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Abstract: The function of altering weathering factors and degradation mechanisms are essential for
understanding the weathering process of materials. The goal of this work was to develop a method
for the acceleration of natural weathering and to investigate the molecular, microstructure and
macrostructure degradation of wood caused by the process. Tests were performed in the whole month
of July, which, according to previous research, is considered as the most severe for weathering of
wood micro-sections. Sample appearance was evaluated by colour measurement. Scanning electron
microscopy was used for evaluation of the structural integrity and changes in the microstructure
of wood morphological components. Changes on the molecular level were assessed by means of
FT-IR spectroscopy. Observation of the effects of weathering allowed a better understanding of the
degradation process. Typical structural damage, such as cracks on bordered pits and cross-field
pits, and, as a consequence, their erosion, revealed the sequence of the degradation process. It was
confirmed that earlywood was more susceptible to damage than latewood. Even if the weathering test
was conducted for a relatively short time (28 days) the ultra-thin wood samples changed noticeably.
The progress of alteration was similar as usually noticed for wood surfaces, but occurred at shorter
exposure times. The estimated acceleration factor was ×3, compare to the natural weathering kinetics
of wood. The research methodology presented can be used for the determination of the weather
dose-response models essential to estimate the future service life performance of timber elements.

Keywords: photodegradation; wood weathering; SEM imaging; FT-IR spectroscopy; thin samples;
accelerated natural weathering

1. Introduction

Wood as a building material has traditionally been used for different types of load-
bearing structures, decking, façades cladding, doors and windows. Wood, due to its
versatile character, is often used in both rustic and modern buildings, as well as frequently
applied as a material for retrofitting of existing structures. The trend for raising sustainable
buildings, in addition to increasing environmental awareness observed nowadays, leads to
the reactivation of bio-architecture as an alternative to other construction techniques [1,2].
However, the major limitation for choosing natural wood for external use is the lack
of confidence that many architects, designers and customers have towards this material,
mostly due to aesthetic preferences. The speed and pattern of the colour change are difficult
to predict and are rarely taken into consideration at the early phases of building design [3].

Today’s bio-based building materials, even if well characterized from the technical
point of view, are often lacking reliable models describing their performance during
service life and the operational durability is still a limiting factor in many applications
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and environments. Wooden elements often suffer due to mechanical, environmental or
biological alterations during their use phase. The most susceptible parts are unprotected
surfaces since they are primarily exposed to ageing, weathering or decay.

Weathering is the general term used to define the slow degradation of materials
exposed to weather condition [4]. The intensity of weathering depends on timber species,
design solution, function of product and finishing technology applied for wood protection
and on the specific local conditions. The corrosion rate of wood is low: approximately
6mm per century in the case of European softwood species [4]. In general, the process of
wood weathering leads to a slow breaking down of surface fibers, their removal and, in
consequence, a roughening of the surface and reduction of the glossiness. Formation of
discontinuities on the surface simplify moisture penetration and allow access of wood-
decaying biological agents into the material structure. As a result, mechanical performance
of the load-bearing members might decrease.

A critical limitation of the state-of-the-art natural weathering procedures is a fact
that the test is very long lasting. Diverse approaches for its acceleration were proposed,
including amplification of the absorbed radiation by implementing additional solar light
focusing optics, scheduled water spraying, temperature control of the sample, or automatic
systems for exposing samples that continuously follow the Sun’s position. An example
of that sophisticated instruments is Equatorial Mount with Mirrors for Acceleration with
Water (EMMAQUA) that is commercially available for testing diverse materials [5]. Even
though, the amplification of the weathering process is limited, not to mention elevated costs
for such complicated equipment and demanding procedure for the test itself. An alternative
approach for accelerating the natural weathering of bio-based materials is reported here.
The solution is based on the fact that the most affected part of the sample during natural
weathering is the sample surface (subsurface) of few hundreds of micrometre thickness.
A pilot experiment was designed to prepare wood micro-sections (ultra-thin samples)
and to confront the mechanism of changes to the wood due to the action of atmospheric
agents occurring in short term. Similar approach had already been used successfully for
investigating the resistance of wood against biological corrosion [6], chemical corrosion [7]
as well as atmospheric corrosion [8,9]. Use of extra thin samples permits direct investigation
of the surface layer and its disintegration due to photochemical or mechanical degradation.

