IRG 20-YYXXX

THE INTERNATIONAL RESEARCH GROUP ON WOOD PROTECTION

Guidelines for the preparation of a full scientific paper for an IRG
Scientific Conference

NB

Please note that papers received after the deadline 1 March 2020 will be posted on
the website (Compendium) but the opportunity to make an oral presentation will
be at the discretion of the Scientific Programme Committee chair. These papers
may be presented as posters at the meeting. Deadline for submitting extended
abstract or short papers for poster presentations is 1 April 2020.

IRG SECRETARIAT
Box 5604
SE-114 86 Stockholm
Sweden
WWW.irg-wp.com

1

Note: This page will not be printed as part of the IRG-WP document.


http://www.irg-wp.com/

Dear author of the IRG paper!

Allocation of the papers to different sections is one of the most challenging tasks for the Scientific
Programme Committee (SPC). In order to prepare good programme for the upcoming conference,
we would like to ask you for assistance. Please tick, the most appropriate Working Party, where
your paper fits most. SPC will try to consider your opinion.

Section 1. Biology WP 1.1. Soft rot, bacteria, bluestain and moulds
WP 1.2. Basidiomycetes

WP 1.3. Insect biology and testing
WP 1.4. Natural durability

WP 1.5. Marine

WP 1.6. Cultural Artefact Protection

Section 2. Test Methodology | WP 2.1. Prediction of service life
and Assessment WP 2.2. Microbial test methodology

WP 2.3. Chemical/physical analysis

WP 2.4. International Standardisation

Section 3. Wood Protecting | WP 3.1. Inorganic preservatives
Chemicals

WP 3.2. Organic preservatives
WP 3.3. Performance - lab & field tests
WP 3.4. Fire retardants

Section 4. Processes and | WP 4.1. Chemical wood modification

Properties WP 4.2. Wood composites, WPCs and
Engineered wood products
WP 4.3. Treating processes & treatability of timber

oo | ojo/o|jojoc/o|jojoy/o|jo|joyg|jo|jo|g

WP 4.4. Coatings, hydrophobic treatments and
surface aspects
WP 4.5. Thermal wood modification

X

WP 4.6. Fire protection

WP 4.7. Protection by design

Section 5. Sustainability and | WP 5.1. Environment
Environment WP 5.2. Sustainability

Oo|o|o|o|d

This paper is intended for the special session on:
L] Protection Against Wood Borers in the Marine Environment
Surface Treatments and Characterization

This paper will be presented as a(n):
Oral presentation (15 minutes + questions)

2

Note: This page will not be printed as part of the IRG-WP document.



(] Poster presentation (including a 3-minute oral presentation)
This paper will most probably be presented by: Sebastian Dahle

sebastian.dahle@bf.uni-lj.si

This paper may be listed as part of the Proceedings according to the Clarivate index system.

3

Note: This page will not be printed as part of the IRG-WP document.



Proceedings IRG Annual Meeting (ISSN 2000-8953)
© 2020 The International Research Group on Wood Protection

IRG/WP 20-YY XXX

THE INTERNATIONAL RESEARCH GROUP ON WOOD PROTECTION

Special session Surface Treatments and Characterization

Performance of a water-borne stain on beech, spruce, MDF and
OSB improved by plasma pre-treatment

Sebastian Dahle, Jure Zigon, Marko Petri¢
University of Ljubljana, Biotechnical Faculty
Department of Wood Science and Technology
Jamnikarjeva ulica 101
1000 Ljubljana, Slovenia

Irena Uranjek
Rogac Plus d.o.o.
Mariborska cesta 103
2312 Orehova vas, Slovenia

Paper prepared for the IRG51 Scientific Conference on Wood Protection
Bled, Slovenia
8-11 June 2020

Disclaimer
The opinions expressed in this document are those of the author(s) and
are not necessarily the opinions or policy of the IRG Organization.

IRG SECRETARIAT
Box 5604
SE-114 86 Stockholm
Sweden
WWW.irg-wp.com

4



Performance of a water-borne stain on beech, spruce, MDF and

OSB improved by plasma pre-treatment
Sebastian Dahle?, Jure Zigon?, Irena Uranjek®, Marko Petri¢*

L University of Ljubljana, Biotechnical Faculty, Department of Wood Science and Technology, Ljubljana, Slovenia
(UL BF), Assistant professor, Postdoc, sebastian.dahle@bf.uni-lj.si

2(UL BF), Technical adviser and PhD candidate, jure.zigon@bf.uni-lj.si
3Roga¢ Plus d.o.o., Mariborska cesta 103, 2312 Orehova vas, Slovenia, irena@rogacplus.si

4(UL BF), Full professor, marko.petric@bf.uni-lj.si

ABSTRACT

The performance of protective wood coatings, especially under outdoor weathering, depends on
many factors, including the interface between coating and substrate. Sufficient interactions are
particularly difficult to achieve on several types of wood-based composites, such as oriented strand
boards (OSB) and medium-dense fibreboards (MDF). The interface between wood-based
substrates and coatings can be modified and optimized by different means, e.g. by sanding or by
using appropriate chemical primers. Plasma treatments represent a very interesting technique for
surface modification, as they do not require additional reactants or chemicals, and therefore are an
environmentally friendly alternative for optimizing the interface.

