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Abstract:

Wood is known as a sustainable material with several advantageous for various applications. One
restrictive factor for wider use is the sensitivity of wood to weathering factors. The effects of coatings on
Scots pine wood, after treatment and accelerated weathering and freeze - thaw cycles, were examined in
this study. The studied coating materials were made from combinations of hydrated magnesium compounds
with hydrated minerals and a combination of polymineral fire retardant with sulfonated graphene. The
adhesion properties were measured by the tape method, and the results were calculated with the Python
Programming Language. We found that each coating had an individual adhesion feature on wood and
differing resistance to the stresses of weathering and freeze - thaw cycles. Weathering stress could be
eliminated to a certain degree, but the influence of freeze - thaw cycles on the coating’s adhesion was high,
indicating the large effect of moisture on the coating.
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INTRODUCTION

Wood is a widely accepted natural material for many applications, due to its sustainable
characteristics, which can help to meet the requirements raised by environmental concerns. Wood
characteristics, such as, renewability, biodegradability and carbon sequestration are generally accepted as
good for the environment (Risbrudt 2013). In addition to the sustainable advantages, its characteristics
contribute to its use as a structural material. Its properties include, also, good insulation, high ratio of
strength to weight, low heat and electrical conductivity, a high level of sound absorption, and ease of
processing. Despite several advantageous features, wood also has some inherent properties that restrict its
use in construction. For example, wood is stressed in outdoor applications by environmental degradation,
which leads to undesired outcomes such as discoloration and other surface damage, especially in yard
constructions, which is reflected as a grey, cracked, and rough surface (Evans 2013). Also, under a specific
temperature and moisture conditions, biological organisms may attack wood and degrade its quality (Ibach
2013). Wood is also susceptible to fire, but solid wood also chars evenly at a speed of about 0.8 mm/min per
minute in standard fire exposure (Fonseca and Barreira 2011), which ensures the structural integrity of wood
material.

Wood can be blended into various products, such as engineered wood products (plywood, orientated
strandboard (OSB), glulam, cross-laminated timber (CLT), and laminated veneer lumber (LVL)), which can
be used in construction, as well as in furniture and artworks (Brandner et al. 2016, Jakes et al. 2016). Due to
the various applications and the development of wood products, the market outlook is positive. Wood
competes with other materials, such as metals, ceramics, and polymers to meet the needs of modern
society. Selecting the correct material, for example, for construction, can be challenging and the economic
perspective can be the deciding factor. Other factors for the selection of construction materials include, in
addition, the type of building, design, and ecological impact. Different mathematical models help to enable a
rational selection of the most appropriate material. Wood is often called an “environmentally friendly material”
because it, as a durable material, can reduce carbon emissions during the manufacturing process, and the
energy loss is considerably lower compared to metal and concrete (Kuzman and GroSelj 2012, Nassén et al.

* Corresponding author


mailto:ville.lahtela@lut.fi
mailto:daria.zhgut@lut.fi
mailto:timo.karki@lut.fi

PRO LIGNO

www.proligno.ro

ONLINE ISSN 2069-7430
ISSN-L 1841-4737

Vol. 18 N°1 2022
pp. 3-8

2012). The arguments in support of slogan for environmentally friendly characteristics are presented in Table
1, and we can see the advantages of wood on water and air quality, for instance. In addition, energy usage is
less for wood production; concrete consumed twice as much energy as metal during the construction

process.

Table 1
The environmental impacts of metal and concrete (Nassén et al. 2012)
Embodied Climate .Negat|ve _Negatlve Resources Waste
ener impact impact on impact on consumed roduced
gy P air quality water by weight P
Metal +53% +23% +74% +247% +14% -21%
Concrete +120% +50% +115% +114% +93% +37%

As stated, the application of wood in building construction can decrease the carbon footprint, but
factors that restrict wood use are, e.g., its ignitability and weathering vulnerability. The solutions to fire
sensitivity are classification for materials and standards. For example, construction materials can be
classified into five categories. The first and second categories are fire-resistant construction (Type I) and
noncombustible construction (Type IlI), respectively, with a limit for usage of combustible materials as in
construction. The selection of wood for building purposes can be permitted only by the Type Il (ordinary),
Type IV (heavy timber), and Type V (light-frame), and fire-retardant-treated (FRT) wood is allowed in Type I
assemblies when a rating of the fire resistance level is two hours or less (White and Dietenberger 2010).
These standards also help to meet the demand for wood as a construction material. For example, “Fire
Safety in Timber Buildings — Technical Guidelines for Europe” presents standards that should be followed by
European countries (Ostman et al. 2017).