An artificial weathering is an established alternative for testing a material’s resistance
to deterioration due to climate related factors. The European standard EN 927-6 [10]
describes such a method that is frequently used to assess wood coatings. It uses a specially
designed device equipped with temperature control, light radiation by means of fluorescent
ultraviolet range A (UVA) lamps, water spray and water condensation units. Another,
equally common methodology relays on testing weathering resistance by simulating the
Sunlight irradiance by means of xenon lamps [11]. Podgorski et al. reported relatively
good agreement for the development of cracking when compared to results from natural
weathering of coated wood, with the estimated acceleration factor of ×5 [12]. Even a higher
acceleration factor of ×10 was identified there for a loss of surface glossiness. Development
of cracking was faster in artificial weathering tests due to higher doses of degrading factors
provided in shorter cycles but with precisely controlled exposure conditions. Most artificial
weathering methods lack biological impacts as well as the influence of dirt that are present
in typical exterior exposure environments [13]. Özgenç noticed significant differences in
the colour alteration as well as in compression strength along fibres for samples subjected
to the natural and artificial weathering conditions [14]. It was demonstrated that the reason
for such differences laid in the lack of several minor factors that are not included in the
artificial weathering protocols. These factors include air pollution, biological pests, and
snow, as well as difference in the spectral composition of light irradiation, nature of the
rain-driven wetting, and humidity variations occurring under natural conditions. Similar
observations were reported by Ruther and Jelle, where solar radiation and wind-driven
rain were identified as the main factor inducing colour changes [15]. However, the surface
greying typically observed for the natural wood exposed to exterior conditions is caused
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by mould growth and is hardly replicated in up-to-date artificial weathering tests. Outdoor
exposed samples become usually darker at the first stage of weathering, to turn in to lighter
tones afterward. This is supported by both visual assessment of inspectors as well as by
objective spectra/colour measurements. On the contrary, samples exposed to laboratory
weathering cycles turn darker to varying extend and do not exhibit initial increase in
International Commission on Illumination (CIE) a* (green–red) and CIE b* (blue–yellow)
values, typical to samples exposed outdoors. In addition, it was found that samples
exposed over a longer period to artificial weathering show a form of unnatural bleaching,
not present in wood samples exposed to natural weathering [15]. The overall conclusion is,
therefore, that even if several advantages of artificial weathering make this an interesting
testing methodology, the results from laboratory weathering can hardly be compared to
the real outdoor weathering. The reason lays in different mechanisms and kinetics of the
material deterioration, which are especially diverse in complex biological composites such
as wood.

Several attempts to understand and model wood weathering have been conducted by
various researchers. A review published by Brischke and Thelandersson [16] presents an
overview on modelling methodologies used for outdoor performance prediction of wood
products. According to the authors, dose-response models seem to be most frequently
applied, where the changes in any material property are related to the dosage of the
relevant environmental causes. In general, solar radiation and wind-driven rain are the
two main driving factors influencing wood surface appearance [17]. They entail further
internal stresses of bulk material imposed by cyclic wetting and temperature changes.
Methodology for determining the weather dose of the building façade was also reported
by Thiis et al. [18]. The authors stated that the surface temperature can be very different
than the ambient air temperature, especially when the building elevation is exposed to
direct sunlight. Therefore, variation of the exterior microclimate is also important for
deterioration extent. Access to an extensive data set generated by different types of sensors
is indispensable for the development of high-quality numerical models. The attempt for
defining an original algorithm for calculation of “the weathering indicator”, by merging
the multi-sensor data and linking these to the surface performance indicators, was also
presented by the authors [19,20].

New knowledge regarding the role of matrix polymers and their interaction on a
molecular level permit discovering of complex biological structures [21]. In particular, mi-
croscopic and spectroscopic techniques allow better understanding of the ultrastructure of
wood, which is a composite of diverse cell types and chemical components acting together
to serve the needs of a plant [22]. Tracheids are the major component of softwood. Their
cell wall is composed of several layers: middle lamella, primary wall and secondary walls
(S1–S3) [23]. The thickness, chemical composition and structure (microfibril orientations)
of those layers vary due to their role. Both primary and secondary walls contain pectin,
cellulose, and hemicellulose, although in different proportions. The function of the middle
lamella is adhesion of adjacent cells. The primary wall consists of a rigid skeleton of
cellulose microfibrils. A layered secondary cell wall, composed of lignin, cellulose, and
hemicellulose, provides strong mechanical strength [24].

Microstructure analyses of wood investigated by scanning electron microscopy (SEM)
were conducted by several researchers. Hamed et al. [25] and Jingran et al. [26] used SEM
for monitoring changes in archaeological wood. Nicole et al. [27] and Popescu et al. [28]
investigated decayed wood. Singh et al. [29] used light and scanning electron microscopy
for visualization of wood impregnation and imaging of the wood–matrix polymer interface
in bio-composites [30]. Microscopic structural analyses of weathered wood were conducted
by several researchers [31–33]. Ganne-Chédeville et al. [34] used SEM images for the
evaluation of wood façade elements after cleaning treatments. SEM is an essential tool
allowing observation of the structural changes in degraded wood tissues at the level of
cell wall [25]. Even if the obtained information refers mostly morphological and structural
changes of the wood, it might also indicate changes in its chemical structure. Spectroscopy



Coatings 2021, 11, 126 4 of 19

allows even more detailed investigation of chemical composition by revealing molecular
structure of wood and functional groups of its constituents [35]. Specific utilization of
spectroscopy for the assessment and monitoring of timber members has been proposed
by several researchers and an overview was previously presented by the authors [36].
Two-dimensional correlation spectroscopy (2D-COS) used for the analysis of spectral data
allowed the identification of small and weak peaks that are masked in one-dimensional
spectrum by highlighting spectral changes caused by external disturbances (exposure time).
The method was previously used for the evaluation of the degradation stage of wood [37],
evaluation of heat-treated wood [38] or wood species discrimination [39].

