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Abstract: This paper deals with the influence of dark and light exposure on the colour change
of a transparent two-component polyurethane surface finish. The surface finish with polyacrylic
and aldehyde resin was applied to the surfaces of untreated and hydrothermally treated European
beech, alder, Norway maple, and Paper birch wood. The test specimens were deposited indoors for
60 days. The colour values (lightness L*, redness + a*, yellowness + b*, chroma C*, hue angle h◦)
were expressed in the CIELAB system. The results showed that the colour difference of the finish
surfaces of all hydrothermally treated wood species was 27–50% lower after the dark than when
exposed to light. In the case of finished untreated wood, the colour difference was 51–73% lower after
the dark than light exposure. Only the finished untreated and hydrothermally treated Norway maple
wood surfaces showed similar and significant changes after both dark and light exposure. The lower
value of the colour difference of the finished hydrothermally treated wood was due to the fact that
steaming wood with saturated water steam has a positive effect on the overall colour stability of the
finish and partial resistance to the initiation of photolytic reactions caused by light.

Keywords: alder; beech; birch; colour; dark; hydrothermally treated wood; light; maple;
polyurethane finishing

1. Introduction

The first polyurethanes were produced more than eighty years ago. The main raw
materials in ain polyurethane production are diol and isocyanate, which react to form
urethane linkage [1,2]. Polyurethanes are used in medical science, automobiles, coatings,
adhesives, sealants, paints, textiles, etc. For polyurethane coating materials, the basic
components are compounds containing reactive isocyanate groups, and the additional
components are substances that have free hydroxyl groups, e.g., polyester, alkyds and
polyacrylates [3]. Two-component polyurethane coatings are supplied to the market as a
solution of polyhydroxy esters and an additional solution of polyisocyanates (the hardener).
Polyurethane coating materials are characterised by good resistance to water, chemicals,
mechanical stress, and higher temperatures. Currently, conventional petroleum-based
polyurethane coatings have been replaced by their green counterparts, i.e., bio-based
polyurethane coatings [4]. The second group, in addition to solvent polyurethane coating
materials, is made up of water-based polyurethanes. Polyurethane aqueous dispersions
are becoming increasingly important in the coatings industry [5–7]. In the production
of polyurethane substances, sustainability must be taken into account, as well as the
possibility of improving the properties of coating materials by various modifications [8–14].
Polyurethane coating materials are used to protect various materials based on metals or
wood. They are produced as pigmented or transparent. In the interior for wood finishing,
we prefer transparent coating materials that preserve the appearance of wood and protect it
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from wear and tear [15–17]. However, coatings are generally not able to provide sufficient
protection because UV light can penetrate through the film layer and cause degradation of
the wood and even the coating itself [18]. Transparent or clear surface finishing is designed
to enhance the stability of the wood surface and maintain the natural aspects of the wood,
such as the colour, grain, and texture, for a long time. Transparent finishing films perform
badly on wood surfaces during interior or exterior exposure. In fact, these types of coatings
cannot absorb UV light, and attend the wood surface [19]. This phenomenon leads to
the photodegradation of the wood substrate. The surface cellulose layer has the potential
to stabilise the wood surface against discolouration. However, it can be affected by UV
light. Under UV light, a decrease in lignin content and, at the same time, an increase in
the crystalline cellulose content on the surface [20]. A visible colour change in wood is the
first sign of its chemical modification when exposed to light, even in diffuse indoor light
conditions. Changes in the colour of the wood surface after applying a transparent coating
material are the result of an interaction of the colour of the coating film with the colour
of the wood surface [21]. But we know from practice that not always the entire surface
of a wood product (e.g., floor, shelf, table) is exposed to light. Many scientific works deal
with the change in wood colour [22–27] or the change of surface finishes on wood in the
interior due to the influence of light [17,28–30] or after accelerated weathering [9,13,31–36].
However, the effect of visible light from short waves (violet-blue) and the thermic effect of
the infrared components of natural light passing through window glass [36–38] have to be
considered as indoor ageing factors [25,39,40]. Fewer works pay attention to wood ageing
and to surface finishes that are not directly exposed to light [25,28].

