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Abstract   
 
Wood surfaces exposed to natural physicochemical dynamics (light, rain, wind, air pollution, etc.) are 
susceptible to environmental degradation during a complicated phenomenon known as weathering.  
Although biotic factors such as fungal colonization also contribute, electromagnetic energy (specifically 
ultraviolet and visible light), moisture, and oxygen are the most significant causative agents in the 
weathering of exterior wood exposed above ground.  Wood strongly absorbs ultraviolet light and can 
dissipate this energy through chemical processes involving free radical formation and reaction with 
molecular oxygen (O2).  Formation of free radicals within the lignocellulosic fibers induces 
depolymerization of lignin and cellulose, the major structural components of wood.  Photodegradation of 
wood also occurs beneath clear wood finishes, greatly reducing the durability of such coatings when used 
outdoors.   
 
As part of a joint Forintek / CAWP project to develop a surface modification treatment that will improve 
the weather resistance of wood products (without masking the natural colour and texture of wood), this 
document provides an overview of the environmental factors and effects, and the mechanisms involved in 
wood weathering.  A review of wood weathering protection strategies published in recent years is given, 
and future directions are outlined.   
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1 Objective 
 
To review the published scientific literature on the weathering of exterior wood, including environmental 
factors and effects, degradative mechanisms, and protection methods. 

2 Introduction 
 
The surface degradation that occurs when wood is used outdoors and above ground is termed weathering.  
Weathering should not be confused with decay caused by basidiomycete fungi – microorganisms capable 
of significantly reducing the strength of structural timber (Feist 1990).  Because weathering is a 
superficial phenomenon, its effects on the mechanical properties of wood are small and, accordingly, 
there are examples of wooden buildings such as the stave (pole) churches in Norway that remain 
structurally sound despite having been exposed to weathering for over 1000 years (Borgin 1969).  The 
most obvious features of weathered wood are its gray coloration and rough surface texture (Fig. 1).  
While microorganisms do colonize weathered wood, conditions at exposed wood surfaces generally do 
not favor decay.  Hence, the defining features of weathering are its superficial nature and the minor role 
of microorganisms compared to environmental factors in degradative processes.  This report reviews the 
weathering of wood, with emphasis on the causal agents of weathering, the effects of weathering on wood 
properties and performance and, finally, the protection of wood from weathering.   

The first scientific article on the weathering of wood appeared in the nineteenth century (Berzelius 1827 
cited in Feist and Hon 1984), and a number of reviews have been published [Kalnins (1966), Feist and 
Hon (1984), and Feist (1990)].   

 

 
Figure 1: Weathered Norfolk Island pine (Araucaria heterophylla [Salisb.] Franco) 

roofing shingle, measuring 160 x 70 mm, from a nineteenth century building in 
Norfolk Island, Australia.  Note the severe erosion and checking of the exposed 
surface. 
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3 Mechanisms and Environment 
 
The main environmental factors involved in the weathering of wood are solar electromagnetic radiation 
(ultraviolet and visible light), molecular oxygen (O2), water, heat, particulate matter, and environmental 
pollutants.  This section outlines the mechanisms involved in wood surface deterioration caused by these 
environmental factors. 

3.1 Absorption and Penetration of Light into Wood 

The maximum amount of solar radiation available at the earth’s surface on a clear day is normally 1000 
W/m2.  The composition of such radiation is approximately 5% ultraviolet (286-380 nm), 45% visible 
(380-780 nm) and 50% infrared (780-3000 nm).  Light of shorter wavelength is more energetic (in accord 
with equation 1).  The critical wavelengths to cleave carbon-carbon, carbon-oxygen, and carbon-hydrogen 
single bonds are 346, 334, and 289 nm, respectively.  These bonds connect the basic structural units of the 
polymeric materials in wood; i.e. cellulose, hemicelluloses, and lignin.  According to Browne and 
Simonson (1957), the penetration of visible and infrared light into wood roughly follows Beer’s law 
(equation 2). 
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=E   Where, E = energy of a photon (kcal/mol) and λ = wavelength (nm) (1)

 
log10(I0/I) = ε*β*χ     (2)

 is the initial light intensity; I is the intensity of transmitted light; ε is the wavelength dependent
ity coefficient; β is the path length (or wood thickness); χ is the concentration of the material
 density). 

 

to act upon wood, solar radiation must be absorbed by one of wood’s chemical constituents.  
ntation has shown that the aromatic lignin component of wood strongly absorbs ultraviolet (UV) 
 a distinct maximum at 280 nm, and decreasing absorption extending beyond 380 nm into the 

gion of the spectrum (Kalnins 1966).  Discolouration of wood occurs at wavelengths in the range 
5 nm (Sandermann and Schlumbom 1962; Kitamura et al. 1989).  The chromophoric centers in 
at absorb UV light are phenolic groups, double bonds, carbonyl groups, quinones, 
ethides and biphenyls (Hon and Glasser 1979).  Acetal (Hon 1975) and ketonic carbonyl (Bos 
ups are responsible for the absorption of UV light by cellulose.  Cellulose also absorbs light 

200 and 300 nm (Feist and Hon 1984), but little UV light at these wavelengths reaches the 
rface (Wallace and Hobbs 1977).  The absorption of UV light by hemicelluloses is thought to be 
to that of cellulose.  The heartwood of many wood species also absorbs light beyond 500 nm 
f the presence of low molecular weight extractives such as flavonoids, tannins, stilbenes and 
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Although all of the chemical constituents of wood absorb UV light to some extent, UV light is reported to 
only penetrate the surface of wood.  For example, Browne and Simonson (1957) found that the 
penetration of ultraviolet light into wood was negligible.  Subsequent experimentation has confirmed that 
the penetration of UV light into wood is small, approximately 75 µm (Hon and Ifju 1978).   

There are some discrepancies in the literature regarding the extent to which visible light penetrates into 
wood.  Hon and Ifju (1978) suggested, on the basis of electron spin resonance (ESR) measurements, that 
visible light penetrates wood only to a depth of 200 µm.  Recently, however, Kataoka et al. (2003) 
demonstrated that the penetration of UV-visible light extended into wood well beyond 200 µm (Fig. 2).  
They observed that the first 75-µm thick layer of wood absorbed 90% of 350-nm UV light, and the first 
220-µm layer absorbed 90% of 420-nm visible light.  One percent of the UV and visible light was, 
however, capable of penetrating wood to depths of 150 to 440 µm, respectively.   

 

 
Figure 2: Percentage transmission of 350-nm UV (left) and 420-nm visible (right) light 

through Japanese cedar sections of varying thickness.  Circles indicate 
unexposed sections.  Crosses indicate that sections were irradiated for 1000 
hours before light transmission measurements (Kataoka et al. 2003). 

 

3.2 Degradation Mechanisms 

All of the major chemical constituents of wood are degraded during weathering.  Lignin is depolymerized 
and low molecular weight lignin fragments are leached from wood by rain.  Over 130 years ago it was 
reported that weathered wood surfaces (the gray layer at the surface) consisted of pure or nearly pure 
cellulose and had a very low lignin content (Wiesner 1864, cited in Kalnins 1966).  The degradation of 

 3 
 

 



Weathering and Protection of Wood   
 
 
 
 

 
 

wood by UV light results in a reduction in the methoxyl and lignin content of wood and an increase in its 
acidity and carbonyl content (Leary 1967, 1968).  Kalnins (1966) identified CO, CO2, hydrogen, water, 
methanol, formaldehyde, organic acids, vanillin and syringaldehyde as degradation products of wood 
during weathering.   

