules was added to the acrylic resin prior to the
air incorporation step.
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2.3. Coating Characterization

Before the characterization, the test pieces were conditioned in a climatic chamber at
20 °C and 65% relative humidity.

Scanning electron microscopy was performed with a Phenom XL Scanning Electron
Microscope (SEM, Thermo Fisher Scientific, Waltham, MA, USA), using the backscattered
electron detector. The coating samples were removed from the substrate using a scalpel,
and broken under liquid nitrogen in order to cause fragile fracture, with minimum plastic
deformation of the foam at the fracture surface. Before analysis, the samples were sputtered
with a gold-palladium (Au-Pd) layer to ensure conductivity.

Dynamic mechanical analysis was performed on a DMA 242 E Artemis (Netzsch,
Selb, Germany). The heating rate was 2 °C-min~! and nitrogen flow was used to keep
an inert atmosphere inside the sample container. The measurements were performed
in compression mode on circular coating samples with a 12 mm diameter. A maximum
dynamic force of 6 N and a maximum strain amplitude of 30 pm were imposed.

Shore A surface hardness was measured with a HBA 100-0 durometer (Sauter,
Basel, Switzerland).

For evaluating the coatings’ impact resistance, a Neurtek impact tester (Neurtek,
Gipuzkoa, Spain) was used. It consists of an impact bolt with a 5 mm diameter steel
spherical ball mounted at one end, which is projected once against the surface under test
by the release of a compression spring. The spring compression force can be adjusted
continuously before release, from 0 to 90 N, by means of a force-setting barrel. The impact
resistance of the material under test is the maximum value of the spring force, in Newtons,
for which no damage occurs in a series of five strikes.

Abrasion resistance was measured with a rotary abrasion Taber 5135 tester (Taber
Industries, Tonawanda, NY, USA), with a 500 g supplementary load in each arm. The wheels
were covered with H18 sandpaper and fitted to the machine and the revolution counter was
set to zero. The coatings’ test pieces with dimensions 100 mm x 100 mm, were weighed
before and after 100 abrasion cycles, and the mass loss was recorded.

Adhesion strength was evaluated by pull-off adhesion testing according to the EN
311 standard, which specifies a method of assessing the surface soundness of overlaid
wood-based panels. This method determines the strength or quality of bonding between
the coating material and the underlying board. On a test piece of 50 mm x 50 mm,
a circular groove was cut through the coating material so that it just breaks through into
the underlying board. A steel mushroom-shaped dolly is then glued using a hot-melt
adhesive to the test piece and then placed in a gimbal mounted on a universal testing
device machine. A tensile force is applied at a constant speed so that failure occurs within
(60 4 30) s. The force at failure is recorded as well as the failure mode.

Thermal conductivity was measured according to the NP EN 12667:2012 standard,
using a Taurus TCA300 heat flow meter (Netzsch, Selb, Germany), which permits the
establishment of a constant and uniform unidirectional heat flow in homogeneous samples
with smooth and parallel faces. The coating samples had dimensions of 220 mm x 125 mm.

3. Results and Discussion
3.1. Coating Formulation

Obtaining a homogeneous solid foam from a waterborne acrylic dispersion implies
using appropriate additives. On one hand, the surface tension of the aqueous medium
must be reduced in order to allow the stabilization of the foam system. Surfactants are used
for this purpose. On the other hand, sufficiently high viscosity is important to promote
lower surface mobility, reducing liquid drainage and the rupture of the thin films that form
the air bubbles” walls. This can be achieved by adding rheology thickeners [14].

In our case, the following four additives were selected, based on previous experience
with the stabilization of foam systems based on aqueous polymer dispersions:

e  H600—hydrophobically modified nonionic polymer, an associative thickener for wa-
terborne paint formulations.
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Afilan A0l—amphoteric surfactant, a foaming and wetting agent.
Hostapur SAS 30—anionic surfactant, an emulsifier for emulsion polymerizations and
detergent formulations.

e  Tubicoat SHM—ammonium stearate, a foam stabilizer.