The aim of the presented work was to evaluate the effect of dark and light exposure
on the colour change of the transparent two-component surface treatment on untreated
(native) and hydrothermally modified wood species with the aim of adding new useful
data in this area.

2. Materials and Methods
2.1. Materials

In this study, a transparent two-component polyurethane surface finish based on
polyacrylic and aldehyde resin. Its commercial name is PUR SL-212-Schichtlack/30. It is
recommended for interior use on solid wood, veneers, tables and worktops, and kitchen
and bathroom furniture. It is highly scratch resistant and fully built. It was applied by
spraying in two coats with a spread rate of 80–120 mL·m−2. The density of the coating
material is 0.94 g·cm−3. The thickness of the dry film was 36 ± 2 µm. The samples of
untreated and hydrothermally treated (HTT) wood of four wood species (Table 1) were
prepared from six-month air-conditioned and sanded boards (sanded first transversely and
then in the longitudinal direction, the last sand grit P 180).

Table 1. Wood species, wood treatment, and ageing exposure were used in the experiment.

Wood Species Wood Treatment Ageing Exposure

• Alder

(Alnus glutinosa (L.) Gaertn)
• Untreated
• Hydrothermally treated

(HTT) with saturated water
steam at the temperature of
135 ± 2.5 ◦C for 6 h

• Dark
• Light

• European beech

(Fagus sylvatica L.)

• Paper birch

(Betula papyrifera Marsh)

• Norway maple

(Acer pseudoplatanus L.)
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The samples containing mature wood had three to eight growth rings per cm, they were
free from defects, and the growth ring orientation to the tested surface was 5◦ to 45◦. After
application, the samples were stored in a dark room at 23 ◦C and 50% relative humidity for
14 days to ensure film formation, sufficient hardening, and solvent evaporation.

2.2. Ageing Exposures

The samples exposed to ageing exposures were carried out for 60 days in the summer
months. The coated and uncoated samples were stored in a room in the interior: (1) in
dark condition (packed in aluminium foil) and (2) in light condition (exposed behind a
glass window—thermal-insulation double glazing with U-factor 1.1 W·m−2·K−1 with west
direction). The interior temperature ranged from 20 to 25 ◦C, and relative humidity varied
from 50% to 55%. The daily average of the total solar power density was between 336 and
535 W·m−2 in Zvolen, Slovakia (Table 2). The geographical data for Zvolen are longitude
19◦07′03′′ East, latitude 48◦34′15′′ North, and an altitude of 283 m.

Table 2. Weather data acquired during ageing progress.

Radiation [kWh·m−2] Temperature [◦C]
Average Standard Deviation Average Standard Deviation

July 5.215 1.383 19.6 2.4
August 4.496 1.081 20.5 1.6

September 3.237 1.204 15.5 2.8

2.3. Evaluation of Colour Change

The colour changes of the sample surfaces were visualised and quantified by using
the CIELAB colour space. The 3-dimensional colour space is built up from three axes. The
L*-axis gives the lightness: a white surface has an L* value of 100, and the L* value of
black surfaces is 0. The so-called achromatic colours, the shades of grey, are on the L*-axis.
Chromatic (‘real’) colours are described by using the two axes in the horizontal plane. The
a*-axis is the green-red axis, and the b*-axis goes from blue (−b*) to yellow (+b*). Hue
is the colour tone or name of a colour. Chroma is the amount of saturation of a colour.
Colours of high chroma are said to be clear, bright, or brilliant. Dull (pastel) colours have a
low chroma. Hue and chroma can be visualised and quantified by using the a*b*-plane of
the CIELAB colour space (Figure 1).
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Figure 1. The CIELAB colour system.