The use of spectroscopic techniques that can probe the chemical composition of surfaces (e.g., Fourier 
transform infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS), and nuclear magnetic 
resonance (NMR) spectroscopy) has shown that the degradation of lignin at exposed wood surfaces is 
extremely rapid.  Infrared spectroscopic characterization of UV exposed wood surfaces has shown an 
increase in carbonyl and carboxylic functional groups, and a decrease in aromatic functional groups due 
to degradation of lignin (Hon and Chang 1984).  A CP/MAS 13C NMR spectroscopic study of 
photodegradated newsprint showed demethoxylation and destruction of lignin aromaticity, formation of 
carboxylic acids and production of soluble carbohydrate and lignin fragments (Hemmingson and Morgan 
1990).  FTIR spectroscopy of naturally weathered radiata pine veneers showed a remarkably rapid 
decrease in the peak at 1505 cm-1, which corresponds to aromatic C=C bond stretching in lignin.  Spectra 
suggested perceptible surface (1-2 µm) delignification after 4 hours exposure, substantial delignification 
after 3 days and almost complete surface delignification after 6 days (Fig. 3) (Evans et al. 1996).  
Changes in peaks at 1601 cm-1 (C=C bond stretching), 1263 cm-1 (C-O bond stretching vibration in lignin 
and hemicelluloses), and 870 cm-1 (CH out-of-plane bending vibration in lignin) also suggested 
substantial and rapid degradation of lignin.  Reduction of the peak at 1728 cm-1 (C=O stretching vibration 
in acetyl and carboxyl in hemicelluloses) and 809 cm-1 (mainly vibration of mannan in hemicelluloses and 
CH out-of-plane bending vibration in lignin) indicate the degradation of hemicelluloses (Evans et al. 
1992).  XPS of weathered and UV-irradiated wood surfaces have shown increases in the intensities of 
carbon-oxygen and oxygen-carbon-oxygen bond signals, and decreases in the intensities of carbon-carbon 
and carbon-hydrogen bond signals, suggesting oxidation of the wood surface (Hon 1984).  

The increase in XPS signal intensity due to the oxygen-to-carbon ratio indicates degradation of lignin at 
the wood surface and enrichment of the wood surface with cellulose.  Hemicelluloses, particularly those 
containing xylose and arabinose, are also degraded during weathering and are leached from weathered 
wood surfaces (Evans et al. 1992), and hence, as mentioned above, weathered wood surfaces are rich in 
cellulose.  It was assumed for many years that cellulose was less affected by weathering than the other 
chemical constituents of wood (Rowell 1983).  Derbyshire and Miller (1981), however, showed that 
glycosidic linkages in cellulose could be cleaved by sunlight, leading to a reduction in the degree of 
polymerization.  Recent viscometry studies of holocellulose isolated from weathered wood have shown 
that cellulose in wood is rapidly depolymerized when exposed to the weather (Evans et al. 1996). 

The effects of weathering on the structure and chemical composition of wood are superficial in nature, but 
there are discrepancies regarding the depth to which weathering occurs in wood.  Reports of the depth of 
weather-induced degradation in wood vary from 200 µm to as much as 2540 µm.  Browne and Simonson 
(1957) reported that the depth of weathering degradation sometimes extends more than 2540 µm in “well-
weathered wood”.  Park et al. (1996) observed the degradation of lignin to a depth of 750 µm in wood 
exposed to two months of accelerated weathering.  Kataoka et al. (2003) detected photochemical changes 
in sugi earlywood at a depth of 700 µm after 1500 h exposure to artificial sunlight (Fig. 4).  They also 
suggested that the depth of photodegradation of wood depends on the length of exposure and the spectral 
characteristics of the light source.  
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Figure 3: Fourier transform infrared internal reflectance spectra of radiata pine veneers 
exposed to the weather for periods ranging from four hours (4h) to six days (6d) 
compared to the spectrum for an unexposed control (0). 

3.2.1 Ultraviolet and Visible Light 

In accord with energetic considerations, the UV portion of the solar spectrum is most effective in causing 
degradation of wood, but visible light is also involved in weathering.  Thus Derbyshire and Miller (1981) 
noted that “wood exposed only to wavelengths greater than 400 nm will degrade at about half the rate of 
material exposed to the full solar spectrum.”   
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Figure 4: (a) FT-IR depth profile spectra in the range 1800 - 1400 cm-1 of Japanese cedar 

earlywood after 1500 h of exposure.  (b) Changes in absorption peaks at 1510 
(circles) and at 1730 (squares) cm-1 as a function of depth obtained from a.  
Filled circles and squares in b indicate that significant changes in peaks 
occurred as a result of exposure of wood to light (n = 35, difference between 
unexposed controls and exposed specimens assessed using Smirnov-Grubbs test 
at the 5% significance level).  From Kataoka et al. 2003. 

 
Norrstrom (1969) suggested that eighty- to ninety-five percent of the degradation of wood by light was 
due to the photooxidation of lignin.  When wood absorbs UV light, the chemical changes that follow 
include dehydrogenation, dehydroxylation, dehydroxymethylation and demethoxylation of lignin to form 
free radicals at the wood surface (Hon 1991).  Lignin has various reactive groups and sites such as 
primary and secondary hydroxyl groups, carbonyl groups, carboxyl groups and aromatic and phenolic 
groups that interact with light to form free radicals.  Oxidation of phenolic hydroxyl groups in lignin is 
thought to be an important source of free radicals in wood (Hon 1991).  The phenolic radicals thus formed 
are converted to o- and p-quinonoid structures by demethylation or by cleavage of the side chain.  Free 
radicals generated in wood are thought to react with molecular oxygen to form peroxides, hydroperoxides, 
as well as peroxyl and alkoxyl radicals (Kalnins 1966; Hon and Chang 1984).  Lignin breakdown 
probably involves cleavages of the α-β bond in a typical β-aryl ether lignin subunit (Fig. 5) (Schmalzl 
1986).  
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Figure 5: Proposed key fragmentation mechanism for lignin photolysis (Schmalzl 1986).  
 

The rate of photodegradation of cellulose in wood is reported to be dependant on the wavelength of the 
light.  Wavelengths less than 280 nm increase the rate of degradation of cellulose, whereas the rate is very 
slow on exposure to light of wavelengths longer than 340 nm (Hon 1991).  Free radicals can be formed in 
cellulose at the C-1 and C-4 positions through the cleavage of glycosidic bonds when cellulose is exposed 
to light with wavelengths longer than 340 nm in the presence of oxygen (Hon 1976a).  After cellulose is 
exposed to light with wavelengths greater than 280 or 254 nm, dehydrogenation at the C-1 and C-5 
positions or dehydroxymethylation at the C-5 or C-6 side chains have been detected by ESR, respectively 
(Hon 1976b).  Hon and Chang (1984) suggested that UV light absorbed by lignin helped to degrade 
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cellulose by energy transfer.  There is also a suggestion that the reverse might occur, that is, photon 
energy absorbed by cellulose might be transferred to lignin (due to its phenolic structure) and that this 
energy transfer could reduce the degradation of cellulose to some extent (Hon 1975).   

