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ABSTRACT

Color and glossiness are two important aesthetic properties of wood flooring and wood furniture that 
significantly affect consumers choice. With time the coating deteriorates altering the surface properties. Un-
derstanding these changes is important for furniture industry, impacting design choices, material selection, and 
long-term maintenance. 

The effects of thermal aging (30 °C for 30 days, 60 °C for 60 days, and 90 °C for 90 days) on color  
parameters (C*, L*, b*. a*, ho) and glossiness on both perpendicular (    ) and parallel (║) directions at 20°, 
60°, and 85° angles in UV-cured coatings applied on sessile oak were studied. Results show that statistically 
significant differences were observed in the glossiness values, as well as in C*, b*, a*, L* and ho. As the tem-
perature and duration of the thermal aging process increased, there was a noticeable increase in the values of 
color parameters b*, a*, and C*, while the values of ho and L* decreased. The characteristics of the surfaces 
exposed to thermal aging have undergone a complete transformation.
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INTRODUCTION

In laminate flooring, the top surface is typically coated with 5-7 layers of acrylic or polyurethane varnishes 
and cured using an ultraviolet (UV) system. Deteriorations that occur over time on the top surface of varnished 
flooring can be repaired by sanding off the damaged varnish layer and reapplying a new varnish coat (Döngel 
2005). UV-cured coatings continue to find application in several furniture and kitchen cabinet scenarios. For 
wooden furniture, 100 % solid UV lacquer has been recognized as the most environmentally friendly choice 
for surface coating (Gustafsson and Borjesson 2007). Generally, UV-curable formulations usually consist of 
oligomers or prepolymers that contain reactive regions centered around a functional acrylate group to adhere 
to regulations regarding volatile organic compounds (VOCs). 

A variety of acrylated prepolymers with different backbone structures, including epoxy acrylates,  
polyester acrylates, urethane acrylates, acrylic oils, polyether acrylates, are readily available (Narayan 2002). 
UV curing provides several benefits, including rapid drying, the ability to coat heat-sensitive substrates, fast 
curing times, minimal space requirements, and a low capital investment for curing equipment (Wang et al. 
2008, Moon et al. 2005). The term “radiation curing” is used to describe processes in which physical changes 
occur when electromagnetic radiation interacts with matter. These physical changes can manifest in various 
ways. For instance, a liquid can be converted into a solid, alterations in solubility can take place, or there can 
be modifications in hardness, toughness, or brittleness (Davidson 2001). 
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A comprehensive description of coatings that can be cured with UV involves coatings that solidify and 
harden when subjected to intense UV radiation. A more precise and chemical interpretation would refer to  
coatings that undergo curing via chain-growth polymerization initiated by free radicals in unsaturated mono-
mers and oligomers (Fibiger 1998). UV-curable formulations, which are most frequently employed, consist 
mainly of unsaturated acrylates because of their heightened reactivity and a broad selection of monomers. 
Polyurethane acrylates are extensively utilized as oligomers in UV coatings due to their ability to offer ex-
ceptional physical and mechanical characteristics, strong adhesion, high flexibility, and remarkable impact 
resistance (Takami et al. 2011).

Artificial weathering simulates natural weathering, spending far less time than would be necessary in natu-
ral weathering. Although in artificial weathering wood is not subjected to biotic effects, the major changes still 
occur, and biotic effects are generally not important in wood flooring applications. One of the most important 
properties that significantly affect wood degradation due to weathering is temperature and therefore studies on 
thermal aging are important (Liu et al. 2017, Tolvaj et al. 2013). There are several studies on the variations of 
color and glossiness with artificial weathering and thermal aging, but the studies have shown that the changes 
depend on the species and on the applied varnishes. 

For example, Salca et al. (2021) studied the glossiness of black alder wood (Alnus glutinosa L.) samples 
coated with two varnish types and concluded that UV varnish exhibited higher gloss than the ones coated with 
a water-borne varnish and that the gloss values of the samples decreased with the exposure time to artificial 
aging. Artificial weathering of lemon wood (Citrus limon (L.) Burm.) (Ayata 2019), apricot (Prunus armeniaca 
L.) (Ayata et al. 2021a), acacia (Robinia pseudoacacia L.) (Ayata et al. 2021b), taurus cedar (Cedrus libani 
A. Rich) (Ayata et al. 2021c), black poplar (Populus nigra L.) (Ayata et al. 2022a), russian olive (Elaeagnus 
angustifolia L.) (Ayata et al. 2022b) and pine radiata (Pinus radiata D. Don) (Sahin et al. 2023) showed that 
generally lightness (L*) color parameter and parallel and perpendicular gloss decrease for 20 º and 60 º angles. 