The colour parameters of the tested samples were measured using a Colour Reader
CR-10 (Konica Minolta, Osaka, Japan) after surface finishing and after exposition in the
dark or in the light. The device was set to an observation angle of 10◦, with d/8 geometry,
and a D65 light source. The colour values (lightness L*, redness + a*, yellowness + b*,
chroma C*, hue angle h◦) were measured at the 10 given positions on each of the tested
samples tested and expressed in the CIELAB system [41].
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The colour changes of the sample surfaces were measured after 60 days. Total colour
difference ∆E*

ab was subsequently calculated as the Euclidean distance between the points
that represent them in the space using the following equation [41,42]

∆E*
ab =

√
∆L*2 + ∆a*2 + ∆b*2 (1)

where: ∆L*, ∆a*, ∆b* are the differences in individual axes (the difference between the
value measured after 60 days of exposure in dark and light and before exposure). The
magnitude of ∆E*

ab can be classified according to the classification reported in Table 3.

Table 3. Colorimetric evaluation [43].

The Scale of Total Colour Difference ∆E*
ab Description

0.2 > ∆E*
ab Not visible difference

0.2 < ∆E*
ab < 2 Small difference

2 < ∆E*
ab < 3 Colour difference visible with high-quality screen

3 < ∆E*
ab < 6 Colour difference visible with medium-quality screen

6 < ∆E*
ab < 12 High colour difference

∆E*
ab > 12 Different colours

To demonstrate the colour change of the coated wood surfaces (before and after the
exposure), the scanner Colour Laser Jet Pro MFP M477fdw was used.

2.4. Statistical Evaluation

MS Excel 2013 and statistical software STATISTICA 12 was used to analyse and present
the collected data on colour parameters. Descriptive statistics deal with basic statistical
characteristics—average and standard deviation—and an analysis of variance (ANOVA)
followed by the Duncan test.

3. Results and Discussion

The surface finish on HTT beech wood did not change lightness in the dark, whereas
in the light, it lightened highly significantly (>99.9%). This was also confirmed by the
Duncan test. Additionally, the change in the lightness of the surface finish on untreated
beech wood showed a low significance (>95%) in the dark (Tables 4–6, Figure 2a).

Table 4. Duncan test for four species of wood.

Colour
Coordinates

Exposition

Wood Species

European Beech Alder Norway Maple Paper Birch

Untreated HTT Untreated HTT Untreated HTT Untreated HTT

L*
Dark # – # – ### ### – –
Light ### ### ### ## ### – ### ###

a*
Dark ### ### ### ### ### ## ### ###
Light ### ### ### ### ### – ### ###

b*
Dark ### ### ### ### ### ### ### –
Light ### ### ### ### ### ### ### ###

C*
Dark ### ### ### ### ### ### ### #
Light ### ### ### ### ### ### ### ##

h◦
Dark ### ### ### ## ### – ### ###
Light ## ## ### ### ### ### # ###

Note: HTT = Hydrothermally treated wood. Indexes of the Duncan test characterising the significance level of
colour coordinates in relation to the state before exposure: ### high significant decrease > 99.9%, ## significant
decrease > 99%, # low significant decrease > 95%, insignificant decrease < 95%.
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Figure 2. Colour coordinates L*, a*, b*, C* and h◦ for untreated and hydrothermally treated: (a) Euro-
pean beech (Fagus sylvatica L.) and (b) alder (Alnus glutinosa (L.) Gaertn.) with polyurethane surface
finish before finish (N) and after ageing in dark (D) and light (S) condition.
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The change in the lightness of the surface finish on HTT alder wood was insignificant
in the dark (<95%), whereas the surface darkened highly significantly in the light (>99.9%).
The surface finish on the untreated alder wood lightened low significantly in the dark
(>95%) and significantly darkened in the light (>99%) (Figure 2b). This was also confirmed
by the Duncan test (Table 4). Figure 3a shows that the change in the lightness of the surface
finishes on the HTT maple wood was statistically highly significant (>99.9%) in the dark.
The change in the lightness of the surface finish on untreated maple wood: the surface
finish lightened up highly significantly (>99.9%) in the dark and became darker in the light.
Figure 3b shows that the change in the lightness of the surface finishes on HTT birch wood
was insignificant in the dark (<95%), and the surface highly significantly lightened in the
light (>99.9%). The surface finish on the untreated birch wood did not change the lightness
in the dark (<95%), and the surface darkened highly significantly in the light (>99.9%).

