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INFLUENCE OF ACCELERATED AGEING ON MORPHOLOGY
AND WETTING OF WOOD SURFACE TREATED WITH
A MODIFIED WATER-BASED COATING SYSTEM

Jozef Ktdela — Martina Strbova — Frantisek Ja§

ABSTRACT

This work evaluates accelerated ageing effects on quality of tree-of-heaven wood
surface finished with a water-based coating system applied in several colour hues. This
coating system has been adjusted for surface treatment intended for outdoor exposure. There
were studied morphological changes in surface of treated wood at accelerated ageing,
through its roughness parameters. There was also investigated the resistance of this wood
against wetting with liquids and surface free energy with its components.

The results show that the dry accelerated ageing mode did not cause significant
changes in roughness and waviness. The wet mode induced moderate increase in roughness,
enhancing, in such a way, variability in roughness and waviness. In all cases, the higher
roughness and waviness values were recorded perpendicular to the grain. This gives
evidence that the surface treatment had not resulted in total smoothing the wood anisotropy.

The experimental results related to wetting with specific liquids also confirmed high
water-resistance of the tested coating system. The contact angles occurring during wetting
with water exceeded 90°. This ensured effective protection for wood surface against water
during ageing, and the overall stability of the system wood solid-coating.

The average surface free energy values of specimens surface-treated with the tested
coating system determined based on wood wetting with water and diiodomethane were
comparatively low (about 26 mJm-2), with dominant apolar component. The dry mode did not
induce significant response in surface free energy. The wet (rainfall simulation) mode resulted
in a moderate increase in surface free energy (to about 34 mJm-2), mostly due to the increase
in the polar component.

The colour hue of the coating system had no effects on the investigated characteristics.
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INTRODUCTION

In outdoor conditions, wood surface layers are exposed to radiation, moisture,
heat/frost, pollutants and other factors acting in interactions. As such, the surface wood
layers are subject to degradation. The first ageing-associated changes are manifested as
colour variations induced by degradation of lignin, and to some extent also hemicelluloses.
There are species-specific differences in wood chemistry; consequently, there are also
differences in the photo-degradation rate among the species (PANDEY and VUORINEN 2008,
FAN et al. 2010, CHEN et al. 2012 and others).
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Later, the progressive ageing-related wood surface degradation impairs its
morphology. The surface roughness and waviness increase, and the wood surface texture
may turn plastic (FEIST 1990, KUDELA and IHRACKY 2014). This is mainly typical for
coniferous wood species as the density of their early and late wood differs distinctly. The
changes in wood structure are responded by changes in more surface properties (HON 1981,
WiLiams et al. 2001, KisHINO a NAKANO 2004, ToLvA] et al. 2011, HUANG et al.
2012, IHRACKY 2014, KUDELA et al. 2015).

One of wood surface protection methods against outdoor effects is application of an
appropriate coating material. Evidently, the function of wood surface treatment is not only
to improve the look but also to protect. In exterior, this protective function should mean
mainly inhibiting penetration of UV radiation, rain water and other harmful factors.

In case of surface-treated wood, the early degradation phases cause wood discolouration
and gloss reduction (SAHA et al. 2013a, OLSSON et al. 2014, KUDELA et al. 2016 and others).
The discolouration may be due to the degraded coating but also due to the degraded wood
surface. Contrarily, the gloss reduction is due to the degraded coating alone (OLLSON et al. 2014).

Coatings are also intended to protect wood against water, so the coating resistance
against water or also other liquids is a crucial characteristic. The surface wettability with
liquids is assessed based on contact angle value — the measure of the tested-material affinity
for water. The contact angle values at interface between the surface-treated wood and the
standard liquid provide a background for deriving the thermodynamic characteristics of the
wetted wood surface — surface free energy with its components and adhesion work (KUDELA
and LIprTAKOVA 2006, PETRIC a OVENS 2015, HUBBE et al 2015). Different wetting of surface
treated wood before and during ageing is close associated with the wood surface degradation
(LANDRY and BLANCHETT 2012, SAHA et al. 2013a).