For illustration purposes, photodegradation of synthetic homopolymers such as polyethylene can be 
represented in a simplified manner as follows.  Energy absorbed from radiation (*) can be dissipated in 
the polymer through the cleavage of molecular bonds (photolysis) resulting in the formation of a free 
radical (R*  R•), molecular species that is highly reactive because it has an unpaired valence electron.  
Once a free radical has formed it can readily react with atmospheric oxygen to form a peroxy radical (R• 
+ O2  ROO•).  The peroxy radical is capable of attacking the polymer backbone (RH) via hydrogen 
abstraction, forming a hydroperoxide and another free radical (ROO• + RH  ROOH  R•).  The 
hydroperoxide is very unstable to UV radiation and undergoes photolysis forming additional free radicals 
(ROOH  RO• + •OH).  The bond dissociation energies of RO-OH, R-OOH, and ROO-H bonds are 42, 
70, and 90 kcal/mol, respectively (Benson 1965).  Therefore, photolysis of RO-OH bond is easier than 
that of R-OOH and ROO-H bonds.  Light of wavelength <320 nm has sufficient energy to break the RO-
OH and R-OOH bonds, whereas light of wavelength >223 nm can break the ROO-H bond (Hon and Feist 
1992).   

The literature indicates that free radical formation and the degradation of wood fits some, but not all of 
the aspects of the general scheme for the photodegradation of synthetic polymers outlined above.  The 
photodegradation of wood is undoubtedly more complicated than that of synthetic homopolymers because 
it consists of a blend of polymers (lignin, cellulose, and hemicellulose) and low molecular weight 
extractives that differ in their susceptibility to solar radiation.  Furthermore, it is clear that the precise 
mechanisms and reaction pathways involved in the photodegradation of each of these components have 
not been fully elucidated.  However, the key step involved in the photodegradation of wood appears to be 
photolysis and fragmentation of lignin resulting in the formation of aromatic radicals (Feist and Hon 
1984).  These free radicals may then cause further degradation of lignin and photooxidation of cellulose 
and hemicelluloses.  Free radical reactions may be terminated by reaction of radicals with photodegraded 
lignin fragments forming colored unsaturated carbonyl compounds, which explains why wood initially 
yellows when exposed to light. 

An ESR study of Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco.) wood sections after exposure to 
fluorescent light for 24 hours showed a radical signal at 2.003 g-value, which was thought to be due to 
formation of aromatic radicals (phenoxy radicals) from lignin and polyphenols (Hon and Feist 1980, cited 
in Hon and Feist 1981).  Schmid et al. (2000) also detected the formation aromatic radicals in UV 
irradiated Scots pine (Pinus sylvestris L) sapwood using ESR.  Hon et al. (1980) observed an increase in 
the concentration of free radicals detected by ESR when Douglas-fir wood was exposed to sunlight, and 
Hon and Chang (1984) reported that a large proportion of the free radicals generated in the wood were 
short lived.  Infrared spectroscopy of UV-irradiated wood surfaces showed an increase in carbonyl and 
carboxylic groups.  This may have been due to the reaction of carbon-centered radicals with oxygen 
molecules leading to the formation of unstable peroxides that were subsequently transformed into 
carbonyl and carboxylic groups (Hon 1979).  The increasing accumulation of free radicals in wood 
following exposure to sunlight results in extensive cleavage of molecular bonds and consequent loss of 
the physical properties of wood fibers.   
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3.2.2 Water 

Water has an important role in the weathering of wood.  The leaching of photodegraded lignin and 
hemicellulose fragments from weathered wood surfaces by rain (Evans et al. 1992) is in part responsible 
for the characteristic gray color of weathered wood.  Dimensional change caused by the wetting and 
drying of wood generates surface stresses that cause checking and warping of timber (Feist 1990).  The 
photodegradation of wood also proceeds more rapidly in the presence of moisture, possibly because water 
molecules swell wood thereby opening up inaccessible regions of the cell wall facilitating their 
degradation by light (Feist and Hon 1984).  Prolonged exposure of wood to water at mild temperatures 
(50-65 ºC) results in degradation of hemicelluloses and lignin with little degradation of cellulose (Evans 
and Banks 1990).  Moisture in the presence of superficial solar heating (see below) may thus result in 
hydrolytic degradation of the non-cellulosic components of wood.  In absence of solar heating, slow 
hydrolytic degradation of the middle lamella may occur due to water.  Wood that is water saturated is 
often resistant to fungal or insect attack due to oxygen depletion, but may undergo hydrolysis and mild 
degradation from the effects of anaerobic bacteria or soft-rot fungi (Zabel and Morrell 1992). 

3.2.3 Heat 

Heat accelerates the chemical reactions involved in the weathering of wood, including photo-oxidation 
and hydrolysis.  The softening temperature (glass transition temperature) of lignin is approximately 130-
150 ºC and structural degradation of wood’s chemical components is observed at temperatures at or above 
200 ºC.  The maximum surface temperature that has been recorded on wood surfaces exposed outdoors in 
the USA is 52 ºC (Wengert 1966).  Therefore, it is unlikely that heat directly causes degradation of wood 
during weathering.  Exposure of wood to low temperatures and repeated freezing and thawing, however, 
has been shown to cause physical deterioration of wood (Borgin 1969).  An additional factor involved in 
the weathering of wood in cold climates is abrasion by wind-blown particles of ice.  For example, the 
Australian Antarctic explorer Mawson (1915 pp. 123-124) wrote: “the abrasion-effects produced by the 
impact of the snow particles were astonishing … A deal (Pinus sp.) box, facing the wind, lost all its 
painted bands and in a fortnight was handsomely marked; the hard knotty fibres being only slightly 
attacked, whilst the softer, pithy laminae were corroded to a depth of one-eighth of an inch 
[approximately 3 mm].”  Windblown sand and salt can also cause similar, if less spectacular, abrasion of 
wood (Feist 1990).  

3.2.4 Airborne Pollutants 

The main pollutants in the atmosphere are dust and smoke particles, and volatile pollutants including 
sulfur compounds, ammonia, nitrogen oxides, carbon monoxide, and saturated / unsaturated aliphatic and 
aromatic hydrocarbons and their derivatives.  Wood absorbs atmospheric sulphur dioxide (SO2) 
(Spedding 1970), which, when converted into sulphuric acid, may degrade the fiber.  Observations in the 
field and laboratory experiments have all tended to suggest that the weathering of wood is more rapid in 
polluted than in unpolluted atmospheres (Williams 1987).  Raczkowski (1980) observed significant losses 
in tensile strength of Norway spruce (Picea abies (L) Karsten) wood veneers exposed in Poland, which 
were attributed to high levels of airborne sulfur dioxide arising from the burning of coal.  Hinoki 
(Chamaecyparis obtusa [Siebold & Zucc] Endl.) irradiated with UV light following a daily twenty-
minute soak in sulfuric acid solution (pH 2) initially degraded in the middle lamella, followed by 
degradation on both sides of the secondary wall leading to complete destruction of the cell wall (Park et 
al. 1996).  This pattern of degradation closely matched the concentration of lignin in the cell wall.  The 
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erosion of earlywood during artificial weathering is accelerated if the samples are presoaked in dilute (pH 
3.0-4.0) sulfuric or nitric acid (Williams 1987).  Hon and Feist (1993) observed color changes in southern 
pine (Pinus spp.) exposed to sulfur dioxide and nitrogen dioxide, and noted that the rate of discoloration 
was influenced by UV light.  The combination of UV light and SO2 brought about the greatest color 
change.  Nitric dioxide, an air pollutant, may also be an initiator of photooxidation (Rabek 1990).  