In the dark, the colour differences on the tested surface finish were graded as “Colour
difference visible with medium-quality screen” or “Colour difference visible with high-quality
screen”. In light, the surface finish reached a “High colour difference” on European beech,
Alder and Norway maple untreated maple wood (Tables 5 and 6). The authors [5] state
that the colour differences of polyurethane surface finish on Oriental beech, before and after
250 h of accelerated weathering, was 18.30, which was a “Different colour”. The paper [27]
reports “Colour difference visible with medium quality screen” for oil surface finishes on
European maple wood after accelerated simulation in the dark. The tested surface finish on
untreated Paper birch wood showed “Colour difference visible with medium quality screen”.
Different values of colour differences in the surface finish on different types of wood are
caused by the interaction of the colour change colour of the wood surface and the colour
change of the coating film itself. The different behaviour of the wood species studied may
be related to the differences in their chemical composition, especially lignin and extractives
content. Wood extractives are an important factor affecting wood colour, while also playing
an important role in the wood photodegradation process [23,26–28]. Different sizes of colour
differences of the surface finish in the dark from those in the light point to the significant
influence of light. Studies [24,28] are highlighting the role of light as the main factor in indoor
natural ageing, while also pointing towards degradation of lignin as a main photo-chemically
induced process.

Table 5. Scans and the colour difference ∆E*
ab of the surface finish on untreated wood.

Exposition European Beech Alder Norway Maple Paper Birch

Before
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Figure 3. Colour coordinates L*, a*, b*, C* and h◦ for untreated and hydrothermally treated:
(a) Norway maple (Acer pseudoplatanus L.); and (b) Paper birch wood (Betula papyrifera Marsh) with
polyurethane surface finish before the finish (N) and after ageing in dark (D) and light (S) condition.
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Table 6. Scans and the colour difference ∆E*
ab of the surface finish on hydrothermally treated woods.

Exposition European Beech Alder Norway Maple Paper Birch
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The hydrothermal modification of the wood reduced the colour differences of the
surfaces with the surface finish exposed to light. Colour differences showed “Colour
difference visible on medium quality screen”. Only in the case of Norway maple HTT
wood the colour difference achieved a “High colour difference (Table 4). The authors
in [27] claim that the surface colour of untreated maple wood changes more markedly than
the surface colour of steamed maple wood due to UV radiation. The size of the colour
difference ∆E*

ab of the surface finish on untreated wood, and HTT wood was different in the
dark from that in the light. The authors [28] claim that some small colour changes occurred
in the surface finish, which is protected from the direct action of light; these changes were
due to thermal-induced ageing. Of course, the differences of the individual coordinates ∆L*,
∆a*, ∆b*, ∆C*, ∆h◦ were also different in the dark from those in the light. The coordinate a*
of the surface finish on both the untreated and HTT surfaces in the dark moved toward
red colours (Figures 2 and 3). When exposed to the light, the surface finish on untreated
wood shifted predominantly towards red colours; on the HTT wood, towards green colours
(Figures 2 and 3). The b* coordinate of the surface finish on both untreated wood and HTT
wood shifted predominantly in the direction of yellow colours in the dark as well as in
the light. These statements are also confirmed by work [27]. The shift of the b* coordinate
was significantly smaller in the dark than in the light. Yellowing was mostly associated
with lignin degradation [24,28], and these results suggest that UV light penetrated through
the coating layer affecting lignin at the interface wood/coating, which is in accordance
with previously reported research [17]. The study [29] states that the change in ∆b* was
most strongly influenced by the number of polyurethane varnish layers. Similar changes to
those on the b* coordinate were also recorded for the C* coordinate. Figures 2 and 3 show
that the angle h◦ of the surface finish on the HTT wood surfaces for the four wood species
has the same direction in the dark. The angle increases in the light and decreases in the
dark. On the surface finish on untreated wood in the dark, the h◦ angle decreases for all
four species of wood. But in the light, the angle increases on European beech and Paper
birch, and it decreases on alder and Norway maple.