The studies were performed on Norway spruce (Picea abies (L.) Karst.) and common beech
(Fagus sylvatica L.) wood, OSB and MDF using a commercial waterborne stain for exterior
application and a commercial plasma unit (PlasmaTreat OpenAir®). Artificial accelerated
weathering (AAW), water immersion and adhesion strength testing were conducted to test the
performances of the surface systems formed by coating and surface, whereas their morphology
and appearance was evaluated using confocal laser scanning microscopy (CLSM), gloss, and
colour CIELAB system.

On coated solid spruce wood, the plasma pre-treatments yielded a slight reduction of the colour
change during AAW and remaining gloss after AAW at approx. doubled values as compared to
non-treated specimen. The initial bond strength of the coating of approx. 4 MPa was well preserved
after AAW on plasma pre-treated samples, but reduced by 13 % on the non-treated specimens.
On coated beech wood, the colour change of the stain during AAW increased on plasma pre-treated
specimen, whereas gloss, morphology, and bond strength were not influenced by the plasma pre-
treatments.

On coated MDF specimen, the plasma pre-treatments yielded again a slight reduction of the colour
change during AAW and a remaining gloss after AAW at approx. doubled values as compared to
non-treated specimen. The weathering led to the formation of valleys and ridges on the surface of
the non-treated specimens, but not on the plasma pre-treated ones. Further, the thickness swelling
of the non-treated MDF specimen was larger by 12.7 % as compared to the thickness swelling of
the plasma pre-treated specimen. The coating’s adhesion strength on MDF was solely defined by
the substrate material and did not show any differences due to plasma pre-treatments.

On surface finished OSB, the colour change of the stain during AAW was slightly lower on plasma
pre-treated specimen, but gloss and morphology were comparable in all cases.

Keywords: Coating, weathering, plasma, wood, composite



1 INTRODUCTION

The application of wooden and of wood-based materials in many cases requires protection or an
improved inherent resistance against physical and chemical influences. This is especially required
for outside applications, where natural weathering causes fast deterioration of the material. A
suitable protection can be obtained through coating systems, but the performance strongly depends
on the selected coating and the type of substrate (Keskin and Tekin 2011; Veigel et al. 2014). In
particular, the performance of the protective coating is influenced by the chemical properties and
anatomical structure of the substrate material, as well as by its density and surface roughness.
Furthermore, the performance of the entire surface system depends on the compatibility between
the substrate material and the selected coating (Nemli and Hiziroglu 2009; Istek et al. 2010; Rolleri
and Roffael 2010; Bardak et al. 2011).

Surface systems pose particular problems for different kinds of wood-plastic composites, as
environmental friendly formulations of surface systems and water-borne coatings can hardly meet
the requirements of such composites. Few water-borne coatings for these composite materials are
under investigation, like an acrylic coating that Durmaz and co-workers (2020) used on wood-
plastic composite (WPC) materials for exterior applications. A crucial factor for the performance
of WPC products in general, and in particular for oriented strand board (OSB) and medium density
fibreboard (MDF), is the moisture ingress into the bulk leading to the degradation of the material.
This is a sincere challenge for most protective coatings, but can be counteracted e.g. by elaborate
organosilicon systems (De Vetter et al. 2011) or thermal spray coatings (Nejad et al. 2017). A
further important effect of weathering is the decolouration of the material (Kiguchi et al. 2007).

Good means to modify the interface between wood-based materials and coatings are provided by
plasma treatments of the substrate (Zigon et al. 2018; Altgen et al. 2019). The effects of plasma
treatments on the treated surfaces are induced through physical and chemical processes at the work
pieces’ surfaces (Wolkenhauer et al. 2008, Altgen et al. 2015). These processes modify the surface
free energy (Blanchard et al. 2009), can etch the surfaces (Jamali and Evans 2011) or activate the
surface (Zigon et al. 2019). Through these modifications, enhancements are achieved regarding
penetration, adhesion of the applied polymer and final properties of the formed surface system
(Dam 2017; Liston et al. 1993; Wolkenhauer et al. 2009; Wolf and Sparavigna 2010; De
Cademartori et al. 2016; Perisse et al. 2017; Reinprecht et al. 2018). Especially an improved
adhesion was reported multiple times for different plasma treatments, for various coating or glue
systems, and for diverse wooden and wood-based substrates (Riedl et al. 2014; De Cademartori et
al. 2016; Lutkemeier et al. 2016; Wascher et al. 2017). In some cases, this has led to improved
durability of coatings (Podgorski and Roux 1999). Further groups found enhanced resistance to
weathering (Haase et al. 2019) or water exposure, which is correlated with an enhancement of the
interface as well as modified bulk properties near the wood material’s surface (Wascher et al.
2014; Haase et al. 2019).

The plasma technology that has been used on wooden and wood-based substrates mostly employs
dielectric barrier discharges (DBD). A majority of these utilize air as operating gas for the plasma
treatments (Zigon et al. 2018). The reason for this is, that DBD air plasmas are a simple, cost
efficient, and clean technology to improve coating and adhesive bond performance on various
substrates. However, such direct DBD plasma treatments are limited in the thickness of samples
that can be treated; therefore, many applications focus on veneers, chips, particles, fibres, or
powder. Although there are approaches to overcome this limitation (c.f. Zigon et al. 2018; Zigon
and Dahle 2019), the most versatile techniques are remote plasma treatments, so-called plasma
jets, as those are applicable to a wide variety of substrates with different thicknesses, chemical
composition, geometrical shapes and other properties.