3.2.5 Microorganisms 
 
The frequent wetting and drying, high temperatures, and levels of solar radiation at exposed wood 
surfaces are unfavorable to microbial activity.  Nevertheless bacteria and certain microfungi are 
frequently observed colonizing weathered wood where they contribute to its gray coloration.  The 
dimorphic black yeast Aureobasidium pullulans (de Bary) Arnaud, in particular, is frequently isolated 
from weathered wood.  A. pullulans is capable of withstanding temperatures of 80 oC, growing over a pH 
range of 1.9 to 10.1, and surviving for long periods without moisture.  Hence it is particularly well suited 
to the microenvironment of weathered wood (Schmidt and French 1976).  While A. pullulans can 
metabolize photodegraded lignocellulose, organisms capable of enzymatically degrading wood also 
colonize weathered timber.  However, their ability to cause significant degradation is, as mentioned in the 
introduction, limited by conditions at weathered wood surfaces.  

4 Effects of Weathering 
 
Wood exposed to the weather changes color very rapidly.  Light colored woods, including most 
coniferous species, darken in color and become yellow or brown due to the accumulation of 
photodegraded lignin constituents in the wood.  Dark colored woods that are rich in phenolic extractives 
may fade initially before becoming yellow or brown.  Irrespective of these initial color changes, wood 
exposed outdoors for 6 to 12 months (depending on climatic conditions) becomes gray as photodegraded 
lignin fragments are leached from the wood resulting in surface layers that are rich in cellulose.  Wood 
exposed outdoors in coastal (exposed to salt) or very dry environments is often silvery-gray in color, but 
in other environments weathered wood has a dark gray, blotchy, appearance due to the presence of fungal 
spores, hyphae and pigments within surface wood layers.  The lustre of wood may decrease during 
weathering as the surface becomes rougher and the scattering of light becomes more diffuse (Hon and 
Minemura 1991).  Stresses develop due to differential swelling/shrinkage of the surface layer leading to 
fiber separation and the formation of checks (Panshin and DeZeeuw 1980).  
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The rapid erosion of low-density earlywood often gives weathered wood a corrugated appearance (Fig. 1).  
The rate of erosion of wood during exterior exposure largely depends on its density.  Accelerated 
weathering studies have shown an inverse relationship, within the density range 0.3 to 1.0 g/cm3, between 
wood density and erosion (Sell and Feist 1986), (Fig. 6).  Accordingly, low density species such as 
western red cedar (Thuja plicata D. Don) erode at a rate of 12 mm per century when exposed vertically 
facing south in the Northern Hemisphere, whereas comparable figures for higher density softwoods such 
as Douglas-fir and high density hardwoods are 6 mm and 3 mm, respectively (Feist 1990).  
Photodegradation and erosion is more pronounced in thin walled earlywood tissue (Borgin 1971), but 
within-ring differences in the density of earlywood and latewood influence the erosion occurring in 
individual species.  In species with distinct earlywood and latewood, erosion is more rapid in the first 
formed earlywood, which subsequently exposes the denser latewood tissue to photodegradation (Williams 
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et al. 2001a).  Where growth rings show a gradual change from earlywood to latewood, erosion appears to 
be more rapid in the central portion of the earlywood (Williams et al. 2001b). 
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Figure 6: Erosion rate vs. specific gravity (sg) in a range of wood species subjected to 
artificial accelerated weathering (Sell and Feist 1986). 

 
 
In addition to erosion, the surface texture of weathered wood is further degraded by the formation of 
checks.  Photodegradation of wood and stresses generated by wetting and drying result in the formation of 
macroscopic checks where adjacent cells or tissues differ in cell wall thickness or strength.  For example, 
checks often develop at growth ring boundaries (Fig. 7) (Evans 1989), and at the interfaces between rays 
and tracheids (Yata and Tamaru 1995). 

In photodegraded sugi (Cryptomeria japonica [L.f.] D. Don) earlywood degradation was exacerbated by 
collapse of cells during drying (Yata and Tamaru 1995).  Microscopic changes to the structure of wood 
usually precede any evidence of macroscopic damage during weathering.  Microchecking usually 
develops in exposed cell walls and checks commonly follow the microfibril angle of the secondary wall 
(S2).  Tracheids may also separate as a result of erosion and ‘checking’ of the middle lamella (Minuitti 
1964).  Miniutti (1964) found that longitudinally oriented microchecks developed in tangential wood cell 
walls.  Microchecks were more aligned with the cell axis rather than the S2 layer and were distinct from 
inter-tracheid separation at the middle lamella that occurred after wood was exposed to artificial UV light 
for four weeks (Miniutti 1967).  Derbyshire and Miller (1981) reported a similar finding for Scots pine.  
Checks oriented at 30-60˚ to the cell axis developed after 35 days natural exposure, and in the case of 
specimens protected from rain, after 85 days.  In addition they reported that pronounced ridges developed 
in the latewood tracheids and fibres of lime wood (Tilia vulgaris L) exposed to natural weathering.  
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Figure 7: Check development at a growth ring boundary in radiata pine. 

 
In Scots pine and Norway spruce treated with an unpigmented primer, microchecking occurred first in the 
latewood and was aligned both parallel to the microfibril angle and to the cell axis (Paajanen 1994).  
Large tangentially oriented checks or shakes first appeared at growth ring boundaries in thin walled 
earlywood tracheids near those of the thick walled latewood.  Delamination of the secondary wall was 
reported, but there was little separation of individual cells after 24 weeks exposure (Paajanen 1994).  
Microchecking in sugi and hinoki was reported to develop in the ray tissue after 100 days outdoor 
exposure, whilst in similarly exposed hemlock (Tsuga heterophylla [Raf.] Sarg.) small checks developed 
first in the first formed earlywood (Yata and Tamaru 1995).  

The lignin rich middle lamella that bonds adjacent tracheids and fibres together is rapidly eroded during 
weathering, and adjacent primary and secondary cell wall layers show progressive thinning with 
increasing exposure (Evans 1989; Evans et al. 2002) (Fig. 8a-d).  At longitudinal surfaces, where the 
lumen, and hence double cell walls may be exposed, degradation also occurs rapidly.  The exposed edges 
of the cell wall are rapidly eroded resulting in subsequent delamination of secondary wall layers (Miniutti 
1967; Borgin 1971).  Fissures develop in the wall and parts of the cell wall detach and flake off (Borgin 
1971).  Additionally, complete breakdown of the middle lamella during the weathering of wood results in 
fibers being washed off through the action of rain (Borgin 1969). 