Even though fire resistance has been standardized, the weathering vulnerability is a more open
feature that does not have a universal solution. Weathering is defined as the outdoor and above ground
degradation of materials, which depends on many environmental factors such as moisture, temperature,
oxygen, and air pollutants; however, the main factor for it is solar radiation, and especially UV-light (Hon
2001). One certain solution to improve resistance against weathering stress is to use a coating, including
chemicals, such as anhydrides, isocyanates, silicon dioxide, aldehydes, and epoxides, which are the most
common for coating (Gérardin 2016). Another option is ceramic and polymeric coating, which can prevent
detrimental environmental effects on wood.

OBJECTIVE

The main aim of this work is to discern the most suitable and effective types of wood coating,
contributing wood use. The performance of wood coating was evaluated by measuring the adherence of the
coated samples, including changes in its adhesion characteristics caused by moisture, UV irradiation, and
other weather conditions.

METHOD

Three coatings were studied in this work. Scots pine wood (Pinus sylvestris) was coated by two
ceramic coatings and one polymeric coating, consisting of the combinations of hydrated magnesium
compounds with hydrated minerals (ceramic coatings) and the combination of polymineral fire-retardant with
an aqueous solution of sulfonated graphene (polymeric coating). Samples originated from same Scots pine
panel and the coated materials were treated by brushing. Samples were cut from the coated materials and
the noncoated cross-ends of the samples were treated with epoxy, in order to avoid disturbance from
moisture. After epoxy treatment, the samples were dried for three days and conditioned at 23°C and 50%
relative humidity for over 48 h. There were 36 wood samples, 12 samples for each type of coating and six
samples each were used for weathering and cycling.

Weathering performance was simulated by an accelerated weathering test in a test chamber (Q-Sun
Xe-3 Xenon Test Chamber) for 500 hours. The simulation procedure consisted of intervals of UV-light and
water spray, according to the standard of EN 1SO 4892-2.

The cycling test determines the effect of freeze - thaw cycles where samples are exposed to a water
bath, a freezing cabinet (Electrolux, EC4230A0W2/BNI425), and a drying cabinet (Gallenkamp, Hotbox Oven
with fan, Size 2), based on the standard of EN 15534-1:2017 + A1:2017. The test samples were conditioned
to a constant mass under established conditions (20°C and RH 65%) before the test. First, the samples were
exposed to water immersion for 28 days, followed by 24 hours freezing, and then, 72 hours drying in the
cabinet at 70°C. After drying, the samples were cooled at 20°C for four hours and the next (second and third)
cycles were performed. The second and third cycles were identical to the first one, but the duration of water
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immersion was 72h. The positions of samples were identical in the first and third test during each cycle, but
in the second cycle, the samples were set on their opposite edge, ensuring the varied exposure of the
sample material.

The adherence of the coatings was determined based on the tape method that included three main
steps with commercial flexible transparent adhesive tapes of 40 mm: 1) the adhesive tape was placed on the
upper surface of the sample; 2) firm pressure was applied (the whole area of connection was pressed down);
3) the tape was removed perpendicularly. The evaluation of the coatings’ adhesive strength was performed
by examining the tape on at selected background, based on the contrast with coating residues. At black
background was used for the ceramic coatings, while the polymeric coating was evaluated on a white
background. The evaluation of coating residue was determined according to the ISO 4628-1. The tape
method was performed twice, before and after the adherence/stress tests. The results of the coating
residues were determined by calculation with Python Programming Language, where the black/white images
of tapes were used as a code input, and the code assigned a fraction for each pixel of the picture. The
threshold for determining the spots of coatings was also established and varied from 0.8 to 0.85 depending
on the obtained image.

RESULTS&DISCUSSION

The results for the adherence of the ceramic and polymeric coatings are presented below in Tables 2
and 3. The control samples were not subjected to cycling and weathering tests, indicating the adherence of
coatings before various weathering stresses and after accelerated weathering and freeze - thaw cycles. The
results of the tape method showed “flaking”, the coating separation from the substrate. The flaking results
are presented in Table 2, indicating the percentage of coating on the tape.