The service life of surface treatment depends on the coating performance in reflecting
or absorbing UV radiation. Consequently, the surface treatment is improved by adding more
pigments, organic absorbers of UV radiation or other specific additives (bark extracts) —
SAHA et al. (2013a).

The current trends in investigating the ageing of wood surface treated with coating
materials aimed to improve its colour stability are several: using nano-particles for coating
modification on organic-inorganic base, wood surface pre-treatment with plasma, and
similar (LANDRY and BLANCHETT 2012, KOCAEFE and SAHA 2012, SAHA et al. 20133, b,
OLSSON et al. 2014, WAN et al. 2014, GIRARDI et al. 2014, REINPRECHT and SOMSAK 2015).

Our research objective was to study how the accelerated ageing influenced the surface
treatment quality. The surface quality changes were assessed through visually observed
changes in morphological and physical characteristics of wood surface treated with a water-
based coating system. The system was applied in several colour hues, and it was modified
for use in outdoor conditions. The work KUDELA et al. (2016) evaluates the accelerated
ageing effects on wood decolouration and gloss reduction in wood treated with the coating
system. The results show that the system applied was high resistant against photo-
degradation, with the colour hue being an important factor.

The aim of this work was to assess how accelerated ageing mimicking outdoor
conditions affected the roughness, wetting and surface energy variation in wood surface
treated with the relevant coating system.

MATERIAL AND METHODS

Accelerated ageing was simulated on specimens prepared of 0.5 mm thick veneers of
tree of heaven (Ailanthus altissima), the specimens size was 80 (L) x 33 (R/T) mm. The
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veneers were firstly coated with an impregnation primer varnish Iruxil W-I, adjusted by adding
fungicides and insecticides and micronized pigments (iron oxides). The aim was to improve
protection against negative UV radiation effects. There were used the following 9 colour hues:
IRUXIL W-1-500 Natural

IRUXIL W-1-510 Pine

IRUXIL W-1-520 Teak

IRUXIL W-1-530 Oak

IRUXIL W-1-540 Chestnut

IRUXIL W-1-550 Walnut

IRUXIL W-1-560 Dark walnut

IRUXIL W-1-570 Mahogany

IRUXIL W-1-580 Ebony

The final coat was a transparent top varnish lruxil WP-600 Natural intended for outdoor
performance. The accelerated wood ageing was simulated in a xenon test chamber Q-SUN
Xe-3-HS (Fig. 1a). The average thickness of the primer was 25 um, the average thickness of
the top varnish was 33 um.

The surface-treated experimental material was arranged equidistantly across the xenon
test chamber. To ensure the equal radiation intensity and heat for all the specimens, the
specimens were regularly shifted according to a recommended schedule (Fig. 1b).

The ageing conditions in the xenon test chamber followed the standard ASTM G 155.
This standard is a fundamental one determining the conditions for accelerated ageing for
non-metallic materials with the aid of a xenon discharge tube. Two modes for outdoor
conditions were chosen: ,,dry““(without water) mode and ,,wet“(rainfall simulation). The first
mode simulates outdoor conditions in case when wood is exposed to UV radiation but
protected from rain water, the second simulates conditions when wood is exposed to both
factors, UV and rain. The test parameters are in Tables 1 and 2.

a) b)

Fig. 1 Xenon test chamber Q-SUN Xe-3-HS and specimens rotation layout during accelerated ageing.

The radiation intensity was 0.35 W-m~2 with a radiation wave length of 340 nm, following
the Standard. This value corresponds to the mean annual value for the temperate zone. The
temperature, controlled on a black panel, corresponds to the maximum temperature on the
panel surface. In both modes, one accelerated ageing cycle consisted of two steps, covering
altogether 120 min (102 and 18). The ageing process represented 250 cycles, 500 hours in total
(Tables 1 and 2).
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Tab. 1 The ageing parameters set according to the Standard ASTM G 155 “water-free mode”.