The most obvious change that occurs to the microscopic structure of cell walls during weathering is the 
formation of microchecks originating in bordered and half-bordered pits.  These develop first in 
earlywood and later in the latewood (Miniutti 1964, 1967) (Fig. 8e-f).  The margo micro fibrils in 
bordered pits are fragile and are easily degraded and lost during the early stages of weathering (Borgin 
1971; Imamura 1993).  Miniutti (1967) first described the formation of pit microchecks in Californian 
redwood (Sequoia sempervirens [D. Don] Endl) exposed to artificial UV light.  Diagonal hairline checks 
first developed in one half of a border and subsequently on the adjacent side of the pit surface.  
Significant enlargement of these checks occurred with increasing exposure until the border was destroyed 
leaving an undergraded annulus.  In species such as California redwood, where bordered pits are 
frequently paired, the pit annuli would coalesce, leaving crassulae which appeared to be resistant to 
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further degradation.  Where pitting was uniseriate the annulus would eventually be lost with increasing 
exposure.  

A similar pattern of degradation was reported for half-bordered pits, but it occurred at a slower rate than 
for bordered pits (Miniutti 1967).  Chang et al. (1982) reported that in the case of southern pine exposed 
to artificial UV light, half-bordered pits degraded at a faster rate than bordered pits.  On tangential 
surfaces where an earlywood tracheid overlays a latewood tracheid, pit checking occurred first in the 
underlying latewood pit (Miniutti 1967).  When both tracheids forming a pit pair were within the 
latewood, checking was observed in both pits.  Coupe and Watson (1968) observed that checking of 
bordered pits did not develop in a range of hardwoods including beech (Fagus sylvatica L), opepe 
(Nauclea diderrichii Merrill) and oak (Quercus robur L.) exposed to artificial weathering.  They also 
tested a range of softwoods (Scots pine, radiata pine, Douglas fir and western red cedar) and only noted 
checking of half bordered pits in western red cedar.  

Significant structural changes occur in ray tissue during the weathering of wood.  Softwood rays are 
readily degraded, but extractives within the ray appear to be resistant to degradation (Miniutti 1967).  In 
hardwoods such as beech, however, large multiseriate rays have been reported to be more resistant to 
weathering than the surrounding ground tissue (Kucera and Sell 1987).  Axial and transverse checking, 
due to cyclical wetting and drying, results in longitudinal separation of ray tissue and hence intact rays are 
readily detached from weathered wood surfaces (Kucera and Sell 1987).  

Processing technologies and applications of wood that depend on its surface properties are severely 
affected by weathering.  Notable in this regard is the painting and finishing of wood.  Weathering of wood 
for 2-4 weeks prior to painting has been shown to significantly reduce the adhesion and performance of 
finishes applied to wood (Ashton 1967; Desai 1967; Boxall 1977; Underhaug et al. 1983; Williams and 
Feist 1993a; Williams et al. 1987, 1990).  Evans et al. (1996) found that the adhesion of exterior acrylic 
primers on radiata pine was reduced if the wood was exposed to the weather for 5 to 10 days prior to 
painting.  They also found that “primer adhesion was lower on weathered radial surfaces than on similarly 
exposed tangential surfaces.”  There are reports of imperfect hardening of the surface of cement resulting 
from the use of weathered form-ply (Yoshimoto et al. 1967).  It was suggested that the presence of 
sugars, mainly arabinose and polysaccarides produced by the photodegradation of hollocellulose at the 
surface of plywood interfered with the curing of the cement.  Weathering also reduces the natural 
durability of western red cedar roofing shakes by leaching fungitoxic thujaplicins from wood.   

As previously discussed, because weathering is confined to wood surface layers, the mechanical 
properties of wood, assuming decay to be absent, are largely unaffected by prolonged exposure to the 
weather.  In contrast, the mechanical properties of wood composites, which depend in part on the strength 
of wood-adhesive bonds, can be significantly reduced by moisture-induced dimensional changes when 
they are used outdoors.   

Despite the deleterious effects of weathering on the utility of wood, in certain specialized applications 
weathered wood is preferred to fresh wood.  A good example of this is the use of weatherboards for the 
construction of ‘New England type barns, where the wood may be artificially weathered prior to building 
construction in order to give the building an aged appearance in keeping with its rural surroundings (Anon 
1976).   
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a) Unexposed earlywood tracheids with thin 

undamaged cell walls and large cell 
lumens. 

b) Unexposed latewood tracheids with thick cell 
walls and small lumens (note the middle 
lamella that cements tracheids together, 
arrowed). 

  
c)  Earlywood tracheids exposed to the weather 

for 30 days (note erosion of middle lamellae, 
particularly at cell corners and thinning of cell 
walls). 

d) Latewood tracheids exposed to the weather for 
30 days (note erosion of middle lamellae and 
delamination of cell walls). 

  
e)  Unexposed earlywood tracheids showing the 

apertures of bordered pits that allow water in 
conifer trees to flow from one cell to another. 

f)   Earlywood tracheids exposed to the weather for 30 
days (note microchecking originating in bordered pit 
apertures). 

 

Figure 8: Effects of weathering on the microscopic structure of Scots pine wood. 
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5 Protection 
 
5.1 Photoprotection of Wood with Finishes 

The most common method of protecting wood from weathering is through the use of a wide range of 
coatings such as paints, varnishes, stains, or water repellents.  Wood coatings are generally classed as 
either film-forming or penetrating, and the latter can be used as a pretreatment or as a final coating.  Film-
forming finishes such as paints contain pigments that screen wood from solar radiation and, because they 
form a barrier over the wood surface, they also prevent surface wetting and erosion.  A correctly applied 
and maintained paint system including a primer and at least two topcoats can greatly reduce the 
deleterious effects of weathering on wood.  However, a major problem with clear film forming finishes on 
wood is their loss of adhesion during weathering (Borgin 1968), which is due to failure of the underlying 
wood (Singh and Dawson 2003).  The inability of opaque finishes to bond to weathered wood has been 
documented in several studies (Ashton 1967; Desai 1967; Boxall 1977; Underhaug et al. 1983; Williams 
and Feist 1993a; Williams et al. 1987, 1990).  Paints are less effective than penetrating finishes at 
controlling decay and dimensional movement and therefore they often perform better on wood that has 
been pretreated with a water-repellent preservative. The high maintenance requirements of paints and 
their tendency (when used on non-durable timber) to trap water and encourage decay has led to increased 
use of penetrating water repellent stains as a means of protecting wood used outdoors.  

Penetrating finishes typically contain a hydrophobe such as wax, as well as an oil- or resin-based binder 
which penetrates the wood and cures.  Unlike paints, which impose a physical barrier, water repellants 
rely on the formation of a hydrophobic coating which raises the contact angle of the treated wood and 
applied water droplets to over 90˚, preventing water from being taken up by the surface or sub-surface 
capillaries.  Effective penetration of end grain by water repellants is essential to obtain good performance 
from finished joinery (Voulgaridis and Banks 1983).  In practice, however, the hydrophobic system 
eventually breaks down due to the presence of impurities and imperfections in the external and internal 
coatings (Borgin 1968).  The combined effect of the resin is to fix any pigments and seal the wood 
surface.  Water repellents reduce moisture absorption so they impart a certain degree of dimensional 
stability to the wood.  Fungicides and mildewcides are often added (water repellant preservatives) to 
retard the growth of micro-organisms on finished wood surfaces or timber (Williams and Feist 1993b).    