Initially, coatings were produced only with acrylic resin and additives, in order to
analyze the quality of the resulting solid foams. In this preliminary study, the additives
were combined additively as described in Table 1.

Table 1. Acrylic foam formulations. All values are the weight percentage of the total formulation.
Values in bold indicate changes relative to the previous formulation.

# H600 Afilan Hostapur Tubicoat

F1

F2

E3

F4
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Table 2 depicts the dry coatings formed on HDF surfaces. It must be noted that when
unstirred acrylic resin is applied on a surface, it forms a transparent continuous polymer
film upon water evaporation. An opaque white film is only obtained when the dry polymer
film entraps air bubbles. This is a consequence of light dispersion, due to the difference in
refraction indexes causing refraction at the air/polymer interfaces.

Formulation F1 contained only acrylic resin. Even so, opaque white sections are visible,
surrounded by transparent regions, indicating that air bubbles were sequestered in the dry
acrylic film. The surfactants originally present in the polymer dispersion provide some
stability to the air bubbles formed during stirring. That is the reason why waterborne
paint formulations demand antifoaming additives. However, the film obtained with F1
is very heterogeneous. Formulation F2 contains 1 wt.% of Afilan additive. The film is
still heterogeneous, with extensive regions where no foam is present. However, it must
be noted that the thickness of opaque regions is increased, indicating that a somewhat
more structured foam was produced. A much better result is obtained by combining Afilan
with H600 in formulation F3. The extension of the foamed region is now significantly
higher, thanks to the combination of a thickener with the surfactant. In F4, the amount
of the H600 was doubled, and in F5 the amount of Afilan was doubled, both in relation
to F3. The results are not significantly better in terms of surface homogeneity, with semi-
transparent regions still visible. F4 shows higher foam thickness, but the surface is very
heterogeneous. Formulation F3 was therefore adopted as reference for the ensuing tests,
which involved adding 1 wt.% of Hostapur, another surfactant. F6 shows a noticeable
improvement, with higher foam thickness and an apparent reduction in unfoamed regions.
The combination of surfactants of different natures is an often effective strategy for the
stabilization of aqueous systems. A further increase in Hostapur’s quantity, F7, does not
seem to provide any improvement, and thus F6 was considered the new reference. The last
steps, F8 to F12, involved the addition of increasing amounts of Tubicoat. Ammonium
stearate is well known as a foaming aid [15]. The addition of 1 wt.% and 2 wt.%, F8 and
F9, actually seems to have a detrimental effect in terms of foam thickness, but adding
4 wt.% and 8 wt.%, F10 and F11, yields very good results, with the substrate becoming
evenly covered with opaque acrylic foam. The best uniformity is obtained for F11. Further



Coatings 2022, 12,732

50f12

addition of Tubicoat leads to a wavy surface, due to foam collapse. F11 was thus assumed
as the final reference formulation.

Figure 1 shows the SEM images of the cross-sections of some of the foam formulations
to illustrate how the foam structure evolved with the optimization procedure.

Table 2. Photographic images of acrylic coating formulations applied on HDF surface. The values
underneath each formulation identifier represent the average foam thickness in mm (measured only
on the regions covered with foam) and the standard deviation of that measurement.

F10 F11
1.8+£0.1 23£03 23+£02
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Figure 1. SEM images of the cross-sections of acrylic coatings F3, F6, and F11. The coatings were
fractured under liquid nitrogen. Magnification: 300 x.
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Formulation F3, containing only a thickener and one of the surfactants, shows some
foam cells, but these are very heterogeneous in size and are surrounded by large regions of
compact polymer. This denotes that foam stabilization was not efficient. F6, with another
surfactant added, denotes a higher concentration of cells, but the sizes are still heteroge-
neous and they are surrounded by thick polymer regions. Finally, the optimized formu-
lation, F11, shows a well-formed open cell structure with thin polymer walls, uniformly
distributed throughout all material. This confirms the good quality of this formulation.