The interaction between the colour of the coating film and the colour of the wood
surface causes changes in the colour of the wood surface after the application of the
transparent coating material [21]. The fact that hydrothermal treatment of wood with
saturated water steam has a good impact on the overall colour stability of the finish and
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partial resistance to the beginning of photolytic processes generated by light [27,44,45] is
the reason why the colour difference of the completed hydrothermally treated wood was
less noticeable. The authors of [27] used FTIR analysis of chemical changes in HTT and
untreated maple wood. Using FTIR, they observed the formation of new carbonyl C=O
groups. These could come not only from the main constituents of wood (lignin, cellulose,
and hemicelluloses), but also from extractives. They recorded the most significant increase
in the intensity of the C=O group bands in the spectrum of the sunlight ageing untreated
wood than treated wood. The authors [44] stated that the lightfastness of beech wood was
also greatly affected by lignin. The main change in the ATR-FTIR spectra was the decrease
in lignin absorption bands in parallel with the increase in unconjugated carbonyl absorption
after the ageing of HTT and untreated wood with daylight components. Photodegradation
of wood was also associated with a reduction in the ratio of lignin to carbohydrates while at
the same time increasing the ratio of unconjugated carbonyl to carbohydrates, which may
affect the partial resistance of HTT beech wood to daylight. The authors [45] suggested
that the lower value of the colour difference of HTT birch wood points to the fact that
hydrothermal treatment of wood with saturated water steam has a positive effect on colour
stability and partial resistance to the initiation of photolytic reactions caused by sunlight.

Photo-oxidative degradation and yellowing or discolouration in polyurethane coatings
upon UV irradiation is a general phenomenon. In our previous study [30], discolouration of
a finishing system based on polyacrylic, and aldehyde resin resulted mainly from the photo
yellowing of underlying untreated and HTT-treated wood due to sunlight and increased
with irradiation time. Furthermore, the results of the study [46] showed that an accelerated
ageing process with simulation of indoor conditions induced significant discolouration
of surface-treated wood, both coated with solvent-based polyurethane and water-based
lacquers. The spruce wood surfaces coated with solvent-based polyurethane lacquers were
less stable than the oak surfaces treated in the same ways. There were also confirmed
significant impacts for wood species, lacquer/coating system type, lacquer modification,
and wood surface pre-treatment with pigment and stain mordants on colour change during
accelerated ageing. The better colour resistance of transparent surface-finished wood
confirms the already recognised fact that darker wood surfaces are more stable [28–30,46].
In addition, it may be affected by the type and amount of topcoat applied [47,48].

4. Conclusions

Polyurethane coating material applied to untreated wood and hydrothermally treated
wood protects the surface and enhances it aesthetically. At the same time, the coating
material creates a coating that changes the colour of the wood surface. If exposed to the
dark or to the light, the surface finish changes the colour of the surface.

If evaluated from a practical point of view, products finished with the surface finish
will change the colour of the surface significantly less in the dark than in light exposure.
Wood species characterised by brown-pink shades (European beech, alder), as well as light
wood with yellow-brown shades (Norway maple and Paper birch) with surface finish,
became lighter in the dark, while, in the light, they became darker. If exposed to the light
for 60 days, the colour change reached “High colour difference” for European beech, alder,
and Norway maple. In the dark, the colour difference of the surface finish on HTT wood
was comparable to the colour difference of the surface finish on untreated wood.

Thermal treatment of wood did not eliminate the colour difference when the surface
was exposed to dark, but it ensured the elimination of the colour difference when the
surface was exposed to light. The surface finish on HTT wood showed a colour difference
of 27–50% greater in the light than in the dark. The surface finish on the untreated wood
showed a colour difference of 51–73% greater when exposed to light in comparison with
the dark. In light of this, the surface finish on HTT wood showed a colour difference of
27–56% smaller than the surface finish on untreated wood. In the dark, the surface finish
on HTT wood and also on untreated wood became lighter. If exposed to light, the surface
finishes on the HTT wood mainly lightened, and on the untreated wood, it darkened.
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