However, the use of plasma jet systems was hitherto restricted to few high-value applications. In
2014, Melamies found a sixfold improved wax adsorption on racing skis after using a commercial
gliding arc plasma pre-treatment. According to Jorda-Vilaplana and co-workers (2015), the bond
strength in polylactic acid (PLA) joints with bio-based adhesives was strongly improved through
similar plasma treatments, indicating it’s worth e.g. in correlation with 3D-printed parts, which
oftentimes use PLA as base material. At LIGNA (2013), the cleaning of up to 3 m wide WPC
boards was presented together with an improved finishing of board sides using edge bands at lower
costs and energy uptake as compared to currently used laser processes. Hamalédinen and Karki
(2013) treated WPCs from polypropylene and spruce wood, using another commercial gliding arc
plasma system. Thereby they yielded an improved adhesion after bonding specimens with PVAc
glue. Kraus and co-workers (2015) conducted a wide comparison on WPC gluing and possible
means to improve the performance of the joints. Out of a variety of methods, Kraus found the most
determining factors for the selection of the best-suited method to be the matrix material of the
WPC and the surface free energy of the work piece. They also pointed out the possibility of
overtreatments, which led to a significant reduction of the mechanical performance. Amongst all
different methods, low-pressure plasmas provided the highest reproducibility, whereas
atmospheric pressure plasmas possess a much higher mobility. Although localized, these methods
are available and easy to use particularly for large-area and three dimensionally shaped work
pieces (Straccia et al. 2008). Baltazar-Y-Jimenez and Bismarck (2007) used a similar plasma
system to modify lignocellulosic fibres, influencing their surface chemistry, surface free energy,
and pH-dependent zeta potential. For the use in WPC applications, the positive impact of an
improved adhesion is accompanied with a deterioration of the fibres mechanical properties due to
heat and etching from the plasma (Baltazar-Y-Jimenez et al. 2008), thus giving another indication
on the importance of optimization for any plasma treatment on organic and natural materials.

In this study, we use a gliding arc jet as a commercial plasma technique that overcomes many of
the limitations of other plasma systems, which have been used previously on wooden and wood-
based substrates. The influence of this plasma technique on the performance of different classes
of wood-based materials is investigated exemplarily with a water-based coating system for outdoor
applications. As the substrates, solid spruce, solid beech, an MDF and an OSB boards were chosen,
which represent the most common softwood and hardwood species as well as two of the most
common composite materials, respectively. With regards to the application, appearance and
performance were studied before and after accelerated artificial weathering in terms of colour
change, gloss, coating adhesion strength, and liquid water permeability.

2 EXPERIMENTAL METHODS
All data is made available via Zenodo (Dahle et al. 2020).

2.1 Sample preparation and application of coating

The common beech and Norway spruce planks with semi-radial orientation of wood fibres were
collected from raw material without any defects, while OSB and MDF were gained by local
supplier in Slovenia. From each material, samples with dimensions of (300 x 75 x 19) mm?®
(length x width x thickness) were prepared. All samples were conditioned in a room with a
temperature of 20 °C and relative humidity of 65 % to reach equilibrium moisture content before
coating application. A pigmented waterborne acrylic stain (Belinka Exterier, Belinka Belles,
d.o.o., Ljubljana, Slovenia) was applied manually on control and plasma pre-treaded (explained in
next section) with a quadruple coating applicator, at the rate of movement of approximately
30 mm/s. The wet film thickness of the coating layer was 240 um. The coated samples were stored
in a dark room for 21 days before future experimental work.



2.2 Plasma treatments

Plasma treatments (PT) were carried out using an Openair® unit (PlasmaTreat GmbH, Steinhagen,
Germany) with a RD1004 head rotating at 2800 min™* and base modules FG5001, HTR12, and
DVE10. Electric parameters during plasma treatments were device’s parameters U =280V,
I =15.6 A, PP =21.0 kHz, and PLT = 100%. Pressurized air was supplied at 4 bar.

PT were optimized for each substrate according to the apparent water contact angles (WCA) as
determined using a Surface Analyst 2001 (BTG Labs, St. Bernard, OH, USA).

2.2.1 Optimization of PT on MDF

The untreated MDF substrates exhibited an average WCA of 94°. Out of a series of tests with
different working distances, speeds, and nozzle types as presented in Table 1, the following
treatment parameters were selected:

» Plasma treatment PT A: PTF2647-1, d =4 mm, v =10 m-min’, scan width 4 = 20 mm,
1 pass

> Plasma treatment PT B: PTF774-1, d =4 mm, v =6 m/min, scan width 4 =45 mm, 2
passes

Table 1: Parameter study on water contact angles to optimize plasma treatments on MDF using
single pass (1x PT) and double pass plasma treatments (2x PT) depending on working distance,
substrate feed speed and plasma nozzle.