The goal of this research was to investigate the feasibility of the novel approach for
accelerated natural weathering of wood. An extent of the microstructure degradation
and other alterations on the molecular, microscopic, and macroscopic levels recorded in
ultra-thin wood samples were confronted with thick references. As a result, an acceleration
factor relating weathering kinetics of ultra-thin samples with references was estimated. An
additional objective was to develop a novel testing protocol resulting in at least compa-
rable or even more detailed characterization with simplified sample preparation, but still
assuring significant shortening of the natural weathering procedure.

2. Materials and Methods
2.1. Experimental Samples

Experimental samples were prepared from Norway spruce wood (Picea abies L. Karst.)
originated from Italian Dolomite mountains (Trentino Region, Italy). A single log 0.5 m
long, extracted from the bottom part of the trunk was spitted to assure radial surface open-
ing. A board 30 mm × 50 mm × 500 mm (radial × tangential × longitudinal directions
respectively) was cut out from the sapwood assuring defect free and uniform yearly ring
structure. The average yearly ring width was 1.9 mm and latewood width 0.8 mm. No
drying process was used to minimize wood properties alteration due to elevated tempera-
ture. Wet board was finally processed on the slicing planner (Super MECA-S, Marunaka
Tekkonsho Inc., Shizuoka, Japan) to prepare ultra-thin experimental samples. This method
allowed the preparation of a high number of defect-free specimens from a limited source
of material, minimizing natural heterogeneity of biological material. Moreover, samples
prepared in this way might be immediately characterized after weathering (e.g., direct SEM
observation or spectroscopic measurement in transmission mode) without supplementary
interference (e.g., microtome sectioning), which might affect their original state [40]. The
thickness of samples was ~100 µm and the efficient surface exposed to weathering was
30 mm × 30 mm (width × length).

An additional set of reference (thick) samples was prepared from the same log as
ultra-thin samples to assure minimal variance of the tested wood properties. Twelve
wooden blocks of dimensions 30 mm × 10 mm × 50 mm were extracted and used for
natural weathering.

2.2. Weathering Test

Sets of both ultra-thin and thick samples (Figure 1b) were placed for natural exposure
at 45◦ to the horizon, facing four cardinal directions: north, west, east and south in
San Michele, Italy (46◦11’15” N, 11◦08’00” E, 206 m above sea level). The sample stand
(Figure 1a) was installed on the roof of the building assuring no shadowing of surrounding
structures and vegetation. The test was carried out from July 2014 to June 2015. Ultra-thin
samples were collected before exposition (0) and after 1, 2, 4, 7, 9, 11, 14, 17, 21, 24 and
28 days of natural weathering. Thick samples were collected once per month for a duration
of one year. The weather data observed during the test are summarized in Table 1. In
addition, the early climate data for exposure location are provided in Table 2. Experimental
samples together with non-weathered references were conditioned after collection in the
dark climatic chamber (20 ◦C, 60% Relative Humidity (RH)) to the equilibrium moisture
content of ~12%.
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Figure 1. Experimental stand (a) and set of ultra-thin and thick wood samples (b) exposed to natural weathering in San
Michele All’Adige (Italy).

Table 1. Weather data acquired during weathering progress of ultra-thin samples.

Day of Exposure 0 1 2 4 7 9 11 14 17 21 24 28

Mean temp (◦C) – 18 20 22 17 18 20 22 24 20 21 19
∑ radiation (MJ/m2) – 30 60 105 162 202 251 324 407 469 527 581

∑ insolation (h) – 14 26 46 70 90 108 139 173 202 229 255
total rain (mm) – 11 0 2 43 0 2 0 0 0 0 13

RH (%) – 84 59 73 93 68 68 68 60 80 70 89
mean wind speed

(m/s) – 0.8 1.9 0.5 0.5 0.9 1.2 0.9 1.0 0.1 0.8 0.5

Table 2. Weather data acquired during weathering progress of reference (thick) samples.