Radiation Black panel Air Relative air Time
Step Mode intensity temperature | temperature humidity (min.)
(W/m?) ) O (%) '
1 Radiation 0.35 63 48 30 102
2 Radiation-free - - 38 - 18
Tab. 2 The ageing parameters set according to the Standard ASTM G 155 “wet mode”.
Radiation Black panel Air Relative air Time
Step Mode intensity temperature temperature humidity (min.)
(W/m?) 0 O (%) '
1 Radiation 0.35 63 48 30 102
2 Radla.tlon + water 0.35 63 48 90 18
spraying

Roughness and waviness measurements

The roughness and waviness profiles of wood surface finished with the discussed coating
system were scanned with a Surfcom 130 A (Fig. 2). The roughness was measured in each
specimen, parallel to and perpendicular to the grain, at two measuring spots in the two
anatomical directions. The sampling length was 2.5 mm; the evaluation length was 25 mm.

Fig. 2 Surfcom 130 A.

There were investigated two basic roughness parameters — arithmetic mean deviation of the
roughness profile (Ra) and the maximum height of the assessed profile (Rz). The mean
arithmetic deviation of the roughness profile (Ra) represents the mean arithmetic values of
absolute profile deviations Z(x) over the range of sampling length, i.e.

|
Ra = |1j|z (x)fdx 1)
0

where | is the sampling length and Z is the distance of the scanned spot at the distance x;
from the centre profile line, within the evaluation length.

The maximum height of roughness profile (Rz) was determined as the sum of the
highest profile peaks Zp and the deepest profile valleys Zv within the sampling length

Rz = max Zpi + max Zvi. (2)
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The waviness profile was assessed based on the parameter Wa. The roughness and waviness
were measured prior to the ageing and after 500h ageing, in the two ageing modes.

Contact angle measurements

The surface treated specimens were wetted with two liquids — dilodomethane (apolar liquid)
and redistilled water (polar-apolar liquid). The liquids were chosen as suggested in KUDELA
(2014). The surface free energy, and its disperse and polar component values for the two
tested liquids are in Table 3.

Tab. 3 Surface free energy of the used liquids yc, disperse and polar components y.¢and y.P.

Testing liquid 1 [mJ-m~?] 1 [mJ-m?] 1P [mJ-m?]
Water 72.80 21.80 51.00
Diiodomethane 50.80 50.80 0.00

As in the former case, the surface wetting was investigated prior starting and after
finishing the ageing process. We used a goniometer Kriiss DSA30 Standard (Fig. 3) with the
accessory software DSA3 for drop shape analysis.

Fig. 3 Goniometer Kriiss DSA30 Standard. Fig. 4 Drop contact angle determined by circle
method.

The drop was applied in a volume of 0.0018 ml. Then, its shape was scanned parallel
to the grain, for 60 seconds. The contact angles were determined by the Circle method, and,
at the same time, the drop diameter d was measured (Fig. 4).

Determining surface free energy

The surface free energy of surface treated wood ys was calculated using the adjusted equation
by Neumann et al. (1974)

(0’01373 - 2100)\/ VsV TtV
7. 0,013/,7. -1

The surface free energy of surface treated wood was determined separately for wetting with
water and for wetting with diiodomethane. In this case, the equilibrium state could not be
determined according to LiPTAKOVA and KUDELA (1994), so the surface free energy values

cosé =

3)
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were calculated based on contact angle values 6o measured immediately after the drop
application.

The disperse and polar components of the surface free energy ys and ys® were
calculated according to KLOUBEK (1974), based on contact angle values and based on the
acknowledged values of disperse and polar component of surface free energy of the test
liquids y.% and y.":

3 7 1l+cosé o |7s (1+cosd 2
Vs =70 V7L 7__
L

2 2
4)
1+cos@ _ 1+cos@ )
2 7L 2 . (5)

The results of surface free energy of surface treated wood were compared with the
results obtained by methods described in FOWKES (1967) and OWENS and WENDT (1969).