Working distance d [mm] Speed v Nozzle type with 1xPT 2% PT
[m'min] (die opening)
6 PTF2647-1 (14°)  40° 28°
6 4 PTF2647-1 (14°)  48° -
PTF958-1 (5°) 9° -
6 PTF774-1 (25°) 44° 32°
4 PTF570-1 (32°) 65° 52°
10 PTF2647-1 (14°)  30° 62°
2.2.2 Optimization of PT on solid beech and spruce

The untreated substrates exhibited an average WCA of 52° for beech and 40° for spruce. Out of a
series of tests with different working distances, speeds, and nozzles as presented in Table 2, the
following treatment parameters were selected:

» Plasma treatment PT C: PTF570-1, d =4 mm, v = 10 m/min, 4 = 50 mm, 1x pass
» Plasma treatment PT D: PTF570-1, d =4 mm, v = 20 m/min, 4 = 50 mm, 1x pass

Table 2: Parameter study on water contact angles to optimize PT on beech and spruce using single
pass (1x PT) and double pass plasma treatments (2x PT) depending on working distance, substrate
feed speed and plasma nozzle.

Working distance d Speed v Nozzle type with 1xPT 2x PT
[mm] [m'min?] (die opening)
4 6 PTF774-1 (25°) 26° 9°
PTF570-1 (32°) 28° 21°
10 PTF570-1 (32°) 5° 7°
20 PTF570-1 (32°) 21° 20°



2.2.3 Optimization of plasma treatments on OSB

The untreated OSB substrates exhibited an average WCA of 99°. Due to the paraffin finish
commonly applied to OSB products, cleaning the surface with isopropanol (IP) before plasma
treatments was tested. IP cleaning reduced the WCA down to 41°, but combinations of IP cleaning
and subsequent PT yielded the same contact angles that plasma treatments without IP pre-cleaning
did. Therefore, no IP cleaning was included in the main part of this study. Due to strong
inhomogeneity and roughness of the OSB surface, only one set of parameters was selected, but
twice as much specimen were prepared as for MDF and solid wood. Out of a series of tests with
different working distances, speeds, and nozzles as presented in Table 3, the following treatment
parameters were selected:

» Plasma treatment E: PTF2647-1, d = 4 mm, v =4 m/min, 4 = 20 mm, 1x pass
Table 3: Parameter study on water contact angles to optimize plasma treatments on OSB using

single pass (1x PT) and double pass plasma treatments (2x PT) depending on working distance,
substrate feed speed and plasma nozzle.

Working distance d Speed v Nozzle type with (die 1x PT 2x PT
[mm] [m'min] opening)
4 10 PTF570-1 (32°) 97° -
6 PTF2647-1 (14°) 38° 39°
4 PTF2647-1 (14°) 36°, 27°, 31° 35°
PTF958-1 (5°) Burning traces —
10 PTF958-1 (5°) 65° -
6 PTF958-1 (5°) 45° -
2.3 Artificial accelerated weathering

Artificial accelerated weathering (AAW) was conducted using an Atlas SUNTEST XXL+
chamber (Atlas Material Testing Technology, Mount Prospect, IL, USA) according to the method
1A for exterior applications described in EN 1SO 11341 (2004). The parameters and conditions
during the AAW test were as follows: irradiance at 340 nm set to an irradiation power of
0.35 W-m2, relative humidity of 65 %, chamber temperature of 35 °C and the temperature on the
black panel sensor of 55 °C. AAW was interrupted for gloss and colour measurements after 10
hours and 50 hours of aging. After a total aging time of 63 hours, the AAW process was terminated.

2.4 Colour and gloss measurements

Colour measurements were performed using an X-Rite (Grand Rapids, MI, USA) SP62
spectrophotometer using a D65-type light source. On all samples, three reproducible spots in the
front, back and centre of the samples were selected for measurements before, during and after
weathering (c.f. section 2.3). The CIELAB parameters (L*, a*, and b*), their changes (4L *, da*,
and 4b%*), and the total colour change (4E*) were determined after the CIEDE2000 formula (CIE
2000), using the MS Excel template provided by Sharma et al. (2020) in accordance with Sharma
et al. (2005). These values were then arithmetically averaged for each sample.

The gloss values were determined in accordance with EN ISO 2813 (1997) under incident light
angles of 20°, 60°, and 85° using an X-Rite (USA) AcuGloss TRI instrument. On all samples, two
reproducible spots in the front and back were selected for measurements before, during and after
weathering. The determined values were then arithmetically averaged for each sample.

2.5 Confocal laser scanning microscopy

The surface morphology of the different samples was investigated using a confocal laser scanning
microscope (CLSM) LEXT OLS5000 (Olympus, Tokyo, Japan) equipped with a laser light source
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with a wavelength of 405 nm. Height differences and root mean square (RMS) roughness (Sq)
were evaluated through the equipment’s software (OLS50-S-AA, Olympus, Tokyo, Japan).

2.6 Adhesion strength testing

The adhesion of the coatings was tested on both, plasma treated and reference specimens, using
pull-off test 4 weeks after the application of the coatings following the standard EN 1SO 4246
(2016). Aluminium dollies with a diameter of 20 mm were glued onto the coated wood surface
using a two-component epoxy resin and cured for 24 h. The coating directly surrounding the glued
dollies was carefully cut off down to the substrate to avoid propagation of failures out of the tested
area. The adhesion strengths were determined using a pull-off testing machine (DeFelsko,
Ogdensburg, USA) until the dolly separated from the specimen. If a separation occurs between the
substrate and the coating in at least 60 % of the tests area, the resulting pull-off strength is
considered an adhesive one, otherwise a cohesive one.