Penetrating stains are water repellant preservatives that contain a variety of additives to reduce the 
weathering of wood, including pigments and UV stabilizers to screen wood from solar radiation.  
Penetrating stains on wood tend to fail during exterior exposure through cracking of the wood substrate 
and erosion of pigments from wood surfaces (Kiguchi et al. 1996, 1997b).  This leads to discolouration of 
the finish through loss of pigmentation and accumulation of atmospheric pollutants (Kiguchi et al. 
1997a).  Semi-transparent stains contain pigments that partially obscure the wood surface and hence they 
reduce the amount of light reaching the wood.  At pigment concentrations of 8.4%, stains reduce wood 
erosion by 65%.  The use of water repellants in the formulation provides added protection but 
photodegradation cannot be prevented completely (Feist 1988).  High-build stains applied as successive 
coats may form films similar to paints and may be semi-transparent to opaque, thus obscuring the wood 
surface.  Their behavior and mechanism of failure then becomes similar to that of paints (Hilditch and 
Crookes 1981).  Stains provide protection against weathering for 3-6 years depending on wood species 
and surface texture, type and quantity of stain applied to the wood and degree of exposure to the weather.  
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Paints, and to a lesser extent, stains, modify the appearance of wood.  For end uses where it is important 
to retain the woods natural color or texture the wood can be finished with a clear coating.  Clear film-
forming finishes, although they often contain UV stabilizers and a biocide, are limited in their ability to 
protect wood from weathering because they transmit visible light, which can degrade the underlying 
wood surface (Fig. 9).  Hence they perform poorly on wood used outdoors and invariably fail by peeling 
and cracking within 1-3 years of application.  

One means of increasing the performance of clear finishes on wood is to photostabilize the underlying 
wood surface with simple inorganic compounds, for example, chromium trioxide prior to application of 
the clear finish.  Coating additives, such as UV absorbers and hindered amine light stabilizers that achieve 
similar photoprotective effects, also improve the performance of clear finishes on wood. 

 

 
 

 

Figure 9: Photo-oxidation of wood surface under a transparent film-forming finish 
(Kiguchi 1997). 

 

5.2 Photoprotection of Wood with Inorganic Chemicals 
 
Pretreatment of wood surfaces with aqueous inorganic chemicals improves the weathering durability of 
wood and also increases the service life of natural finishes used outdoors (Black and Mraz 1974).  Black 
and Mraz (1974) investigated the ability of acid copper chromate, acid cobalt chromate, acid zinc 
chromate, lead chromate, ammonium chromate, sodium dichromate, acid copper-chrome-arsenate, 
ammonical copper-chrome-arsenate, ammonical copper chromate, ammonical cupric oxide and copper, 
chromium, and iron molybdate to protect wood from the effects of weathering, and improve the 
performance of finishes.  Among the different chromates investigated, the copper, lead and ammonium 
salts performed better than the cobalt, zinc and sodium salts.  Ammonium chromate and ammonical 
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copper chromate were the most effective treatments.  Treatment of wood surfaces with chloride solutions 
of iron, aluminium, chromium, zinc, copper, tin, barium, magnesium and calcium were ineffective at 
protecting wood surfaces from photodegradation. 

Chromium trioxide (i.e. chromic acid treatment) has been shown to be highly effective at protecting wood 
surfaces from weathering (Feist 1979; Feist and Ellis 1978; Chang et al. 1982; Evans and Schmalzl 
1989).  Chromic acid treatment reduces the checking of simple and bordered pits during exposure of 
wood to UV light (Chang et al. 1982) and natural weathering (Evans et al. 1994), and the surface erosion 
of wood during artificial accelerated weathering (Feist 1977).  Chromic acid treatment also imparts 
dimensional stability to wood, reduces its hygroscopicity and improves the finishing properties of wood 
(Williams and Feist 1988).  Chromium trioxide treated radiata pine veneers exhibited dramatically 
reduced weight losses in a natural weathering trial.  After 35 days exposure, treated thin wood veneers 
lost only 5% of weight compared to 27% for untreated controls (Evans and Schmalzl 1989).  However, 
the strength losses of the veneers were similar to those of untreated weathered veneers, which indicate 
that the treatment was ineffective at reducing cellulose degradation.  The precise mechanism by which 
chromium trioxide is able to photostabilize wood has not been fully resolved.  Pizzi (1980) used dilute 
solution of o-methoxyphenol as a model compound to study the reaction of chromium (VI) with wood. 
He suggested that chromium (VI) forms an insoluble complex with lignin.  He also suggested that 
chromium (VI) was not reduced to chromium (III) during its reaction with lignin.  Schmalzl et al. (1995) 
reinvestigated the reaction of the lignin model guaiacol with excess aqueous chromium trioxide.  They 
observed that guaiacol oligomers, which are tightly held in polmeric complexes, are bound or cross-linked 
by hydroxylated trivalent (presumably octahedral) chromium species to form complicated three 
dimensional high molecular weight polymers.  They postulated that similar complexes formed from 
phenolic lignin units with chromium trioxide were responsible for the weather resistance of chromium 
trioxide treated wood surfaces.  Recently, Schmalzl et al. (2003) used the reaction of guaiacol and 2,6-
dimethoxyphenol with metal oxidants as a model to elucidate the chromium mediated reaction and 
photostabilization of lignin on wood surfaces.  The reaction of chromic acid with guaiacol results in the 
formation of an amorphous chromium III complex in good yield.  Oxidation of 2,6-dimethoxyphenol with 
chromic acid also results in the formation of an amorphous chromium III coerulignone complex, which 
they characterized using solid-state 13C NMR and IR spectroscopy.  They postulated that chromic acid 
oxidizes lignin phenols in wood resulting in the formation of chromium III quinone complexes that confer 
weathering durability to the treated wood surfaces. 

Pre-treatment of wood with hexavalent chromium (Cr6+) compounds results in a green coloration (initially 
brown) which is undesirable when the aim of finishing is to preserve the natural appearance of wood.  
Hexavalent chromium compounds are also carcinogenic, a fact that has prevented their commercial use as 
photostabilizing components for wood (except in Japan where pretreatment of wooden doors with 
chromium trioxide was used in the 1980s to enhance the weathering resistance of acrylic-urethane 
finishes [Ohtani 1987]).   