RESULTS AND DISCUSSION

Roughness and waviness

The assessment results for morphology of wood surface finished with the studied coating
system are summarised in Fig. 5. The assessment was made through roughness parameters
Ra, Rz and waviness parameter Wa by comparing their values before and after the
accelerated ageing process, between water-free and dry mode and between the parallel to
grain and perpendicular to grain anatomical direction. The results of a two-way ANOVA did
not confirm significant influence of 500h ageing on the waviness or the roughness
parameters. On the other hand, after finishing the ageing process, there was observed an
increased variability in the parameter Rz perpendicular to grain. There was also identified
significant influence of anatomical direction. Significantly higher roughness parameters
were measured perpendicular to grain (Fig. 5). This means that the surface treatment had not
suppressed wood anisotropy completely. The surface of the coating system mimicked to
some extent the original structure of the tree of heaven wood.

After 500h ageing in the wet mode, there was observed an increasing trend in
roughness. The increase was most conspicuous in case of parameter Ra perpendicular to the
grain. At the same time, there increased variability of roughness parameters values parallel
to the grain (Fig. 5).

KUDELA and IHRACKY (2012) show that under the same ageing conditions, wood
roughness in untreated wood significantly increases. This means that the relevant surface
treatments was high resistant against degradation effects induced by UV radiation and water
in mutual interaction. Simultaneously, the surface treatment provided protection of wood
surface against these degradation effects. In our case, the roughness variability was not as
obvious as reported by Van den BLUCKE et al. (2007) who investigated roughness parameters
variability in five surface treatment types subject to 200 ageing cycles.

The values of waviness parameter Wa were significantly lower in the direction parallel to
the grain than perpendicular to the grain. In the case of the dry mode, the waviness after the
ageing was somewhat lower than before the ageing, in both anatomic directions. In the case of
the wet regimen, the waviness increased in both directions, with the Wa values displaying more
variability. The variability was apparent mainly perpendicular to the grain (Fig. 5).

During accelerated ageing in the wet mode, the moisture content increased due to
transverse buckling of specimens. This buckling was caused by varying moisture migration
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through untreated surfaces during individual ageing cycles. The transverse buckling also
initiated minute fissures progressing later into the coating, which resulted in variability
increase of the roughness and waviness parameters.
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Fig. 5 Accelerated ageing effects on roughness and waviness parameters.

Wood surface wetting

The wetting power of the test liquids on the specimens’ surface covered with the investigated
coating system was assessed based on the contact angle values measured before the accelerated
ageing and after the 500h ageing process. The typical variation in the contact angles measured
during one minute from the first test liquid contact with the treated surface is illustrated in Fig.
6. The mean contact angler values & and o (at the moment of the first contact and after 60s
wetting) together with other statistical variables are presented in Table 4.
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The results show that during wetting with water, the contact angle values were bigger
than 90° over all the wetting process. This ascertains the high resistance of the surface
treatment against water. Such surfaces may be declared as imperfect water-repellent. The
contact angle values did not display noticeable changes even after 500h treatment under the
water-free regimen. This means that the surface treatment maintained fairly water-resistant
during all the ageing process.
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Fig. 6 Contact angles varying during the wetting process of surface treated specimens before and after
500h accelerated ageing; a) water-free regimen, b) wet regimen.

Tab. 4 Basic statistical characteristics of the contact angle values at the moment of application— & and
after 60s water-wetting process — s in surface treated wood before and after accelerated ageing.

Basic Contact angle & Contact angle 6o Contact angle & Contact angle 6o
statistical Accelerated ageing time — dry mode Accelerated ageing time — wet mode
characteristics 0 500 0 500 0 500 0 | 500 hours
hours hours hours hours hours hours hours
Water
X (°) 99.2 101.2 97.2 99.0 93.9 84.8 91.6 80.9
s (°) 1.2 1.0 1.4 1.2 1.8 4.8 1.8 5.2
v (%) 1.3 1.0 1.4 1.2 1.9 5.6 1.9 6.5
n 36 36 36 36 36 36 36 36
Diiodomethane
X (°) 67.7 68.1 67.9 68.0 68.2 59.4 63.6 58.7
s (°) 4.4 4.4 3.5 4.1 3.0 3.0 2.9 3.0
v (%) 6.6 6.4 5.1 6.0 4.4 5.0 4.5 5.1
n 36 36 36 36 36 36 36 36

In case of the wet (rainfall simulation) accelerated ageing mode, the contact angle
values ranged from 80°-85°. The more extensive wetting may be due to micro-fissures
progressing from the substrate to the coating as the result of the transverse veneer buckling.
The coating by itself was water-resistant even after the wet ageing process.