Month July August September October November December January February March April May June

Mean temp (◦C) 19 17 10 6 4 1 −4 −2 0 6 8 13
RH (%) 68 69 77 83 71 76 84 84 79 76 76 78

Wind speed (m/s) 0.6 0.5 0.4 0.3 1.0 1.0 0.9 0.4 0.4 0.7 0.3 0.6
Wind direction (◦) 199 165 159 62 333 338 317 337 1 187 168 185
∑ rainfall (kg/m2) 99 176 147 192 4 2 26 61 21 115 237 312

∑ snowfall (kg/m2) 0 1 8 24 11 1 25 102 81 29 16 8
∑ irradiation (kWh/m2) 195 175 126 87 68 54 55 70 134 157 179 171

2.3. Macroscopic Observation: Colour Measurement

Sample colour was measured by using ultraviolet-visible-near infrared (UV–VIS–NIR)
spectrometer Maya2000pro, produced by Ocean Optics (Largo, FL, USA). Equipment calibra-
tion was carried out using white and black standards provided by the manufacturer. Changes
in colour were also assessed by a colorimeter following the CIE L*a*b* system where colour is
expressed as three coordinates: L* (lightness), a* (red-green tone) and b* (yellow-blue tone).
CIE L*a*b* colours were measured using MicroFlash 200D spectrophotometer (DataColor Int,
Lawrenceville, NJ, USA). The selected illuminant was D65 and viewer angle was 10◦. All
specimens were measured on three different spots over the weathered surface. Digital images
of sample surfaces were also captured on an G2710 (Hewlett-Packard, Palo Alto, CA, USA)
office scanner, in parallel to the colour measurements.

2.4. Microscopic Observation: Scanning Electron Microscopy

Small pieces of investigated samples were cut out and glued with carbon tape sticker
to the sample holder. The samples were placed in SC7620 (Quorum Technologies, Laughton,
UK) Mini Sputter Coater/Glow Discharge System device and then plasma coated for 90 s
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with 10 nm gold/palladium (Au/Pd) layer. Prepared samples were investigated by using
TM 3030 (Hitachi, Tokyo, Japan) Scanning Electron Microscope (SEM). An acceleration
voltage of 15 kV was used for imaging of samples. Images were acquired with a dedicated
software provided by the equipment producer.

2.5. Molecular Observation: Fourier Transform–Infra Red Measurement

All experimental samples were measured with an Alpha Fourier transform infrared
(FT-IR) spectrometer produced by Bruker Optics GmbH (Ettlingen, Germany) equipped
with universal sampling module allowing measurement in transmission. The spectral range
measured was between 4000 and 600 cm−1. The spectral resolution of the spectropho-
tometer was 4 cm−1; each spectrum has been computed as an average of 32 successive
measurements in order to minimize the measurement error. Three measurements were
performed on each sample. Opus 6.5 (Bruker, Ettlingen, Germany), PLS_Toolbox (Eigen-
vector Inc, Manson, IA, USA), available as an extension of the Matlab package (Mathworks
Inc, Natick, MA, USA) and LabView 2019 (National Instruments Inc, Austin, TX, USA)
software packages were used for spectral pre-processing and data mining. IR spectra
before interpretation were corrected by extended multiplicative scatter correction (EMSC).
EMSC was applied to minimize an effect of nonuniform optical density for measured wood
specimens and related differences in the measured amplitude and baseline deviation [41].
Three replicate measurements on each sample were averaged and the resulting spectrum
was baseline-corrected. A lot of research efforts have been directed toward systematizing
the infrared peaks interpretations that resulted in several scientific publications [42–47].
These papers were an inspiration to review the available know-how and adopt it for the
specific needs of this research (wood weathering). The complete list of peaks observed in
investigated experimental specimens is summarized in Table 3.

Table 3. Band assignment for FT-IR transmittance spectra of Norway spruce [42–47].

Number Peak Position Band Assignment

1 985 CO valence vibrations
2 1024 CO stretching in cellulose and non-cellulose polysaccharides
3 1060 C–O + C–C stretch of cellulose
4 1110 Aromatic skeletal; C–C stretch
5 1160 CO stretching in ester groups in lignin
6 1201 untreated cellulose (ρ OH; δ CH)
7 1226 syringil ring; C–O stretching lignin and xylan
8 1265 guaiacyl ring vibrations and CO stretching lignin
9 1315 C–H vibration in cellulose; C–O in syringil derivatives
10 1334 vibration in CH and stretching in CO related to syringil ring
11 1370 CH bending in cellulose and non-cellulosic polysaccharides
12 1425 vibration of aromatic structures in lignin
13 1452 aromatic skeletal vibrations of lignin and CH2 vibration in cellulose
14 1508 aromatic skeletal vibrations of lignin and C=O stretching
15 1598 aromatic skeletal vibrations of lignin and C=O stretching
16 1652 stretching vibrations of conjugated C=O
17 1732 C=O–OH stretching in glucuronic acid in xylan
18 2902 symmetric CH2 valence vibrations
19 2940 asymmetric stretching vibrations of CH related to methyl and methylene in lignin, cellulose and hemicellulose
20 3149 –OH stretching in cellulose
21 3280 C–H stretching in methyl and methylene groups
22 3375 –O(3)H O(5) intramolecular hydrogen bonds in cellulose
23 3496 moderately H-bonded water
24 3565 valence vibration of H bonded OH groups
25 3602 weakly H-bonded water

Standard spectra interpretation was aided by two-dimensional spectra correlation
(2DCOS), which permits direct deconvolution and determination of correlations between
bands in the spectra; 2D-IR spectroscopy allows new information to be obtained, which
cannot be acquired by using conventional IR and its derivative spectra. The algorithm
proposed by Noda [48] was implemented for the needs of this research. All spectra were
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interpolated before analysis in order to compensate uneven exposure time, considered here
as the 2DCOS disturbance factor.