Solid particles constitute an impurity in a foam system, and their addition may sig-
nificantly hinder foam stability. It was therefore unknown how the previous formulations
would behave with cork granules present. The results are summarized in Table 3 for all
formulations, using a 1:10 cork to acrylic resin mass ratio. The evolution of the composite
coating quality as the formulations are improved is notorious. The best results are obtained
with F11 and F12, showing very smooth and homogeneous surfaces, and uniform foam
thickness. Formulation F12 actually yields a slightly thicker foam, indicating that the
particles’ presence actually reinforced the foam structure, counteracting the foam collapse
observed with the acrylic polymer alone. Nonetheless, formulation F11 was adopted as the
reference, considering that it uses a lower amount of ammonium stearate additive and that
the resulting coating is of very good quality.

Figure 2a shows a side view of the F11 coating. The uniformity of the surface mor-
phology and the coating thickness is evident. Lightly sanding the surface on an industrial
wide belt sanding machine (grit 80) provides, as seen in Figure 2b, a more matte surface,
with a visual look very similar to cork. The surface is warm and soft to the touch, also not
unlike a cork surface. The surface characterization tests presented below were performed
on sanded samples.

Figure 2. Photographic images of F11 composite coating applied on a 300 mm x 200 mm HDF
substrate: (a) after drying; (b) after sanding the surface and trimming the borders.

The internal morphology of the coating is shown in Figure 3. The lacy foam structure
previously depicted in Figure 1 is again visible. In addition, cork granules are clearly
visible throughout the foam, recognizable by their honeycomb-like cell structure [2]. It is
remarkable that these seem well embedded in the polymer, with no discernible interphase,
denoting that there is a very good affinity between the acrylic polymer and the cork surface.

Two additional formulations were tested, using different cork:resin mass ratios. A ratio
of 1:5, higher than the 1:10 value used in the previous formulations, resulted in the mixture
becoming very viscous, hindering application. This ratio was therefore abandoned. A 1:20
ratio yielded a coating visually very similar to the one obtained with the 1:10 ratio. These
two formulations are compared in the ensuing characterization tests.
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Table 3. Photographic images of composite acrylic/cork (cork:resin mass ratio = 1:10) applied
on HDF surface. The values underneath each formulation identifier represent the average foam
thickness in mm (measured only on the regions covered with foam) and the standard deviation of
that measurement.

1.1+£03 14+03 1.8 +0.1 1.9+0.1

1.8+0.1 1.9£0.1 22+01 23+£03

F11

22£01 23£03 23£01 25+£01
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Figure 3. SEM images of the cross-section of F11 composite coating. The coating was fractured under
liquid nitrogen. Red circles point out some of the cork granules present. Magnification: 300 x.

3.2. Coating Characterization

The acrylic foam and the cork-based composite were first subjected to dynamic me-
chanical analysis in order to evaluate the temperature dependence of their viscoelastic
responses. The measured values of storage modulus, E’, and dissipation factor, tan 6,
are shown in Figure 4. The composite always shows a higher modulus than the foam,
due to the stiffening effect caused by the addition of cork granules. For both materials,
the dissipation factor is always much lower than unity, for the entire temperature range,
indicating that both materials behave predominantly as elastic solids. Starting at about
—35 °C, there is a noticeable decrease in the storage modulus, which is associated with the
onset of the acrylic resin’s transition from a glassy to a rubbery state. This is accompanied
by a peak in the dissipation factor, with a maximum located at about —10 °C. The resin’s
manufacturer reports that it has a minimum film-forming temperature of 7 °C, which is
consistent with the glass transition temperature being slightly lower. Past the transition,
the modulus still decreases with temperature, but less significantly. The melting of suberin,
cork’s main component, occurs between 0 and 50 °C, and can often be detected in the DMA
of cork-based materials [16,17]. However, no such transition is visible in the composite’s
thermograms, indicating that the mechanical response is mostly provided by the acrylic
foam matrix.