Wood wetting with the test apolar liquid (dilodomethane) was more extensive than with
water, compelled by interactions among unsaturated apolar forces occurring in the initial phase
of the wetting process, mostly immediately after the first contact between diiodomethane and
substrate (KUDELA 2014). The average contact angle values ranged from 63° to 68°. After
500h ageing (dry regimen), there were no obvious changes in wood wetted with
diiodomethane. In the case of wet accelerated ageing, the diiodomethane contact angle values
showed decrease analogically to the water contact angle values (Table 4).
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Qualitatively similar values were obtained by LANDRY and BLANCHETT (2012). These
authors investigated the accelerated ageing effects on water-wetting of pine wood surface
treated with two types of acrylate coats. Their wetting liquid was water, nevertheless, their
results were quantitatively similar to the results we acquired with diiodomethane.

SAHA et al. (2013a) investigated pine thermo-wood coated with polyurethane-acrylate
coat containing CeO nanoparticles. The contact angle values obtained for water after artificial
ageing were higher than the original ones, however, in all cases significantly lower than 90°.

As the wetting of surface-treated wood is modified due to wood surface degradation
caused by ageing (LANDRY and BLANCHETT 2012, SAHA et al. 2013a), in our case we may
declare that the water-free ageing mode did not initiate surface degradation, and the surface
maintained an effective barrier against water penetration into the internal wood structure. In
the case of the wet mode, the contact angle changes were small, which provide evidence for
minimum degradation of the coating also in this case.

Surface free energy

The values of surface free energy with its disperse and polar components were calculated
from the Equations (3), (4), (5), separately for water and diiodomethane. These values are
presented in Tables 5 and 6, together with the surface free energy values obtained according
to KUDELA (2014) and Fowkes (FOWKES 1967, OWENS and WENDT 1969). In all cases, the
surface free energy was calculated based on the contact angle values 6, measured
immediately after the liquid application on the surface. Unlike in the native wood surface,
the drop profile diameter d did not vary; consequently, the equilibrium state was not possible
to determine by the methods designed by LirTAKOVA and KUDELA (1994). Our decision for
Ho was also supported by the fact that the contact angle values did not vary significantly over
the time related.

The average surface free energy values for specimen surface treated with the tested
coating system ranged, in all calculation modes from 20 to 27 mJm=2. In all cases, the apolar
component was dominant. The results show (Table 5) that different liquid standards used for
determining thermodynamic characteristics at the interface between wood and coating
material behaved differently. This was then reflected in different values of surface free
energy and its components.

In the case of the coated wood, the surface free energy values were considerably lower than
the surface free energy values of various wood species without surface treatment reported by
several authors using several methods and summarised by GINDL (2002).

Values were also lower than the values of solid coating films formed from several lacquer
types reported by KUDELA and LIPTAKOVA (2006). These authors declare an increase in the
surface free energy of coating films after their hardening (drying). It follows that the surface
free energy of the original liquid coating system needed to be lower, which facilitated the coat
spreading over the wood surface with good adhesion properties. In our opinion, this is the
cause underlying the high stability of the tested coating system during the ageing process.
After applying the dry mode, the surface free energy did nod display significant variation.
In the case of wet mode, the surface free energy values increased, mostly due to the polar
component increase.

The final surface free energy values were obtained by adding the disperse component
values calculated according to the Equation (4) with using diiodomethane to the polar
component values calculated according to the Equation (5) using water. The free surface
energy values obtained in this way were practically the same as the values stated according
to Fowkes. The differences did not reach beyond the variability within these characteristics.
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Tab. 5 Surface free energy and its components values for surface-treated specimens before and after
ageing process, dry mode, several different methods.