Table 2
Remained coatings (%) on the tape of control and weather-stressed samples as an average value
from six samples, with standard deviations (%)

Control, flaking before Flaking after Flaking after freeze-
; accelerated
weathering stress : thaw cycles
weathering
Ceramic-1 8.17 / +8.89 36.2/+12.7 49.7 | £7.84
Ceramic-2 0.83/+1.17 6.50 / +5.24 49.8 /+£19.3
Polymeric 1.00/+0.63 25.2/+7.73 6.83/+2.14

The average result of coating residue (flaking) with control samples on tape were 8.17%, 0.83%, and
1.00% for the ceramic coatings 1 and 2, and polymeric coating, respectively. The results showed that the
ceramic-2 and polymeric coatings remained quite well on the material samples, while the adhesive property
of the ceramic-1 coating was lower, and its deviation was also high. Ceramic-2 had the best resistance to the
weathering stress, 6.50% flaking residue on tape, while the corresponding values of ceramic-1 and polymeric
coatings were 36.2% and 25.2%, respectively, after weathering stress. Despite good resistance of ceramic-2
against accelerated weathering, its colour change was visible, indicating that UV-light exposure influenced
the chemical features of the ceramic coating. After freeze - thaw cycles, the adhesive properties of both
ceramic coatings were weakened significantly, flaking results on the tapes were almost half, 49.7% and
49.8%. The non-adherence was not so remarkable visibly with the coating of ceramic-2, but its nature was
the most heterogenous, which was shown by a high standard deviation. However, the ceramic-2 coating was
strongly affected during freeze—thaw cyclic stress, as the coating residue increased from 0.83% to 49.83%,
while the corresponding change with ceramic-1 was from 8.17% to 49.67%. The polymeric coating was quite
stable, in spite of the stresses caused by freezing and thawing, only 6.83% of coating was flaked onto the
tape, indicating a minor flaking increase of 5.66%.

Successful coating depends on the diffusion between material and coating, along with other factors.
For example, Kanokwijitsilp et al. (2016) stated that adhesion between the coating and the wood surface
originated from both physical and chemical interactions. In general, there are two main mechanisms for
adhesion to a substrate: mechanical adhesion and chemical interaction. The latter includes the formation of
chemical bonds and electrostatic interactions between the material substrate and the coating, while
mechanical adhesion is a result off the penetration into and hardening of the coating on the substrate.
Mechanical adhesion plays an important role in wood, because this material is porous (Yona et al. 2021).
The tape test can also be influenced by the sample’s surface, and its smoothness level. Poor adhesion was
primarily determined on the top layer of the coating, and if the surface roughness were large, the tape test
could not fully attach to the coating, just to the top layer of roughness in coating. This was a challenge for the
polymeric coating, which had an irregular surface on the samples. On the other hand, the surface
irregularities were subjected to more significant UV irradiation due to the smaller distance between the UV
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source and the coating. A better UV resistance of the coating could be improved by nanoparticles. For
example, Auclair et al. (2011) found that zinc oxide (ZnO) nanoparticles as an additive restricted the
discoloration of clear-coated wood on outdoors application. Dispersion of ZnO nanoparticles also restricted
color changes and photodegradation of wood polymers, as well as enhanced photostability (Salla et al.
2012).

The ceramic coatings had a low adhesion property with the wooden substrate, especially under the
influence of moisture. The methods to improve the adhesion of wood and coating are various, including a
primer layer, modifications in viscosity, or some pre-treatments. For example, premineralization, which is the
saturation of material with mineral particles (Doubek et al. 2018), was used to improve adhesion (Yona et al.
2021). However, the intensity of mineralization must be carefully studied because salt impregnation can
reduce the strength by more than 10% (Karaman et al. 2019). The study of Peng and Zhang (2018) showed
that plasma treatment can improve the wettability of wood and primer, further improving adhesion between
coating and substrate. In the case of viscosity, it has been found that a low viscosity improved the adhesion
strength, especially with Scots pine (Ozdemir et al. 2013). Another study by Ozdemir et al. (2015) stated that
wood species and the chemical composition of modification agent influence the adhesion strength and
surface roughness, for example, waterborne agents increased the surface roughness of wood while organic-
based agents decreased it.