3. Results
3.1. Macroscopic Level

The appearance of investigated samples after natural weathering in diverse exposure
times is presented in Figure 2. The changes in colour are observed in parallel with samples
disintegration evident from day 17. Samples become yellowish with the progress of
degradation. It is noticed that weathering caused removal of wood fibers, presence of
cracks and increase in brittleness of samples.
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Visible range reflectance spectra of the test samples in this study shows that spruce tends
to darken with weathering time, as shown by a decrease of the reflectance value (Figure 3).
The reflectance value dropped after one day of exposure. Further changes, as observed
after day 7 until the end of the experiment, were more consistent and resulted in a nearly
constant VIS spectrum after three weeks of weathering. Analogous results were obtained by
measurement of colour with colorimeter. The CIE L*a*b* colour coordinates system is widely
used to represent colours in three-dimensional space. According to the CIE Lab definition, L*
represents lightness (varying from 100-white, to 0-black). Similarly, a* and b* are chromaticity
coordinates, where +a*/−a* corresponds to red/green, and +b*/−b* to yellow/blue tonality.
A decrease of L* was observed for all exposure directions (Figure 4). The value of a* increased
in the first days of exposure and from day 4 seems to be stable. The noticeable increase in b*
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value, visible as yellowing of wood, is also observed for all exposure directions; however, it is
followed by b* values drop after one week of exposure.
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3.2. Cellular Level

The first sign of deterioration visible on the SEM images was openings of bordered pits
membranes (torus) in radial walls of earlywood tracheids (Figure 5a). In the successive step,
the membrane covering the piths was broken (Figure 5b) and presence of small diagonally
oriented micro-checks was observed (Figure 5c). With the progress of degradation, an
enlargement of the pith crack was noticed as a result of contraction of the cell wall caused
by moisture variation (Figure 5d).
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Figure 5. SEM images of earlywood exposed to the south for 2 days (a), 7 days (b), 9 days (c) and
21 days (d). Note: arrow indicate weathering-induced damages to wood cells.

Evidence of fungal infection (not visible by naked eye) was found after 17 days of
natural exposure, indicating that the growth of microorganisms begins by deposit of their
spores into the micro-cracks. Evaluation of the earlywood zones of samples exposed
to four directions after 9 days proved that the degradation kinetics vary according to
exposure direction. The experimental samples images at the final stage (day 28) are shown
in Figure 6, which presents SEM images of latewood zone. Cracks propagate through
the cell wall along the progress of decomposition. Pits are completely eroded, and the
degradation products are continuously removed with rain. However, the northern samples
seem to be relatively less affected by the weathering process (Figure 6c). The time-related
progress of morphological changes of the investigated samples is systematically presented
in Figure 7.
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3.3. Molecular Level

FT-IR spectra measured in transmission mode on samples at various stages of degra-
dation clearly show the progress of changes related to functional groups of wood polymers
(Figure 8). The band assignment (Table 1) allowed the identification of 25 peaks that might



Coatings 2021, 11, 126 11 of 19

be observed and interpreted. The most evident are changes in spectra intensity of bands #7,
#8, #14 assigned to aromatic skeletal vibrations of lignin. In all the above-mentioned peaks,
the intensity diminishes with weathering progress, consequently, the peaks disappear,
indicating decomposition of corresponding chemical component (or functional group). The
region 3900–2700 cm−1 reflects essentially the amounts and structure of hydroxyl groups
in various types of hydrogen bonding of wood components [44]. Even if bands assigned to
hydroxyl groups in IR spectrum are better resolved after deconvolution, changes noticed in
#24 and #25 reflect reduction in hygroscopic properties of wood exposed to the weathering
process [43].
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Figure 8. Changes to FT-IR transmittance spectra of Norway spruce wood due to southern exposure to natural weathering.

Peak #14, assigned to aromatic skeletal vibrations of lignin and C=O stretching, was
selected to illustrate changes of its intensity due to weathering progress in different cardinal
directions (Figure 9). In general, similar progress of intensity changes can be observed;
however, the deviations are slightly less intense in the case of samples exposure to north
compared with other directions. It is especially evident in the last week of exposure, where
intensity of degradation is apparently lower than in the other three cardinal directions.
For southern exposure, the highest changes are observed at the initial stage (up to first
two weeks), followed by less intense variation in the second part of the experiment. East-
ern exposure seems to follow the southern; however, after 14 days, the intensity is less
pronounced. Western exposure is less affected up to three weeks. After that period, both
(western and eastern) exposures reach the same degradation level as south.
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Figure 9. Changes to FT-IR lignin peak (1508 cm−1) along the natural weathering test duration in
samples exposed to diverse cardinal directions.