Basic statistical From Equations (3), (4, (5) FOWKES (1967)
characteristics . KUDELA 2014 OWENS, WENDT
Water Diiodomethane (1969)
Accelerated ageing time — dry mode
0 500 0 500 0 500 0 500
hours hours hours hours hours hours hours hours
ys (mJ.m?) 21.48 20.20 26.93 26.71 26.14 25.63 25.3 24.7
s (mJ.m?) 0.81 0.66 2.25 2.22 — — — —
v (%) 3.76 3.25 8.37 8.32 — — — —
n 36 36 36 36 — — — —
st (MJ.m?) 19.54 18.53 24.21 23.96 24.21 23.96 24.2 23.9
s (mJ.m?) 0.64 0.53 2.51 2.47 — — — —
v (%) 3.26 2.85 10.38 10.29 — — — —
n 36 36 36 36 — — — —
ysP (MJ.m?) 1.93 1.67 2.72 2.74 1.93 1.67 1.1 0.8
s (mJ.m?) 0.17 0.13 0.26 0.25 — — — —
Vv (%) 8.79 7.61 9.57 9.00 — — — —
n 36 36 36 36 — — — —

Tab. 6 Surface free energy and its components values for surface-treated specimens before and after
ageing process, wet mode, several different methods.

Basic statistical From Equations (3), (4), (5) FOWKES (1967)
characteristics Water Diiodomethane KUDELA (2014) OWE(leég/V%ENDT
Accelerated ageing time — wet mode
0 500 0 500 0 500 0 500
hours hours hours hours hours hours hours hours
ys (mJ.m?) 25,07 31.47 26.6 31.15 26.7 33.82 26.3 34.4
s (mJ.m?) 1.22 3.42 1.53 1.49 — — — —
v (%) 4.86 10.88 5.73 4.80 — — — —
n 36 36 36 36 - _ — _
ys? (mJ.m?) 22.28 26.59 23.91 28.95 23.91 28.95 23.9 28.9
s (mJ.m?) 0.89 2.17 1.69 1.70 — — — —
v (%) 4.01 8.16 7.07 5.86 — — — —
n 36 36 36 36 — — — —
ysP (MJ.m?) 2.79 4.87 2.76 2.20 2.79 4.87 2.4 5.5
s (mJ.m?) 0.33 1.26 0.16 0.20 — — — —
v (%) 11.70 25.82 5.85 9.28 — — — —
n 36 36 36 36 — — — —

The results have confirmed that the interactions among surface forces during wetting
a surface-treated wood with an apolar liquid (diiodomethane) occur at the beginning of the
wetting process, mostly immediately after the first contact between the liquid and the
substrate. In addition to dispersion forces, polar forces act over the interface between wood
and polar-apolar liquid (water). Also in this case, the apolar forces interact at the beginning
of the wetting process, the polar forces, on the other hand, enter in action gradually (KUDELA

2014).
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The colour hue of the coating system did not affect significantly roughness, wetting
and surface free energy associated to ageing. This parameter only affected the colour
stability (KUDELA et al. 2016).

CONCLUSION

The study objective was testing the efficacy of the relevant coating system for
resistance of tree-of-heaven veneers subject to accelerated ageing simulating outdoor
conditions. There were evaluated surface roughness, wetting performance and changes in
surface free energy. The obtained results allow us to derive the following conclusions:

The dry accelerated ageing mode did not cause significant changes in roughness and
waviness. The wet mode induced moderate increase in roughness, enhancing, in such a way,
variability in roughness and waviness. In all cases, the higher roughness and waviness values
were recorded perpendicular to the grain. This gives evidence that the surface treatment had
not resulted in total smoothing the wood anisotropy.

The water resistance of the tested coating system has been confirmed by experimental
results obtained with wetting specimens surface-treated with specific liquids. The contact
angles occurring during wetting with water exceeded 90°. This ensured effective protection
for wood surface against water during ageing, and the overall stability of the system wood
solid-coating.

The average surface free energy values of specimens surface-treated with the tested
coating system determined based on wood wetting with water and diiodomethane were
comparatively low (about 26 mJm~2), with dominant apolar component. The dry mode did
nor induce significant response in surface free energy. The wet (rainfall simulation) mode
resulted in a moderate increase in surface free energy (to about 34 mJm-2), mostly due to the
increase in the polar component.

The colour variability of the coating system had no effects on roughness, wetting
performance and surface free energy values.
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