Data on the influence of the weathering and freeze - thaw cycles on the weight are presented in Table
3. A higher weight increase was observed after the stress of the freeze - thaw cycles compared to the
influence of accelerated weathering. The weight increased just below one gram after accelerated
weathering, demonstrating a 3.16% increase as a maximum for ceramic-1. The weight increase of the
ceramic-2 coating was only 0.88% after accelerated weathering. The weight of the polymeric coating
samples increased 2.26% during weathering, and correspondingly during the freeze - thaw cycles, the
weight increase was 3.95%. The weight increase after freeze—thaw cycles was more dramatic for ceramic
coatings, whose weight increased 14.1% and 16.1%.

Table 3
Weight increase (g) during the accelerated weathering and freeze—-thaw cycles tests, with standard
deviations (). Italicized values in parentheses indicate the corresponding percentage increase

Weight increase during Weight increase during the

accelerated weathering freeze-thawing cycles
Ceramic-1 0.80/+0.19 (3.16) 3.34/+0.32 (16.1)
Ceramic-2 0.22/+0.15 (0.88) 3.58/+1.09 (14.1)
Polymeric 0.34/+0.25 (2.26) 0.60/+0.17 (3.95)

One explanation for weakened adhesion is moisture, shown in Table 3 by calculating the samples’
weight increase after the test. After cyclic stress, the water absorption of the ceramic coatings was much
higher than the polymeric coating. Comparing the remained coating with the water absorption, it can be
argued that poor water-repellent properties correlate with weak adhesion. The methods to improve moisture
resistance properties include, like, a rough superficial layer. The study of Li and Cao (2018) utilized coatings
with silica particles that formed nonregular roughness in the film, simultaneously increasing hydrophobicity
by mimicking the surface structure of a lotus leaf. The correct particle size also correlates positively with the
hydrophobicity of various cellulose-based substrates (Zhang et al. 2019), and in particular, a higher particle
size reduces water absorption, for instance (Temiz et al. 2006). The role of moisture is clear but difficult to
remove since according to Wang et al. (2013), the water and moisture absorption of wood can be inhibited or
retarded, but a complete prevention is not possible.

The cyclic stress caused clear changes for materials with ceramic coatings (ceramic-1 and ceramic-2),
such as non-adherence and formed cracks, which might weaken the usability of the material because of an
increase in water uptake, which contributes to rapid degradation between the coating and the substrate. The
polymeric coating was less affected compared to the others. Visible changes were noted, and its surface
was found to be glue-like. Fig. 1 illustrates the cyclic stressed coatings after tape test. A rough surface
structure of polymeric coating was remained during the test, which might give a faulty visual observation in
Fig. 1, but all samples were coated into longitudinal direction, not cross section.
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Fig. 1.
Ceramic-1 coating (left), ceramic-2 coating (middle), and polymeric coating (on right) after cyclic
stress and tape test.

Despite the results of the study, the coating of wood is still a potential mechanism for improving its
properties, because the hydrophobization of wood in deeper layers might be too complex, costly and time-
consuming (Wang et al. 2013).

CONCLUSIONS

The adhesion properties of various coatings on wood were studied, including an analysis of
accelerated weathering and freeze - thaw cycles on the materials. The adhesion property varied between
coatings, despite the combination of similar compounds and additives. The results showed a good resistance
of coatings against the weathering effect, but the freeze - thaw cycles had a large influence on the
sustainable adhesion between the coating and Scots pine wood. In conclusion, based on the performed
adhesion feature tests, the presence of moisture caused significant degradation of the coatings. However,
the coating could be improved through different pretreatments or additives, such as a correct ratio of
nanoparticles in dispersion, achieving nano science advantages such as the lotus effect, which could prevent
or reduce the influence of moisture on the material.

REFERENCES

Auclair N, Riedl B, Blanchard V, Blanchet P (2011) Improvement of photoprotection of wood coatings by
using inorganic nanoparticles as ultraviolet absorbers. For Prod J 61:20-27.

Brandner R, Flatscher G, Ringhofer A, Schickhofer G, Thiel A (2016) Cross laminated timber (CLT):
overview and development. European J Wood Prod 74:331-351.

Doubek S, Bortivka V, Zeidler A, Reinprecht L (2018) Effect of the passive chemical modification of wood
with silicon dioxide (silica) on its properties and inhibition of moulds. Wood Res 63:599-616.