Trivalent chromium compounds, which are less toxic than hexavalent chromium components (e.g., 
chromium nitrate), were found to be less effective at protecting wood from photodegradation than 
chromic acid (Williams and Feist 1988).  Treatment of wood surfaces with iron (III) chloride or nitrate 
was found to be ineffective at protecting wood from to natural weathering (Evans and Schmalzl 1989; 
Evans et al. 1992), although Chang et al. (1982) found that treatment with iron (III) chloride reduced the 
microchecking of pits during the exposure of wood to artificial accelerated weathering.  Treatment of 
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wood surfaces with oxidative manganese compounds such as manganese (III) acetate dehydrate and 
potassium permanganate has recently been shown to protect wood from photodegradation.  The 
treatments were not, however, as effective as chromium trioxide (Schmalzl and Evans 2003).  Schmalzl 
and Evans (2003) also tested the effectiveness of some non-oxidative titanates and zirconates as 
photoprotective treatments for wood.  Tetrabutyl, tetraisopropyl, and ethylhexyl titanate enhanced the 
tensile strength of wood both before and after weathering possibly due to the formation complexes 
between the titanates and cellulose in wood.  However, the titanates were unable to restrict veneer weight 
losses during natural weathering, indicating that they did not to form stable complexes with lignin. 
Zirconates such as tetrapropyl and tetrabutyl zirconate were not as effective at protecting wood from 
weathering as the titanates that were tested (Schmalzl and Evans 2003). 

5.3 Photoprotection of Wood with Wood Preservatives 

Inorganic compounds used as components of wood preservatives can also provide some photoprotection 
to wood.  Feist and Williams (1991) compared the ability of a chromated copper arsenate (CCA) wood 
preservative and chromium trioxide to reduce the weathering degradation of unfinished wood and 
improve the durability of semitransparent and solid-color stains applied to wood.  CCA provided long-
term protection against weathering induced erosion and greatly extended the lifetime and durability of a 
partially UV-transparent stain.  Feist and Williams (1991) also observed that a CCA pressure treatment 
provided better penetration and higher deposition of chromium at the surfaces of wood than a brush 
treatment of chromium trioxide.   

Jin et al. (1991) investigated the weathering degradation of alkylammonium compounds (AACs) and 
ammoniacal copper quat (ACQ) treated wood samples.  They found that ACQ retarded the weathering 
degradation of wood, whereas AACs treated samples showed considerable latewood delignification and 
severe earlywood erosion.  FTIR spectroscopy indicated that ACQ reduced the formation of carbonyl 
groups and delignification of wood during weathering (Liu et al. 1994).  They also found that the rate of 
carbonyl formation was higher in CCA-treated wood than in ACQ-treated wood.  Recently Zhang (2003) 
observed that a range of alkylammonium compounds (AACs) did not greatly retard the photodegradation 
of treated wood samples exposed to UV light.  However, wood treated with AACs together with copper 
as a co-biocide were more resistant to degradation.   

Cornfield et al. (1994) found that copper azole preservatives enhanced the weathering resistance of wood. 
Copper ethanolamine (Cu-EA), which is a component of some of the newer copper-based wood 
preservatives, increases the hydrophobicity of wood and reduces the susceptibility of the wood to 
photodegradation (Zhang and Kamden 2000). 

5.4 Photoprotection of Wood by Chemical Modification 

The weathering durability of wood can be improved by chemical modification.  Chemical modification 
involves covalently bonding chemicals to the polymeric constituents of wood, thus ‘blocking’ the 
hydroxyl groups on lignin and holocellulose (Fig. 10), and, in certain cases, bulking the cell wall (Fig. 
11).  Chemical modification usually improves the dimensional stability of wood by reducing its 
hygroscopicity.  Chemical modification of wood by methylation, acetylation, or alkylation improves the 
color stability of wood during weathering because the blocking of phenolic hydroxyl groups retards the 
formation of quinones (Kalnins 1984; Kiguchi 1997). 
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Figure 10: Chemical modification of wood with (a) acetic anhydride and (b) dicarboxylic 
acid anhydride. 
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Figure 11: SEM photographs of (a) acetylated wood and (b) weathered acetylated wood. 
 

Acetylation of wood to weight gains (WGs) of 10-20% has been shown to reduce the photo-yellowing 
(Tarkow et al. 1946; Plackett et al. 1992), checking (Dunningham et al. 1992), and erosion (Feist et al. 
1991) of wood exposed to natural or artificial weathering.  The ability of chemical modification to 
prevent checking and erosion of wood during weathering may be explained by the increased dimensional 
stability and hydrophobicity of the modified wood.  Evans et al. (2000) observed that acetylation of Scots 
pine to low WGs (5-10%) reduced the photostability of modified wood.  At low WGs, preferential 
substitution of lignin phenolic hydroxyl groups occurs and may prevent the termination of free radicals 
via the formation of quinones, thus increasing photodegradation.  They also observed that the 
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photostability of acetylated wood increased at higher WGs (around 20%).  At higher WGs, substitution of 
cellulosic hydroxyl groups occurs which may provide protection to wood because cellulose derivatives 
are generally less susceptible to photodegradation than unmodified cellulose.  Thus acetylation can 
protect cellulose to some degree (Feist et al. 1991; Evans et al. 2000), but it is unable to photostabilize 
lignin (Kalnins 1984; Kiguchi 1984; Torr et al. 1996).  Similar findings have been reported for wood 
modified with dicarboxylic acid anhydrides (Evans 1998).  

Chang and Chang (2001) observed that acetic or succinic anhydride treatment of wood surfaces reduced 
the formation of chromophores at the surface of UV-irradiated China fir ‘wood’.  They also observed that 
phthalic anhydride treatment of wood surfaces accelerated the photo-discoloration.  Modification of wood 
with butylene oxide, methyl isocyanate, or butyl isocyanate at higher WGs (around 25% or more) was not 
found to enhance the photostability of wood (Rowell et al. 1981; Feist and Rowell 1982).  In contrast 
chemical modification of wood with a maleic acid-glycerol has been found to enhance the resistance of 
wood to weathering (Fujimoto 1992). 

Recently Evans et al. (2002) found that benzoylation of wood with benzoyl chloride (to high weight 
gains) was effective at photostabilizing wood, including the lignin component.  They observed an inverse 
relationship between WGs (due to benzoylation) and mass losses of benzoylated wood during weathering.  
In order to explain their findings they suggested that the benzoyl groups in benzoylated wood absorbed 
UV light or scavenged free radicals.  However, benzoylation of wood to higher WGs caused pronounced 
swelling of the wood cell wall, which reduced the strength of treated wood veneers.  

5.5 Photoprotection of Wood by Monomer/Polymer Wood Lumen Fill Treatment  

Filling wood cell lumens with polymerizable monomers (i.e. impregnation and subsequent 
curing/polymerization of the monomers in the lumens) improves the weathering durability of wood 
(Desai 1972; Rowell et al. 1981; Feist and Rowell 1982; Feist et al. 1991).  Methyl methacrylate (MMA) 
monomer impregnation and subsequent polymerization in cell lumens reduces the rate of moisture 
sorption and increases the hardness of wood (Rowell et al. 1981).  Filling wood cell lumens with MMA 
reduced the erosion of wood by 40% or more during accelerated weathering (Rowell et al. 1981; Feist et 
al. 1991).  The combination of acetylation followed by MMA cell lumen filling further increased the 
weathering durability of wood (Feist et al. 1991), and reduced surface erosion by about 85%.  Butylene 
oxide (BO), methyl- (MI), or butyl-isocyanate (BI) treatment of wood followed by MMA impregnation 
and polymerization in situ was also found to enhance the resistance of wood to UV light and accelerated 
weathering (Feist and Rowell 1982; Rowell et al. 1981), despite earlier findings that modification of 
wood with BO, MI and BI was ineffective at enhancing the photostability (Rowell et al. 1981; Feist and 
Rowell 1982).  Stamm (1959) found that treatment of wood with polyethylene glycol (PEG) reduced the 
face checking of wood during seasoning.  PEG also dimensionally stabilizes wood by bulking the fibers.  
Kiguchi et al. (1997c) found that pretreatment of Douglas-fir plywood with a 10% solution of PEG 
reduced film failure of clear finishes exposed outdoors for two years. 