2.7 Liquid water permeability

Assessment of the liquid water permeability was determined according to modified standard EN
ISO 927-5 (2007). Specimens with dimensions of (100 x 75 x 19) mm3 were cut from both,
plasma pre-treated and reference specimens of each material. Except on the side with applied
coating, the specimens were sealed with 2-component epoxide coating Epolor HB (Color,
Medvode, Slovenia). The specimens were not preconditioned before actual testing. After the
sealing coating was cured, the samples were placed on the surface of water in a batch for 72 h. The
increment of samples mass gained during permeability test was calculated (in g-m).

3 RESULTS AND DISCUSSION

3.1 Performance of coated MDF samples

The colour change during the AAW is much less pronounced on coated MDF, if a plasma pre-
treatment was carried out prior to the coating application. The colour changes in a* and b* values
are comparable on the plasma pre-treated sample and also on the reference sample. The detailed
values are summarized in Table 4.

Table 4: Change of CIELAB colour parameters with increasing time of AAW time on plasma pre-
treated (PTA) and non-treated (NT) coated MDF samples.

Weathering NT PTA
time/h AE AL* Aa* Ab* AE AL* Aa* Ab*
10 3.36 -2.04 -2.39 -3.60 1.84 -0.42 -1.42 -1.79
50 7.69 -4.22 -6.01 -6.91 5.00 -1.62 -4.06 -3.65
63 6.68 -3.73 -5.14 -6.32 4.29 -1.32 -3.46 -3.34

Figure 1 shows the development of the gloss values under 20°, 60° and 85° incident light angle for
both, the plasma pre-treated and the non-treated reference samples. After weathering, the gloss is
strongly reduced and with the remaining gloss being higher on the plasma pre-treated samples by
afactor of 1.4 and 2.1 at 60° and 85°, respectively. The detailed values are summarized in Table S1
(Dahle et al. 2020).
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Figure 1: Change of gloss value under 20°, 60° and 85°over AAW time on plasma pre-treated
(PTA) and non-treated (NT) coated MDF samples

After AAW for 63 h in outdoor conditions, the non-treated, coated MDF reference specimen
exhibited a thickness of 31.5 mm, corresponding to a height increase of 66 %, whereas the plasma
pre-treated, coated MDF specimen’s thickness amounted to 30.1 mm, corresponding to a height
increase of 58.4 %. During the test, the back and the sides of both samples were uncovered, thus
providing large open areas for the uptake of water from the wet weathering cycles. The plasma
pre-treatment and its increase of the coating’s performance still did reduce the overall swelling by
a relative factor of 0.584 / 0.658 = 0.888.

Figure 2 depicts CLSM images of a non-treated, coated MDF specimen after 63 h of AAW. The
left image shows an area at 20x magnification, corresponding to a total depicted area of
(643 x 644) um2, in which the vertical range amounts to AZ = 228 um. The right image shows an
area at 50x magnification, corresponding to dimensions of (256 x 257) um?2, in which the vertical
range is 4Z = 67 pm.

In comparison, Figure 3 displays corresponding CLSM images of a plasma pre-treated (PTA),
coated MDF specimen after 63 h of AAW at 20x (left) and 50x magnification (right) with vertical
ranges of 4Z = 172 ym and A4Z = 65 um, respectively.

The surface of the non-treated reference sample is highly uneven as strongly pronounced valleys
and ridges have formed during AAW, which is reflected in a roughness value of Sq = 19.8 um. In
comparison, the plasma-treated sample does not develop similar structures during weathering,
which is represented by a much lower roughness value of Sq = 8.7 um. At higher magnification,
both samples show comparable surface structures with regularly distributed particles (diameters
~ 10 pm) and few small dips. At 50x magnification, the roughness of the non-treated sample of
Sq = 5.8 um is still higher compared to a roughness of Sq = 2.8 um for the plasma-treated sample;
however, this seems to be due to the remaining slopes on the surface rather than the
microstructures.
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Figure 2: CLSM images of the coated MDF reference sample after 63 h of weathering at 20x (left)
and 50x magnification (right).

Figure 3: CLSM |mages of the plasma pre treated (PTA), coated MDF sample af ter 63 h of
weathering at 20x (left) and 50x magnification (right).

Figure 4 exhibits the results for adhesion strengths and the corresponding standard deviations from
series of pull-off tests on both, the coated reference (NT) and the MDF specimens treated
according to protocols plasma treatment A (PTA) and plasma treatment B (PTB) as described in
section 2.2.1. The tests were carried out both, on as-prepared samples and on samples after 63 h
of AAW. The MDF samples after AAW, however, exhibited such weak mechanical properties of
the aged MDF bulk material, that all tests yielded a cohesive failure inside the substrates. As-
prepared specimen yielded adhesion strengths slightly above 2 MPa and did not show any
significant difference between non-treated and two plasma-treated specimen (PTA, PTB).
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Figure 4: Adhesion strengths and corresponding standard deviations from pull-off tests on coated
reference (NT) and plasma-treated (PTA, PTB) MDF specimens as prepared and those exposed to
AAW.