Evans PD (2013) Weathering of wood and wood composites. in: Handbook of Wood Chemistry and
Composites (ed. Rowell RM). CRC Press. Boca Raton. pp. 151-216.

Fonseca EMM, Barreira LMS (2011) Experimental and numerical method for determining wood char-layer at
high temperatures due to an anaerobic heating. Int J Safety Security Eng 1:65-76.

Gérardin P (2016) New alternatives for wood preservation based on thermal and chemical modification of
wood - a review. Ann For Sci 73:559-570.

Hon DNS (2001) Weathering and Photochemistry of Wood. in: Wood and Cellulosic Chemistry (ed. Hon
DNS, Shiraishi N). Marcel Dekker Inc. New York. pp. 513-516.

Ibach RE (2013) Biological properties of wood. In: Handbook of Wood Chemistry and Composites (ed.
Rowell RM). CRC Press. Boca Raton. pp. 99-123.

Jakes JE, Arzola X, Bergman R, Ciesielski P, Hunt CG, Rahbar N, Tshabalala M, Wiedenhoeft AC, Zelinka
SL (2016) Not Just Lumber - Using Wood in the Sustainable Future of Materials, Chemicals, and Fuels. JOM
68:2395-2404

Kanokwijitsilp T, Traiperm P, Osotchan T, Srikhirin T (2016) Development of abrasion resistance SiO2
nanocomposite coating for teak wood. Prog Org Coat 93:118-126.



ONLINE ISSN 2069-7430 PRO LIGNO Vol. 18 N°1 2022

ISSN-L 1841-4737 www.proligno.ro pp. 3-8

Karaman A, Yildinm MN, Yasar SS (2019) Determination of modulus of elasticity and bending strength of
wood material impregnated with nanoparticle silicon dioxide (SiO2). Turkish J For 20:50-56.

Kuzman MK, GroSelj P (2012) Wood as a construction material: Comparison of different construction types
for residential building using the analytic hierarchy process. Wood Res 57:591-600.

Li Z, Cao J (2018) Fabrication of superhydrophobic wood surface with a silica/silicone oil complex emulsion.
Wood Res 63:353-364.

Néassén J, Hedenus F, Karlsson S, Holmberg J (2012) Concrete vs. wood in buildings - An energy system
approach. Build Env 51:361-369.

Ozdemir T, Bozdogan O, Mengeloglu F (2013) Effects of Varnish Viscosity and Film Thickness on Adhesion
Strength of Coated Wood. PRO LIGNO 9:164-168.

Ozdemir T, Temiz A, Aydin | (2015) Effect of Wood Preservatives on Surface Properties of Coated Wood. Ad
Mat Sci Eng 2015:1-6.

Peng XR, Zhang ZK (2019) Improvement of paint adhesion of environmentally friendly paint film on wood
surface by plasma treatment. Prog Org Coat 134:255-263.

Risbrudt CD (2013) Wood and society. In: Handbook of Wood Chemistry and Composites (ed. Rowell RM).
CRC Press. Boca Raton pp. 1-5.

Salla J, Pandey KK, Srinivas K (2012) Improvement of UV resistance of wood surfaces by using ZnO
nanoparticles. Polym Degr Stab 97:592-596.

Temiz A, Terziev N, Jacobsen B, Eikenes M (2006) Weathering, water absorption, and durability of silicon,
acetylated, and heat-treated wood. J Appl Polym Sci 102:4506-4513.

Wang X, Chai Y, Liu J (2013) Formation of highly hydrophobic wood surfaces using silica nanoparticles
modified with long-chain alkylsilane. Holzforschung 67:667-672.

White RH, Dietenberger MA (2010) Fire Safety of Wood Construction. In: Wood Handbook, Forest Products
Laboratory. Madison, W1.

Yona AMC, Zigon J, Dahle S, Petri¢ M (2021) Study of the adhesion of silicate-based coating formulations
on a wood substrate. Coat 11:1-15.

Zhang X, Xiao F, Feng Q, Zheng J, Chen C, Chen H, Yang W (2020) Preparation of SiO2 nanoparticles with
adjustable size for fabrication of SiO2/PMHS ORMOSIL superhydrophobic surface on cellulose-based
substrates. Prog Org Coat 138:105384

Ostman B, Brandon D, Frantzich H (2017) Fire safety engineering in timber buildings. Fire Saf J 91:11-20.