The mechanical characterization of the composite coatings with 1:10 and 1:20 cork:resin
mass ratios is shown in Table 4.

Table 4. Coating characterization results.

Cork:Resin Surface Hardness/Shore Impact Re- Abrasion Resistance (Mass Adhesion Thermal

Mass Ratio a Scale sistance/N Loss after 100 Cycles)/g Strength/N-mm—2 Conductivity/W-m—1.K-1
1:10 51.8 £0.5 10 0.074 0.32* 0.0468 + 0.0001
1:20 46.5+ 0.6 10 0.022 0.28 * 0.0472 £+ 0.0003

* failure occurred in the substrate.
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Figure 4. DMA results for composite coating with and 1:10 cork:resin mass ratio. (a): storage modulus,
E’; (b): dissipation factor, tan J.

Surface hardness, measured on the Shore A scale with a durometer, was about 50 A.
The coating with a 1:10 cork:resin ratio yielded slightly higher hardness than the one with
1:20. This is expectable since cork’s hardness is 60 to 70 A. Increasing its incorporation,
therefore, contributes to increasing the coating’s hardness. Impact resistance was the same
for both coatings, with the force necessary to produce permanent visible damage being
10 N. Abrasion resistance, on the other hand, was better for the 1:20 ratio. This may be
related to the higher content of cork granules: under abrasive stress, the particles detach
from the surface, leading to higher mass loss. The pull-off adhesion tests yielded equivalent
results, since, in both cases, failure was observed to have occurred entirely at the HDF
substrate, and not within the coating or at the coating/HDF interphase, as seen in Figure 5.
This shows that the coatings’ cohesion and adhesion are excellent. The thermal conductivity
was low and very similar for both formulations. This shows that the composite made of
acrylic foam and cork granules has thermal insulation performance very similar to natural
cork, which has thermal conductivity around 0.045 W-m~1.K1[2].
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Figure 5. Photographic image of coated samples after adhesion testing, for the formulation with a
1:10 cork:resin mass ratio. The HDF substrate is visible in the circular areas where the coating was
pulled off.

4. Conclusions
The main outcomes and conclusions from this work can be summarized as follows:

e  Anacrylic foam, applicable by knife coating, was successfully formulated. The foam
was obtained by generating air bubbles through intense agitation, without the use
of blowing agents. Finding a suitable combination of thickener and surfactants was
shown to be essential to ensure foam stability, yielding a homogeneously well-formed
open cell structure upon drying. To the best of our knowledge, this is the first time
that a solid foam has been produced from a waterborne acrylic dispersion.

e By adding cork granules, a sub-product from the wine stopper industry, to the liquid
acrylic foam formulation, a homogeneous coating was obtained, resembling natural
cork in both appearance and feel.

e The coatings’ Shore hardness was about 50 A, slightly lower than natural cork.
Increasing the cork content causes the surface hardness to increase.

e Abrasion resistance was shown to decrease when the cork content is increased,
probably due to the removal of the cork granules from the surface during the test.
Future work will focus on optimizing the cork:resin ratio, in order to obtain a good
combination of hardness and abrasion resistance performances.

e  The coatings showed excellent cohesion and adhesion to an HDF substrate. All pull-off
tests displayed substrate failure.

e  The thermal conductivity of the composite coatings is similar to that of natural cork,
indicating that they possess good thermal insulation performance.

The unique characteristics of this coating make it an interesting option for decorative
interior panels, at a fraction of the cost of having the surfaces covered with bulk cork,
and without the coarse roughness associated with non-foam coatings containing cork
granules. The performance of the coating in terms of sound absorption will be evaluated in
future work, since this may be an additional property of interest.
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