Figure 5 shows weight differences after 3 days of water immersion for coated reference (NT) and
plasma-treated (PTA-PTE) specimens. Regarding MDF, the water uptake is reduced by 6 % for
plasma pre-treatment PTB and by 15 % for plasma pre-treatment PTA.
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Figure 5: Welght differences after 3 days of water immersion for coated reference (NT) and
plasma-treated (PTA, PTB, PTC, PTD, PTE) specimens of all substrates (MDF, beech, spruce,
and OSB).

3.2 Performance of coated spruce samples

The total colour change 4E during the AAW is less pronounced on coated spruce, if a plasma pre-
treatment was carried out prior to the coating application. The colour changes in the L* parameter
is notably higher on the reference sample, whereas the changes in a* and b* values are slightly
higher on the sample that was pre-treated according to protocol plasma treatment C (PTC) as given
in section 2.2.2. The detailed values are summarized in Table 5.
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Table 5: Change of CIELAB colour parameters with increasing AAW time on plasma pre-treated
(PTC) and non-treated (NT) coated spruce samples.

Weathering NT PTC
Time /h AE AL* Aa* Ab* AE AL* Aa* Ab*
10 1.55 -1.65 -0.51 -1.16 1.28 -1.01 -0.99 -1.69
50 1.81 -1.88 -0.43 -1.50 1.69 -1.38 -1.25 -2.16
63 2.07 -2.19 -0.72 -1.70 1.66 -1.44 -1.25 -1.95

Figure 6 depicts the development of the gloss values under 20°, 60° and 85° incident light angle
for both, the plasma pre-treated and the non-treated reference samples. The initial values before
weathering reveal a higher gloss value on the plasma pre-treated samples by a factor of 2.2, 2.3
and 1.5 at 20°, 60° and 85°, respectively. These ratios stay at similar values during the entire aging
time. For both, reference and plasma pre-treated samples, the absolute gloss values at 20° and 60°
slightly increase during weathering, whereas the values at 85° slightly decrease. The detailed
values are summarized in Table S2 (Dahle et al. 2020).
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Figure 6: Change of gloss value under 20°, 60° and 85° over AAW time on plasma pre-treated
(PTC) and non-treated (NT) coated spruce samples.

Figure 7 displays CLSM images of a non-treated, coated spruce specimen after 63 h AAW at 20x
magnification (left image, (643 x 644) um?) with a vertical range of 4Z = 82 um as well as at 50
magnification (right image, (256 x 257) pum?) with a vertical range of 4Z = 57 pm.

In comparison, Figure 8 exhibits CLSM images of a plasma pre-treated (PTC), coated spruce
specimen after 63 h AAW at 20x magnification (left image, (643 x 644) um?) with a vertical range
of 4Z =137 um as well as at 50x magnification (right image, (256 x 257) um?2) with a vertical
range of 4Z = 82 pm.

The morphology of the surfaces is comparable, both showing round structures representing holes
and particles, which are slightly larger but less densely distributed on the PT surfaces. This is
reflected by roughness values of Sq=6.8 um and Sq =3.2 um at 20x and 50x magnification,
respectively, for the PT specimen as compared to Sq = 2.3 um and Sq = 1.2 um for the non-treated
specimen.
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Figu}er 7: CLSM images of the cat spruce reference sample after 63 h of Cveathering at 20x
(left) and 50x magnification (right).
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Figure 8: CLSM images of the plasma pre-treated (PTC), coated spruce sample after 63 h of
weathering at 20x (left) and 50x magnification (right).

Figure 9 shows the results for adhesion strengths and the corresponding standard deviations from
series of pull-off tests on both, the coated spruce reference specimens (NT) and the spruce
specimens treated according to protocols plasma treatment C (PTC) and plasma treatment D (PTD)
prior to coating application as described in section 2.2.2. The tests were carried out both, on as-
prepared samples and on samples after 63 h of AAW. As-prepared NT and PTC specimen yielded
comparable adhesive bond strengths slightly below 4 MPa, but with considerably less variations
on the plasma-treated specimen as indicated by a standard deviation of only about 1/3" of the
reference specimen. The PTD specimen, however, exhibited even higher variations and a bond
strength just slightly above 3 MPa. After weathering, the bond strength was reduced to 3.4 MPa
on the NT specimen, whereas it remained at 4.1 MPa for the PTC specimen with even lower
variations than before. In all cases, a cohesive failure inside the substrate did take place, the
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fracture line being consistently deeper inside the plasma pre-treated substrates than for the
reference specimens.
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Figure 9: Adhesion strengths and corresponding standard deviations from pull-off tests on coated
reference (NT) and plasma-treated (PTC, PTD) spruce specimens as prepared and AAW.

In Figure 5, weight differences after 3 days of water immersion for coated reference (NT) and
plasma-treated (PTA-PTE) specimens are shown. Regarding beech, the water uptake is reduced
by 35 % for plasma pre-treatment PTC and by 51 % for plasma pre-treatment PTD.

3.3 Performance of coated beech samples
The total colour change during the AAW is much stronger pronounced on the coated sample, that
was pre-treated according to protocol plasma treatment C (PTC, c.f. section 2.2.2) prior to the

coating application. This behaviour strongly differs from all other investigated samples. The
detailed values are summarized in Table 6.