Thermal aging studies with iroko (Milicia excelsa Welw. C.C. Berg) (Ayata and Bal 2023b), sapele (En-
tandrophragma cylindricum Harms) (Ayata and Bal 2023a), beech (Fagus orientalis Lipsky), northern red oak 
(Quercus rubra L.), walnut (Juglans regia L.), American black walnut (Juglans nigra L.) and maple (Acer 
pseudoplatanus L.) (Ayata et al. 2018), show that the changes on color and glossiness are similar to those 
observed in artificial weathering with a general decrease in L* and glossiness and a* and b* depending on the 
initial wood color. A decrease in gloss with thermal aging has been also reported for several varnishes applied 
on scots pine (Pinus sylvestris L.), eastern beech (Fagus orientalis L.), and sessile oak (Quercus petraea L.) 
(Demirci et al. 2013).

Changes with thermal treatment have been proven to differ for heartwood and sapwood tissues. For exam-
ple, Sjökvist et al. (2019) obtain no differences in moisture content on heartwood and sapwood of coated sam-
ples of Norway spruce wood, contrary to the reported before for uncoated wood where uncoated heartwood 
absorbed less amount of water compared to sapwood in the tangential and longitudinal directions (Blom et al. 
2013, Sjökvist et al. 2018). According to these authors this is due to the coating that reduces the differences 
in water sorption probably due to wetting properties and different sorption mechanisms (Sjökvist et al. 2019) 
or due to the coating potentially inhibit the influence of wood extractives on water absorption (Sjökvist et al. 
2020). 

There are also differences between hardwoods and softwoods. Concerning color, hardwoods typically 
undergo discoloration at lower temperatures compared to softwoods. However, it is normally observed that 
heat can directly influence color by triggering hydrolysis and oxidation of wood components (Sandoval-Torres 
et al. 2010).

Temperature plays a significant role in the color changes of wood surfaces due to its impact on chemical 
reactions and physical processes within the wood, it can also accelerate oxidation reactions in wood, caus-
ing changes in color over time (Gao et al. 2004). Oxidation reactions lead to the formation of compounds 
that darken the wood surface. These changes can happen at low to moderate temperatures at around 65 ºC  
(Sandoval-Torres et al. 2010, White and Dietenberger 2001).

In this study, surface changes resulting from thermal aging of UV cured coating applied on sessile oak 
wood surfaces were investigated. Understanding the influence of temperature on wood surface color changes 
is crucial for various applications such as woodworking, furniture making, conservation of wooden artifacts, 
and understanding the behavior of wood in different environmental conditions. By controlling temperature 
conditions, one can potentially manipulate and manage the color stability and appearance of wood surfaces.
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Materials and methods

Sessile oak (Quercus petraea) wood was obtained from a commercial supplier, ensuring it met the highest 
quality standards, and it had dimensions of 100 x 500 x 17 mm (Rigorous criteria were applied to select the 
test samples, ensuring they were chosen randomly, without cracks, possessed consistent fibers, had no knots 
or imperfections, and exhibited uniform color and density. Subsequently, the samples were prepared following 
the TS ISO 13061-1 (2021) and TS ISO 642 554 (1997). 

UV coating application

Samples measuring 50 cm × 10 cm × 1,7 cm (lengthwise × widthwise × thickness) were extracted from 
each untreated wood specimen. Subsequently, these samples underwent coating with a UV system typically 
employed for laminated parquet, following the procedures described before (Ayata et al. 2018. In the UV var-
nish application, wood material surfaces were initially subjected to calibration sanding processes (80, 120 and 
220 grit). Following this, the application was completed with the following processes: UV parquet paste (25 
g/m2) + UV lamp curing (80 °C) + UV Sealer Clear S (25 g/m2) + UV lamp curing (80 °C) + UV Sealer Clear 
S (25 g/m2) + UV lamp curing (400 °C) + sanding (280 and 320 grit) + UV antiscratch semi matt (7,5 g/m2) + 
UV lamp curing (80 °C) + UV antiscratch semi matt (7,5 g/m2) + UV lamp curing (400 °C). This application 
was conducted at the KPS factory located in Duzce, Turkey. Post-application, the samples were sectioned into 
smaller units measuring 10 cm × 10 cm × 1,7 cm. All samples were then stored in a controlled environment 
with 65 % ± 3 relative humidity and at a temperature of 20 °C ± 2 °C until they reached a constant weight, 
adhering to the specifications outlined in the TS ISO 642 554 (1997) standard. 