Two-dimensional correlation spectroscopy (2D-COS) was developed by Noda and
involved a series of spectra being recorded from one or more samples during or following
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perturbation [48]. The resulting spectral data matrix allowed identification of compositional
differences within and between samples. Changes in data are visualized in 2D spectral
maps. Correlations between measured variables is included in the synchronous matrix.
The asynchronous matrix represents sequential variations occurring in the data. The peaks
might be located on the diagonal or off the diagonal space. Peaks located on the diagonal
(autopeaks) show regions of the spectrum that are changing with respect to the average
spectrum of the series. Peaks off the diagonal (cross peaks) show the correlation intensity
(positive or negative) of different bands [48].

Figure 10 presents homospectral correlation, where two identical assemblies of data
(spectra) are used. The synchronous 2D IR correlation spectrum shows strong positive
autopeak at #14. The magnitude of autopeak corresponds to the overall extent of spectral
intensity variation observed for specific wavenumber. Presence of other regions assigned
to functional groups in lignin (#12, #13 and #15) indicated changes in intensity during
weathering progress, meaning that they are susceptible to external perturbation. In fact,
the changes in intensity of peak #14 as observed on Figure 8 are very evident. Positive
peaks are highlighted by red colour, in contrast to negative peaks marked in violet. The
positive peak on the synchronous spectrum indicates that spectral bands corresponding to
coordinates of that peak change continuously in the way that direction of changes (increase
or decrease) is identical for both wavelengths. Conversely, the negative peak appears
when one wavelength increases, while the second wavelength decreases. The sign of
asynchronous spectrum allows identification the sequence of changes occurring at both
confronted wavelengths [49]. Crosspeak at coordinates 17–14 represent negative intensity.
It indicates that changes of the intensity of both bands are substantially different (aromatic
skeletal vibrations of lignin and C=O stretching versus C=O–OH stretching in glucuronic
acid in xylan).
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4. Discussion

According to Raczkowski [9], changes in wood structure, caused by natural weath-
ering and expressed by the reduction in tensile strength, are more intensive during the
summer months in comparison with autumn and winter; therefore, our tests were carried
out in July. During the weathering experiment, the mean temperature oscillated around
20 ◦C, while relative humidity was slightly above 70%. Table 1 contains meteorological
data captured during sample exposure. Three major rain events and an additional two
days with small (2 mm) precipitation were observed. The total hours of insolation were 255,
accounting for 581 MJ/m2. The test duration was limited to 28 days; however, according
to Evans [50], the weathering conditions in 45◦ south exposure are accelerated relative
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to vertically installed elements. The configuration of experimental samples (~100 µm
thickness of strips) allowed their non-destructive and direct analysis with several methods,
such as IR spectroscopy in transmission mode or SEM observation without microtome
sectioning. Changes in surface texture, colour and chemical composition being an overall
result of exposure to various environmental conditions such as moisture, heat and solar
radiation were assessed at different levels providing a wide range information regarding
degradation process.

The relatively short exposure time affected appearance of investigated wood. Yel-
lowing of the wood is caused by the formation of chromophoric groups of secondary
origin [51,52]. When the chromophoric groups leach from the wood, the wood colour
changes further, eventually converting to grey shades. Due to limitation of experiment to
one month, this phenomenon was not observed within this research. Analogous results
regarding colour changes of wood due to weathering was reported previously by authors
while performing artificial weathering test according to EN 927-6 [53]. The changes in
colour were already evident after 28 h of artificial weathering. Specific shape of curves
representing colour coordinates (CIE b* measured for all cardinal direction and CIE a* mea-
sured for north) disqualify their use for modelling general trends in the appearance change
(Figure 4). In fact, wood might have similar colour values after receiving different weather-
ing doses (e.g., CIE b* of samples exposed for one and four weeks). The pattern of initial
increase of CIE b*, followed by its decrease, was also reported by other authors [51,54,55].
It was explained by lignin degradation and photooxidation of –CH2 and –CH(OH) groups,
with the formation of secondary chromophoric structures (quinones).