Table 6: Change of CIELAB colour parameters with increasing AAW time on plasma pre-treated
(PTC) and non-treated (NT) coated beech samples.
Weathering NT PTC
time [h] AE AL* Aa* Ab* AE AL* Aa* Ab*
10
50
63

Figure 10 exhibits the development of the gloss values under 20°, 60° and 85° incident light angle
for both, the plasma pre-treated and the non-treated reference samples. The absolute values at 20°,
60° and 85° are comparable and within their margins of error for both samples throughout the
weathering. At 85° incident angle, the gloss values notably decrease within the first 10 hours. At
20° and 60°, gloss values remain the same throughout the weathering. The detailed values are
summarized in Table S3 (Dahle et al. 2020).
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Figure 10: Change of gloss value under 20°, 60° and 85° over AAW time on plasma pre-treated
(PTC) and non-treated (NT) coated beech samples.
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Figure 11 shows CLSM images of a non-treated, coated beech specimen after 63 h AAW at 20x
magnification (left image, (643 x 644) um?) with a vertical range of 4Z = 86 pum as well as at 50x
magnification (right image, (256 x 257) um?) with a vertical range of 4Z =52 pm.

In comparison, Figure 12 displays CLSM images of a plasma pre-treated (PTC), coated beech
specimen after 63 h AAW at 20x magnification (left image, (643 x 644) um?) with a vertical range
of 4Z =120 um as well as at 50x magnification (right image, (256 x 257) um?2) with a vertical
range of AZ =76 pum.

All samples exhibited small (diameter ~10 um) particles and holes regularly distributed across
their surfaces. The roughness values are comparable for NT and PTC samples, as well, with values
of 5.5 um and 6.4 pm at 20x and 1.6 um and 3.8 um at 50x magnification, respectively.
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w
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Figure 11: CLSM images of the coated beech reference sample after 63 h of weathering at 20x
(left) and 50x magnification (right).

c

’ ¢ e : e
Figure 12: CLSM images of the plasma pre-treated (PTC), coated beech sample after 63 h of
weathering at 20x (left) and 50x magnification (right).

Figure 13 exhibits shows the results for adhesion strengths and the corresponding standard
deviations from series of pull-off tests on both, the coated beech reference specimens (NT) and the
beech specimens treated according to protocols plasma treatment C (PTC) and plasma treatment
D (PTD) prior to coating application as described in section 2.2.2. The tests were carried out both,
on as-prepared samples and on samples after 63 h of AAW. Before weathering, adhesion strengths
between 7 MPa and 8 MPa were determined, with slightly higher values for the non-treated
specimen as compared to both of the plasma pre-treated samples. After 63 h of AAW, however,
bond strengths were reduced to approx. 2 MPa, with a marginally higher value on the plasma pre-
treated (PTC) sample. The as-prepared samples exhibited a cohesive failure inside the substrate
for both, plasma pre-treated and reference specimens. The specimens after 63 h of AAW, however,
all reproducibly yielded a cohesive failure at the surface of the test dolly.
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Figure 13: Adhesion strengths and corresponding standard deviations from pull-off tests on coated
reference (NT) and plasma-treated (PTC, PTD) beech specimens as prepared and AAW.

In Figure 5, weight differences after 3 days of water immersion for coated reference (NT) and
plasma-treated (PTA-PTE) specimens are shown. Regarding spruce, the water uptake is reduced
by 65 % for plasma pre-treatment PTC and by 68 % for plasma pre-treatment PTD.

3.4 Performance of coated OSB samples

The total colour change during the AAW is much stronger pronounced on the coated reference
sample as compared to the sample that was treated according to protocol plasma treatment E (PTE)
prior to the coating application, as described in section 2.2.3. The detailed values are summarized
in Table 7.

Table 7: Change of CIELAB colour parameters with increasing AAW time on plasma pre-treated
(PTE) and non-treated (NT) coated OSB samples.

Weathering NT PTE
Time /h AE AL* Aa* Ab* AE AL* Aa* Ab*
10 1.11 0.22 -0.02 0.24 0.37 -0.29 -0.29 -0.24
50 0.52 -0.33 -0.26 -0.30 0.52 -0.30 -0.41 -0.60
63 0.84 -0.66 -0.49 -0.92 0.53 -0.40 -0.29 -0.40

Figure 14 depicts the development of the gloss values under 20°, 60° and 85° incident light angle
for both, the plasma pre-treated and the non-treated reference samples. The absolute values are
within their margins of error for both samples and the values at 20° and 60° stay at the same values
throughout the weathering. At 85° incident angle, the gloss values notably decrease during the
whole weathering time. The detailed values are summarized in Table S4 (Dahle et al. 2020).
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Figure 14: Change of gloss value under 20°, 60° and 85° over AAW time on plasma pre-treated
(PTE) and non-treated (NT) coated OSB samples.

Figure 15 displays CLSM images of a non-treated, coated OSB specimen after 63 h AAW at 20x
magnification (left image, (643 x 644) um?) with a vertical range of 4Z = 42 um as well as at 50x
magnification (right image, (256 x 257) um?) with a vertical range of 4Z =8 um.