Thermal aging applications

The thermal aging applications for the samples treated with UV system parquet varnish were conducted at 
different temperatures and durations (30 °C for 30 days, 60 °C for 60 days, and 90 °C for 90 days) three weeks 
after the application. The untreated experimental samples are referred to as the control. The Microtest MST 
series incubator device (Saray street 676. Cd. No: 22 (Aksan Yapı Kooperatifi) Ankara, Turkey) was used for 
the thermal aging applications.

Determination of glossiness characteristics

Glossiness characteristics were assessed in accordance with the ISO 2813 (1994) standard. Glossiness 
tests were carried out utilizing the ETB-0833 model gloss meter device (Shenzhen Graigar technology CO., 
LTD., Xinfu Building, Center Road, Shajing Street, Baoan District, Shenzhen CN) at three distinct angles (20°, 
60°, and 85°) in both perpendicular and parallel orientations to the wood fibers.

Determination of color properties

The color changes of the samples were quantified using a CS-10 device (CHN Spec. Hangzhou City, 
China) manufactured by CHN Spec, China. This measurement was based on the CIELAB color system, and 
it followed the ASTM D 2244-3 (2007) standard. The assessments were carried out under CIE 10° standard 
observer conditions and CIE D65 light source, with an 8/d (8°/diffuse illumination) lighting system. ΔE*  
values representing color differences for visual assessment are presented in Table 1 according to the compari-
son criteria established by Barański et al. 2017.

Table 1: Color change criteria by Barański et al. (2017).

Color change criteria ΔE* value
Invisible color change         ΔE* < 0,2
Slight change of color   2 > ΔE* > 0,2

Color change visible in high 
filter 3 > ΔE* > 2

Color change visible with av-
erage quality of filter 6 > ΔE* > 3

High color change 12 > ΔE* > 6
Different color           ΔE* > 12
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The results for total color differences were determined using the following Equation 1, Equation 2,  
Equation 3, Equation 4, Equation 5, Equation 6, Equation 7  and Equation 8:

( ) ( )
0,52 2*   *   *C a b = +                                                                                                (1)

*

*   o bh arctan
a

 
=  

 
                                                                                                        (2)

( )*   *      *    C C thermal aged test sample C unaged test sample∆ = −                     (3)

( )*   *      *    a a thermal aged test sample a unaged test sample∆ = −                      (4)

( )*   *      *    L L thermal aged test sample L unaged test sample∆ = −                      (5)

( )*  *      *    b b thermal aged test sample b unaged test sample∆ = −                       (6)

( ) ( ) ( )
0,52 2 2*   *  *    *  H E L C ∆ = ∆ − ∆ − ∆ 

                                                               (7)

( ) ( ) ( )
0,52 2 2*   *   *   *  E L a b ∆ = ∆ + ∆ + ∆                                                                   (8)

The definitions of ∆b*, ∆a*, ∆C*, ∆H*, and ∆L* are provided below (Lange 1999):

∆C* : Chroma or saturation difference, positive sample is clearer and brighter than the reference and  
negative sample is duller than the reference

∆L* : Negative sample is darker than the reference and positive sample is lighter than the reference

∆b* : Negative sample is bluer than the reference and positive sample is more yellow than the reference

∆a* : Negative sample is greener than the reference and positive sample is redder than the reference,

∆H* : Hue or shade difference.

Statistical analysis

After analyzing the data collected in the study through a statistical software, various metrics were  
computed, including maximum and minimum values, standard deviations, means, multivariate analysis of 
variances, percentage (%) change rates, and groups based on homogeneity.