Microscopic methods provide detailed information about surface morphology. Scan-
ning electron microscopy is considered a valuable tool for the examination of the morpho-
logical characteristics of degraded wood at the level of cell wall, evaluating their damage
and detecting eventual presence of decay [25]. As stated by Turkulin [56], observation
of the effects caused by photo degradation may provide information about structural
integrity of wood surface and help understanding the weathering process. The process
of thin wood section destruction due to natural weathering was previously investigated
by Raczkowski [9]. He stated that the degradation penetrates relatively deep and ob-
served that the decrease of mechanical strength properties is very significant. According to
Turkulin et al. [31], a weathered wood surface shows damage to several anatomical ele-
ments: development of cracks of bordered pits, presence of cracks and loss of membranes
of the ray pits, and expansion of cracks that can be seen on the lumen surfaces, originating
at single pits (Figure 5). Thinning of the cell walls is due to breakdown of lignin in the S2
layer of the cell wall [56]. Progress of weathering (UV degradation, leaching effect of water
and mechanical damages caused by wind blow) leads to extensive destruction of the pit
membrane and further crack propagation (Figure 5d). Pit openings are then enlarged and,
in consequence, the whole pit erodes away. According to Sandberg [57], the orientation
of these cracks suggests that these follow the fibril orientation in the S2-layer of the cell
wall. Pandley and Pitman [58] reported that specific ridges on the S3 wall layer, wall
checking, pit degradation and middle lamella breakdown are typical microscopic features
characteristic for natural wood exposed to weathering.

Fungal infestation of investigated samples was noticed after the third week of expo-
sure. Turkulin [56] observed first spores after only 4 days of exposure; however, more
intense fungal growth was noticed by him after 41 days. In general, fungal development
is constrained on the surfaces exposed to high sun radiation; therefore, intense UV ab-
sorbance slows down speed of colonization by fungi. However, summer 2014 was rainy
and relatively cooler than usual. Consequently, it promoted growth of the fungi, even on
samples with southern exposure. Owen et al. [59] observed that degradation caused by the
combined weathering stimuli, including both UV light and precipitation, is considerably
more intensive and rapid than exposure to each parameter separately. UV radiation leads
to lignin decomposition (photolysis) and, in consequence, to delamination of surface fibres.
In particular, the chromophoric groups of lignin are strong UV absorbers and responsible
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for yellowing of the surface [51]. The other apparent result of the intensive delignification
process is brittleness of the samples. Degradation of lignin was also observed while analyz-
ing IR spectra. The most pronounced reduction of intensity was evident for band #14 and
is related to degradation of lignin caused by UV radiation. Similar statements were derived
by other researchers [51,60], who observed a decrease of peaks assigned to the lignin along
the irradiation time in laboratory experiments. Lignin and extractives are considered as
absorbers of UV radiation; therefore, these components suffer major degradation. When
the sample system is under an external perturbation, various chemical constituents of the
system are selectively excited, and the degrees and orders of the excitations are differ-
ent [61]. In our case, weathering progress being external perturbation in the system affects
molecular structure of investigated material. 2DCOS reveals characteristic behaviours of
individual molecular constituents, in particular lignin susceptible to weathering process.
Since the intensity of peaks on the autocorrelation spectrum is directly proportional to
the relative importance of the intensity change in the original spectra, it can be stated that
aromatic skeletal vibrations of lignin are the most vulnerable functional groups.

The observation of weathering process on three different scales, macroscopic, micro-
scopic and molecular, allowed comparison of mechanisms occurring on various levels. It
was assumed that the southern location might cause slightly more degradation of wooden
surfaces, even in a relatively short time. It was related to longer exposure of UV radiation
and, in consequence, more rapid changes of surface moisture. Northern location seems to
be less susceptible to degradation, especially at the beginning of weathering. It corresponds
to changes of integrated cumulative solar radiation (SR) calculated according to the method
proposed by Grossman [62]. It can be clearly seen that the value of cumulative SR of
southern exposure is double than northern (80 and 40 kW·m−2, respectively) [63]. This
phenomenon might explain variation in weathering intensity between exposure sites.

The use of ultra-thin wood samples for investigation of material resistance to natural
weathering as reported here reveals that mechanism of degradation as well as sequence of
material deterioration follows directly state-of-the-art understanding of wood weathering
processes. Investigation of the effect of natural weathering on the microstructure of radiata
pine by means of SEM shows analogous deterioration sequence. Degradation of the pit
membranes was followed by the gradual enlargement of the pit aperture to the approximate
limit of the pit chamber, development of microchecks in the pit borders and to ultimate
destruction of pit borders in earlywood tracheids in about 6 months [64].

The particular sample geometry (ultra-thin thickness) determined elevated kinetics of
such changes and shortened response time of the material for the weather dose. Analogous
approach was proposed by Wang et al. for other types of materials [65]. Their study was
related to the thickness-dependent accelerated ageing method that leaded to the more
severe ageing degree of the thinner specimens. The phenomenon was explained by the
ratio of aged area to the total area. It was reported that in the thinner specimens the ratio
was larger than in the thicker specimens. It is always a challenge to determine a specific
quantifier of the weathering acceleration factor (AF). Jelle proposed calculation of AF by
comparing natural and artificial weathering [66]. He assumed that the higher UV intensity
(W/m2) and total energy (kWh/m2) in the weathering apparatus is proportional to the
aging process. However, the natural weathering process is more complex, as includes
several other than UV irradiation factors influencing the degradation rate [67]. This might
be a reason to the wide array of reported AF values, ranging between 5 to 250, while
comparing the laboratory results with outdoor tests in natural climate.