5.6 Wood-Plastic Composites 

Extruded/molded wood-plastic composites (WPC’s) contain wood fibers or flours which act as 
reinforcing fillers in the thermoplastic matrix, and both the thermoplastic and wood are susceptible to 
photodegradation.  Matuana et al. (2001) investigated the UV resistance of unpigmented and rutile-
titanium-dioxide-pigmented rigid polyvinyl chloride (PVC) wood fiber composites.  They observed that 
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incorporation of wood fiber into a PVC matrix accelerated the UV degradation of the thermoplastic 
polymer.  Addition of a photoactive pigment (rutile titanium dioxide) to the composite enhanced its UV-
light stability.  This is in accord with Blackburn et al.’s (1991) observation that “fine particle titanium 
offered significant improvements over conventional UVAs and HALS in stabilizing alkyd based wood 
finishes.”  Grafting of an epoxy functionalised benzophenone-type UV absorber (2-hydroxy-4-(2,3-
epoxypropoxy)-benzophenone, HEPBP) to wood fibers used in WPC’s also improved the color stability 
of the composite material in accelerated weathering (Kiguchi et al. 2000). 

5.7 Photoprotection of Wood with UV Absorbers and Hindered Amine Light 
Stabilizers 

Additives such as UV absorbers (UVA’s), hindered amine light stabilizers (HALS), and hindered 
phenolic antioxidants (AO’s) have also be used to protect wood from photodegradation and improve the 
performance of clear finishes (Kalnins 1966; Williams 1983).  UVAs act to prevent the formation of free 
radicals via preferential absorption of incident UV light and dissipation of the incident energy as non-
radiative heat.  In comparison, HALS prevent the formation of high concentrations of free radicals.  The 
precise mechanism by which this is achieved has not been fully elucidated but is thought to include 
energy transfer, free radical termination, or peroxide decomposition.  UVA’s and HALS are widely 
incorporated into coatings to reduce photodegradation of the polymeric binder.  Their effectiveness for 
this application is dependant upon the type of UVA or HALS and their concentrations in the coating. 
Increased film thickness will reduce the concentration of UVA required to retard degradation of wood 
beneath clear coatings, but may result in problems associated with the lack of flexibility of thick coatings 
on wood. 

Hindered phenolic antioxidants (AO’s) are traditionally used to terminate free radicals originating from 
heat-induced degradation of coatings.  They are similar in function as HALS, so they can be used to retard 
the degradative effects of UV light on wood.  Unlike HALS, however, they are non-regenerative and 
decrease in concentration during the photostabilization process. 

There are relatively few published studies on the photostabilization of wood using UVA’s or HALS.  
Kalnins (1966) found that treatment of Douglas fir veneers with a UVA (dibenzoylresorcinol) reduced the 
production of gaseous and volatile photodegradation products produced during irradiation of wood with 
artificial UV light.  In contrast, Hon et al. (1985) found that the addition of a HALS or AO to a clear 
acrylic film forming finish containing an internal UVA did not prevent the photo-oxidative discolouration 
of the underlying pine wood surface.  Wood coated with UV-curable clear coatings was also reported to 
turn yellow following exposure to UV light (Chang and Chou 1999) and, although some discoloration 
occurred in the coating, the majority was found in the substrate.  Chung and Chow (1999) found, 
however, that incorporating UVA’s into clear coatings significantly reduced the yellowing of both the 
coating and substrate, whereas HALS were ineffective.  The authors did report that HALS reduced the 
photo-yellowing of wood coated with an aliphatic urethane-modified acrylate finish containing a UVA.  
They speculated that this might have been due to a synergy between the HALS and the UVA.  HALS 
have also been shown to be useful inhibitors of iron oxidation and water degradation of wood (Hussey 
and Nicholas 1985). 
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5.8 Photoprotection of Wood by Grafting of UV Absorbers 

Grafting or chemically bonding UVAs to synthetic polymers is a highly effective method of protecting 
the polymers from photodegradation.  Williams (1983) first reported the grafting of a reactive UVA 
(HEPBP) to the surface of wood (western red cedar) and demonstrated that the grafted UVA reduced the 
erosion of unfinished wood, and, as pre-treatment, enhanced the performance of clear finishes during 
artificial accelerated weathering.  Kiguchi and Evans (1998) investigated the reaction conditions required 
to graft HEPBP to wood.  They found that in the presence of an amine catalyst (dimethylbenzylamine) 
and at temperatures in excess of 80ºC, HEPBP could be grafted to wood resulting in permanent WGs. 
Grafting of HEPBP was found to be as effective as chromium trioxide at restricting mass losses of 
veneers during natural weathering, and better than chromium trioxide at restricting veneer tensile strength 
losses.  XPS spectra indicated that the photoprotective effect of grafting on mass losses was due to the 
protection of lignin at exposed surfaces.  Grafting of reactive UVAs such as HEPBP and some epoxy-
functionalized triazine-type UVAs to wood has also been found to reduce photochemical changes on UV 
irradiated wood surfaces, and greatly improved the performance of clear coatings on modified veneer 
surfaces (Kiguchi et al. 2001).  Grafting of a benzotriazole UV absorber containing an isocyanate group 
to wood supplemented by other additives (such as polyethylene glycol or a HALS) to Grand fir (Abies 
grandis Lindl.), and European oak, was found to be effective at preventing photo-yellowing of the wood 
(Grelier et al. 1997).  Commercialization of such treatments awaits the development of less costly UV 
absorbers that can be more easily bonded to wood.  

6 Future Directions 
 
Architects and engineers are increasingly insisting on materials that offer longer service life and lower 
repair and maintenance costs.  In addition, there is pressure to use materials that can be recycled and 
produced on a sustainable basis.  Wood is a renewable material that can be easily repaired and in most 
cases recycled.  However, weathering reduces the service life of wood and increases its maintenance 
costs.  For example, premature failure and replacement of CCA-treated pine poles and decking are often 
caused by checking, and the higher maintenance costs of exterior wooden joinery compared to substitutes 
made from unplasticized polyvinyl chloride or aluminum are caused in part by weathering-induced failure 
of surface coatings.  Hence there is likely to be continuing interest in the development of additives and 
treatments to reduce the weathering of wood.  A deeper understanding of the mechanisms involved in 
photodegradation of wood could lead to more economical and effective methods of photostabilizing 
wood, which could significantly improve the durability of clear finishes for timber.  Wood is increasingly 
being converted into a wide range of composites and being combined with a diverse range of other 
materials including thermoplastic and thermosetting polymers, ceramics and other lignocellulosics.  The 
evaluation of the weathering resistance of such materials and the development of appropriate treatments 
to enhance their durability will become increasingly important in the future. 
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