RESULTS AND DISCUSSION

The results of the multivariate analysis of variance are presented in Table 2. These results indicate that 
there were statistically significant differences observed in the lightness (L*) value, chroma (C*) value, yellow 
(b*) and red (a*) color tone values, hue (ho) angle value, as well as the glossiness values in both perpendicular 
( ) and parallel (║) directions at 20°, 60°, and 85° angles.+
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Table 2: Results of multivariate analysis of variance.

 

*: Significant
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The results for color parameters and glossiness values are provided in Table 3. According to these results, 
with an increase in temperature and duration of the thermal aging application, the values of color parameters 
a*, b*, and C* increased, while L* and ho values decreased. The highest decrease rate for the L* value was 
obtained at 90 °C for 90 days, with a percentage decrease of 16,46 %, while the lowest decrease rate was ob-
served at 30 °C for 30 days, with a 5,80 % decrease.) (Table 3). Ayata et al. (2018) reported that in materials 
subjected to thermal aging (30 days at 30 °C, 60 days at 60 °C, and 90 days at 90 °C), the L* values decreased 
in all species, including red oak, beech, maple, American walnut, and walnut, which had been coated with UV 
varnish. Similarly, Cavus (2021) obtained a decrease in L* after artificial weathering of UV Varnish applied 
onto Mulberry Wood. 

The control samples exhibited the lowest a* value (6,67), whereas the highest a* value was recorded in the 
experimental samples that underwent 90 days of thermal aging at 90 °C (9,02). This a* increase corresponded 
to 35,35 %. The highest increase in the b* value was noted during the 90 days of thermal aging at 90 °C, with 
a percentage increase of 10,47 % (26,39), while the most modest increase, at 1,26 %, was observed during the 
30 days of thermal aging at 30 °C. The experimental samples subjected to 90 °C for 90 days of thermal aging 
exhibited the highest C* value (27,89), whereas the control samples had the lowest C* value (24,80) The most 
significant increase in the C* value was observed after 90 days of thermal aging at 90 °C, with a percentage 
increase of 12,45 %. The lowest ho value was determined in the experimental samples subjected to 90 days of 
thermal aging at 90 °C (71,13), 4,71 % of the initial samples while the highest ho value was obtained in the 
control samples (74,41). Similar results were reported before for Sapele with thermal aging and UV system 
varnishing, where the samples subjected to 90 days of thermal aging at 90 °C showed the lowest values for 
L*, a*, b*, and C*, while the control group exhibited the highest values (Ayata and Bal 2023a) or Ayata and 
Bal (2023b) that reported that in UV system varnished iroko wood subjected to thermal aging, an increase in 
temperature and duration led to a decrease in L*, b*, and C* parameters.

Temperatures used in the treatment were mild, therefore no significant changes in chemical composition 
are expected. In accordance with Kamperidou (2021) temperatures below 160 ºC do not cause any changes 
to lignin. There might however be some changes on hemicelluloses and extractives. Oxidation reactions have 
been mentioned to occur at low to moderate temperatures at around 65 ºC (Sandoval-Torres et al. 2010, White 
and Dietenberger 2001) and to lead to the formation of compounds that darken the wood surface. Nevertheless, 
results show that changes are observed even at 30 ºC with a 5,8 % change in lightness. The major increase is 
observed, however, at 90 ºC with a 16,46 % change in relation to initial L*. Similar changes have been found 
for the remaining color parameters, a*, b* and C*. The major difference from initial wood was found for a* 
with a 35,35 % increase which indicates a clear redness of the surface with also some yellowing with the in-
crease in b* values.
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Table 3: Measurement results for color parameters and glossiness values.

HG: Homogeneity Group, N: Number of Measurements, SD: Standard Deviation,COV: Coefficient of Variation, *: Highest result, **: 
Lowest result
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In measurements conducted at a 20-degree angle, it is observed that glossiness values in the perpendicular 
direction to the fibers increased with the measurements conducted, with a 3,04 % increase attributed to the 
application of 30 °C for 30 days. Additionally, thermal aging associated with the applications of 60 °C for 60 
days and 90 °C for 90 days resulted in decreases of 6,52 % and 20,45 %, respectively. We also observe the same 
trend in measurements conducted at a 20-degree angle in the parallel direction to the fibers, with increases for 
30 °C for 30 days (3,00 %), 60 °C for 60 days (3,86 %), and 90 °C for 90 days (16,31 %). 