For the needs of this research a direct comparison approach was implemented by
confronting above presented results with corresponding characterizations for thick wood
samples (10 mm thickness) made of the same wood piece. A set of such thick samples was
exposed during the natural weathering test in vicinity of thin samples. In that case, weath-
ered samples were collected from the stand for duration of one year, one sample each lunar
month. “Thick” samples were assessed with same analytical techniques as ultra-thin strips,
by applying necessary amendments (such as Attenuated Total Reflectance (ATR) instead of
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transmission mode of infrared spectrometer, or reflectance instead of transflectance when
measuring colour spectrum). The trends of material changes can be then directly compared
between thin and thick wood samples to understand the weathering process acceleration.
Assuming that the sole difference between both sample types is kinetics of deterioration, it
become possible to identify an acceleration factor. This factor was determined empirically
by adjusting the time scale for diverse deterioration kinetics curves measured on ultra-thin
and thick samples to assure an overlap of both trends. An example of such analysis is
presented in Figure 11 where acceleration factor of ×3 was applied for the CIE L and CIE a
colour curves in combination with the lignin deterioration trends at peak #14 (1507 cm−1).
The numerical factor (determined through visual observations) can be therefore used to
quantify the time relation between both confronted natural weathering configurations. It
is clear that such an approach introduces certain over-simplification as nature of scanned
parameters is different, as well as the weather dose distribution is very different during
periods of one month (thin samples) and one year (thick samples). In any case, it provides
a scientific basis for a statement that the use of ultra-thin samples for natural weathering
may lead to shorten the test duration still preserving the complex physical and chemical
mechanism of the material, particularly surface, deterioration when exposed to natural
weather conditions.
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An important limitation of using ultra-thin samples for natural weathering testing is a
fact of losing a complex interaction of different layers within material bulk. It implicates
a dramatic change to the diffusion of moisture and heat within bulk material. However,
in the context of the wood weathering it is clear that the most relevant changes occur
in the subsurface of the material. The majority of extensive chemical–physical reactions
(photolysis, hydrolysis, etc.), deposition of biological and abiotic agents, as well as moisture
induced deformations take place on the surface of sample and progress into bulk interior
only after erosion of the external layers. The electromagnetic radiation in the range of
photodegrading UV light penetrates wood to the extent of 50–100 µm, that corresponds
to the thickness of samples used in this research. Other important missing aspect in the
proposed “accelerated natural weathering” approach is a fact that an ultra-thin sample
is missing the mechanical support of the bulk. The support constrains moisture-induced
deformations and serves as a physical barrier (or buffer) slowing down the moisture and
heat transfer. It affects also the number and extend of microcracks formation. Despite
the above limitations, using ultra-thin wood samples is a correct approach for assuring
replication of the real mechanisms of the weathering occurring in “thick samples”. That
cannot be assured in alternative up-to-date artificial weathering methods.
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5. Conclusions

Understanding the mechanisms of weathering and the role of altering factors is
fundamental to assess the actual conditions of timber structures. It is also essential for future
performance, and, possibly, to ensure long-term preservation and maintenance. Even if it
is impossible to fully integrate results obtained by assessment of thin wood samples with
standard wooden samples, the presented approach allowed rapid and reliable assessment
of the complex chemical and structural changes occurring within the surface layers.

With the progress of degradation, samples become yellowish. Weathering also caused
removal of wood fibers, presence of cracks and, an increase in brittleness of samples.
Spectroscopic analysis provided information regarding susceptibility of functional groups
to natural weathering. Gradual changes in absorbance intensity of CH deformation of
aromatic skeletal vibration of lignin confirmed the vulnerability of this component to
photodegradation. Scanning electron microscopy (SEM) was used here for examination
of the morphological characteristics of naturally weathered thin wooden samples. The
structural degradation was initiated from openings of bordered pits membranes in radial
walls of earlywood tracheids. In the following steps, the membrane covering the piths was
broken and diagonally oriented micro-checks were observed. The progress of weathering
led to entire destruction of the pit membrane and whole pit erosion.

It was confirmed that earlywood was more susceptible to damage than latewood,
which was explained by the fact that cells in earlywood have thinner and weaker walls and,
in consequence, lower density. It was also observed that western and northern exposure
sites are slightly less affected by weathering. First signs of fungal infestation, not visible by
naked eye, were observed in the third week of natural weathering.

Even if the weathering test was conducted for a relatively short time (28 days), the
progress of ultra-thin wood sample alteration was similar as usually noticed for thick
wood surfaces. However, such an extent of changes occurred at shorter exposure times.
The estimated acceleration factor was ×3. The research methodology presented here can
be directly used for determining the weather dose-response models essential to predict
the future service life performance of timber elements. It may also serve as a screening
technique for a rapid estimate of the material’s resistance to deterioration. In that case,
all the natural weathering factors are fully considered, in contrast to artificial weathering
procedures limiting the real exposure conditions.
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