Figure 16 exhibits CLSM images of a plasma pre-treated (PTE), coated OSB specimen after 63 h
AAW at 20x magnification (left image, (643 x 644) um?) with a vertical range of 4Z =80 pm as
well as at 50x magnification (right image, (256 x 257) um2) with a vertical range of 4Z = 67 um.
The depicted images were taken on top of flat strands for better visualization of the representative
morphology and appearance. At rough parts of the surfaces, i.e. in holes between the top layer of
strands, the microstructure of the coatings’ surfaces was largely comparable. The morphology of
both, the NT and the PTE samples was comparable as represented by roughness values of
Sq =29 umandSq = 2.4 um at 20x as well as Sq = 0.6 pm and Sq = 1.7 pm at 50x magnification,
respectively.

PA%: 8 u%
Sg=2.4pm

|

Figure 15: CLSM images f the coated OSB reference sample after 63 h of weathering at 20x (left)
and 50x magnification (right).
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Figure 16: CLSMvi'r&bnages of the plasma pre-treated (PTE), coated OSB sample after 63 h of
weathering at 20x (left) and 50x magnification (right).

Figure 17 shows the results for adhesion strengths and the corresponding standard deviations from
series of pull-off tests on both, the coated reference (NT) and the plasma-treated (PTE) OSB
specimens. The tests were carried out both, on as-prepared samples and on samples after 63 h of
AAW. Test dollies were placed on homogeneous surface areas and where possible on single
strands to yield representative results. However, variations were comparatively large and therefore,
almost all determined values for the adhesive bond strengths are within their large margins of error.
Nevertheless, non-treated samples appear at adhesive bond strength largely around 2 MPa and thus
at slightly lower values than the plasma pre-treated (PTE) OSB samples with bond strengths
around 2.5 MPa. Again, all failures were exclusively of cohesive type inside the substrate, with
just one outlier at one reference specimen after AAW.
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Figure 17: Adhesion strengths and corresponding standard deviations from pull-off tests on coated
reference (NT) and plasma-treated (PTE) spruce specimens as prepared and AAW.
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In Figure 5, weight differences after 3 days of water immersion for coated reference (NT) and
plasma-treated (PTA-PTE) specimens are shown. Regarding OSB, the water uptake is reduced by
11 % for samples pre-treated according to plasma treatment procedure PTE.
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4 CONCLUSIONS

The plasma pre-treatments did have an impact on the coating’s performance on all substrates. The
nature of the effect was quite different on the various substrates, though, regarding different
aesthetical and mechanical aspects.

The colour changes are quite differently pronounced on the different substrates. On solid spruce,
the plasma pre-treatments led to slightly lower colour changes during AAW in terms of AE and
AL*, whereas on solid beech, the same plasma pre-treatments caused an increased colour change
during AAW for all 4E, AL*, da*, and 4b*. Both composite substrates OSB and MDF were in
line with spruce, showing lower colour change during AAW for all 4E, AL*, 4a*, and 4b* on
plasma pre-treated specimens, but with much lower differences between plasma pre-treated and
reference samples.

The gloss parameters remained at approx. doubled values after AAW on the plasma pre-treated
specimen as compared to the reference ones for solid spruce wood and for the MDF composite.
On beech and OSB samples, however, the gloss values were equal for plasma pre-treated and
reference specimens in all cases, i.e. before, during, and after the AAW,

The surface morphology was comparable on coated solid spruce and beech wood as well as on the
coated OSB composite specimens. For coated MDF composites, however, the non-treated
reference samples developed macroscopic valleys and ridges during the weathering. The AAW
process led to swelling of all composite samples, particularly of the MDF specimens, due to their
unprotected back and sides. However, the swelling of the non-treated MDF sample was stronger
by 12.7 % as compared to the swelling of the plasma pre-treated sample, thus indicating a clear
impact of the plasma pre-treatment on the coating’s performance for moisture resistance.

The adhesion of the coating and the corresponding adhesion strengths before weathering were
largely comparable between the non-treated samples and the corresponding plasma pre-treated
samples, i.e. pairs of values fall well into each other’s margin of error. Differences after the
weathering were negligible on beech, but on spruce, the adhesion strength on the non-treated
sample was reduced by 13 %, whereas the bond strength on the plasma pre-treated specimen
remained at the initial value.

Due to particularly strong variations, apparent differences on coated OSB between plasma pre-
treated and non-treated specimens are still well within the margins of error, so that no significant
impact of the plasma treatment can be deduced, neither can it be excluded.

On MDF, no values could be obtained after weathering due to the degradation of the substrates’
bulk material.

The water immersion tests revealed an extraordinary reduction of the water uptake of %5 on spruce
and % on beech for a coating that already was optimized for outdoor applications. On OSB
substrates, a paraffin coating applied by the manufacturer already provides good protection against
water uptake; the plasma pre-treatment, however, still yields an improvement and might, thus, be
an interesting alternative to paraffin impregnation. On MDF, all samples performed relatively
poorly due to the bulk properties of the material. The plasma pre-treatments did again yield a
notable improvement to the commercial coating, but a simple plasma activation did not improve
the performance well enough to qualify an industrial application on this material. Rather, the
results indicate the necessity of a barrier that might be applied as interlayer between substrate and
commercial coating, e.g. in the form of plasma polymerization.
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In summary, plasma treatments have different impacts on the performance of water-borne stains
on various wooden and wood-based materials. The particular influence of a given plasma device
on a specific sample, however, should be determined for all new cases.
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