Furthermore, the results for measurements in the parallel direction to the fibers were found to be higher 
than those in the perpendicular direction. Salca et al. (2016) mentioned that there was no significant difference 
between gloss measured parallel or perpendicular directions on the gloss values at 20° geometry for coated 
black alder (Alnus glutinosa L.) wood, nevertheless the reported values were also slightly higher for parallel 
measurements. In the glossiness measurements conducted at 60 and 85 degrees in both perpendicular and  
parallel directions to the fibers, decreases were observed after the thermal aging process. Furthermore, the 
highest glossiness values at 60º and 85º were found in the control samples where thermal aging was not  
applied.

It has been stated that the glossiness values measured both parallel (║) to the fibers at 20° and 60° and per-
pendicular ( ) to the fibers at 20°, 60°, and 85° decreased after thermal aging on UV varnished sapele material 
(Ayata and Bal 2023a). On UV-varnished iroko wood, it has been determined that the glossiness values at 60°, 
measured both perpendicular and parallel to the fibers, showed the highest reduction, with decreases of 9,92 % 
and 8,54 %, respectively, after the application of 90 days at 90 °C. The lowest reductions, on the other hand, 
were observed after the application of 30 days at 30 °C, with reductions of 1,12 % and 3,26 %, respectively. 
Additionally, the measurement results obtained parallel to the fibers were higher than those obtained perpen-
dicular to the fibers (Ayata and Bal 2023b).

The results of the total color difference calculated using color formulas after the thermal aging applica-
tions are presented in Table 4. After all thermal aging applications, ∆L* (darker than the reference) values 
were determined as negative, while ∆b* (more yellow than the reference), ∆a* (redder than the reference), 
and ∆C* (clearer and brighter than the reference) values were obtained as positive. ∆a*, ∆C*, and ∆E* values 
were observed to increase with an increase in temperature and duration of the thermal aging application. The 
∆E* values were obtained as 4,11 for 30 °C for 30 days, 5,46 for 60 °C for 60 days, and 11,49 for 90 °C for 90 
days (Table 4). When compared to the color criteria proposed by Barański et al. (2017), it can be observed that 
for 30 °C for 30 days and 60 °C for 60 days, the category is “Color change visible with an average quality of 
filter (6>ΔE*>3)”, while for 90 °C for 90 days, it falls into the category of “High color change (12>ΔE*>6)”.

In study Ayata and Bal (2023a), they subjected materials obtained after applying UV system parquet var-
nishes to sapele wood surfaces to thermal aging under various temperatures and durations (30 °C for 30 days, 
60 °C for 60 days, and 90 °C for 90 days) in an incubator setting. The results showed that the ∆E* values were 
determined to be 1,69; 4,98 and 8,78 for the respective variations of 30 °C for 30 days, 60 °C for 60 days, and 
90 °C for 90 days. The ∆E* values exhibited an increase as the duration of thermal aging increased. In another 
study, it was reported that the ∆E* values for UV-varnished iroko wood after thermal aging applications were 
0,57 for the 30 days at 30 °C application, 4,10 for the 60 days at 60 °C application, and 4,81 for the 90 days 
at 90 °C application (Ayata and Bal 2023b). In the study by Ayata et al. (2018), it was reported that the ΔE* 
increased in all thermal aging processes, with a greater increase observed in more severe aging conditions.

From these obtained results, it can be seen that the properties of surfaces with thermal aging have under-
gone a complete transformation.

Table 4: Results for total color differences.
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CONCLUSIONS

Comprehending how temperature affects alterations in wood surface color is essential for several appli-
cations. By regulating temperature conditions, it becomes possible to potentially influence and oversee the 
stability and visual appeal of wood surfaces. This study yielded the following findings:

As the temperature and duration of the thermal aging process increased, the values of color parameters b*, 
a*, and C* exhibited an upward trend, whereas the values of ho and L* showed a decrease.

The ∆E* values were determined in descending order as follows: 90 °C for 90 days (11,49) > 60 °C for 60 
days (5,46) > 30 °C for 30 days (4,11).

During thermal aging application, measurements for all tests have shown variations with an increase in 
temperature and duration. Variance analyses have supported this, showing that measurements for all tests  
exhibited significant differences with the increase in temperature and duration of thermal aging.
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