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1. Introduction

Wood weathering phenomena have been previously studied extensively, since the changes in colour, appearance and surface integrity of exterior wood components present major shortcomings in building applications. Investigations of the weathering of wood very often involved observations of structural changes using SEM (Scanning Electron Microscopy) analysis.

Investigations of the weathering of wood very often involved observations of structural changes (1, 2, 3, 6, 7, 8) using SEM (Scanning Electron Microscopy) analysis. Microscopic observations can not quantify the degradation process and are not sensitive enough in detecting changes during early stages of photodegradation (unlike colour measurements and spectrophotometry). However, SEM technique can be combined with the thin strip method, where highly accurate and reliable tensile strength measurements on microtomed surface sections are corroborated by microscopic evidence about the consequences of photo-induced surface degradation (8).

Thin strips are wood sections (100 mm X 10 mm in longitudinal and radial or tangential directions, respectively) which are microtomed with a nominal thickness of 70 - 80 (m to represent the actual wood surface penetrated by ultraviolet (UV) light. After exposure to the action of elements in various duration these strips were tested for tensile strength and were subsequently microscopically analysed using a high-resolution field emission SEM (FE SEM). It was shown that the exposure of thin strips might be a valid presentation of the exposure of real wood surfaces. Observation of the surfaces of thin strips, exposed directly or behind a film of a coating, yielded an overview of typical structural damage on radial and tangential surfaces of softwoods during natural and artificial UV exposures (8). Observation of the fractured surfaces of the strips after tensile testing gives information about the fracture morphology.  


The changes in tensile strength during photodegradaton undergo three phases (4, 5). After a short initial phase, when some crosslinking of cellulose may even cause the increase in strength, a rapid strength loss phase follows, controlled by predominant lignin degradation. Less intensive breakdown in the third phase is determined by cellulose degradation. Fractographic evidence (SEM micrographs of fractured surfaces) was consistent with these weathering processes and provided a valuable insight into the mechanisms of failure (9).

2. Materials and methods

Softwood species were used in investigations: Scots pine (Pinus silvestris L.), assessed as heartwood and sapwood separately, and European spruce (Picea abies Karst.) of average density and physical properties. Thin strips of 50 – 80 (m thickness, 100 mm long and 10 mm wide, were microtomed from water saturated wood blocks (detailed description in ref. 4, 5 and 8). Strips were exposed to elements in natural exposures or in laboratory exposures to UV light at different humidity levels. Following various exposure intervals, the strips were withdrawn and tested for tensile strength. Subsequently, the surfaces of the strips and their fractured cross sections could be microscopically observed. 


Coated wood specimens were obtained from naturally exposed wood panels. Portions near the coated surfaces were forced to fail in tension, which enabled the microscopic observation by analogy to that of thin strips, i.e. on fractured sections and paint surfaces.


Two electron microscopes were used. A “classic” SEM was a JEOL 6300 F, equipped with the field-emission electrode, enabled very high resolutions without much charging on the specimen and tissue damage. The specimens for high vacuum SEM observations were vacuum dried at 40 °C and sputtered with platinum (detailed in (8). The other microscope was a revolutionary Environmental Scanning Electron Microscope (ESEM) by Phillips, in which the investigation on natural specimens, without drying or other preparation, was possible.

3. Structural damage during weathering

Spruce and pine reacted to the action of elements in the same way, and there were no notable differences in the structural changes of these two species after two years of natural weathering. The exposure of thin strips proved to be a valid presentation of the exposure of real wood surfaces. It was noticed, however, that some damage happened earlier than expected. The most evident early structural sign of photodegradation on softwood surfaces is the damage of bordered pits. Only 4 days of natural exposure or 10 hours of exposure to fluorescent UV lamps cause the distinctive cracks of the torus, especially on aspirated pits (fig. 1a). This type of damage, observed under the semitransparent coating, clearly indicates that photooxidative degradation took place. Longer exposures cause the pit domes to crack in diagonal progression, following the microfibril orientation in the domes. Eventually the widening of the aperture, thinning of the pit dome and complete destruction of the pit membrane mark advanced stages of weathering degradation (fig. 1b).

Simple pits, often found in latewood tracheids of pine and in the cross-fields of spruce, do not disintegrate as fast as bordered pits. However, they early in the exposure initiate the deep S2 cracks that reveal the angle of microfibrils in this layer of secondary cell wall (fig. 2a). Further contractions of the thick-walled latewood tracheids cause the complete wall to split (fig 2b), eventually leading to the complete disintegration of complete cells or the loss of their fragments (fig. 2b).

The evidence of fungal infection can be found after only 4 days of natural exposure (figure 3a), indicating that the growth of microorganisms begins by deposit of their spores into the microcracks. Heavy infection can be often observed on the surfaces exposed naturally for longer than 3 to 4 weeks. The degraded cell surfaces present a copious substrate for the growth of wood-destroying fungi (fig. 3b). This feature can not develop under intensive UV radiation within the chambers of the artificial weathering machines. Therefore it presents a rough indication of the level of degradation in the natural environment.
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Figures 1a and 1b: Development of structural damage of bordered pits on radial surfaces of Scots pine sapwood thin strips after 4 days (left) and after 14 days (right) of natural exposure.
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Figures 2a and 2b: Structural damage of simple pits on radial surfaces of Scots pine sapwood thin strips after 10 hours in the QUV weathering apparatus (UV light in humid conditions). Deep cracks in the S2 layer spread in the direction of the microfibril orientation (left). After 41 days of exposure (right) complete disintegration of cell walls occur.
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Figures 3a and 3b: Various examples of biological contamination of Scots pine strips could be found on their surfaces after 4 days of natural exposures. Intensive fungal growth could be observed after 41 days of exposure (right).

4. Fractographic analysis on weathered wood

4.1 Fractography of uncoated wood

SEM analysis has provided a valuable insight into the mechanisms of failure of genuine and weathered wood. The mechanisms of tension failure in unweathered thin strips are basically different in earlywood and latewood. The mechanical properties of latewood dominate the tensile behaviour of the strips. The microscopic findings indicate that the tension failure begins in latewood, where it rapidly develops in a brittle-like mode (fig. 5a), and then spreads on earlywood zones in an interlocked, ductile mode (figure 4a). This type of failure, when bundles of radially agglomerated microfibrils are pulled out of fractured surfaces, is very characteristic of unweathered, genuine wood. During weathering the mode of fracture progressively changes to brittle failure (fig. 4b). 
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Figures 4a and 4b: Walls of softwood earlywood tracheids at their corner joint. 
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Left: unweathered strips. Tough, interlocked failure mode showing torn bundles and radial microfibril agglomerations (structures of the S2 layer perpendicular to the middle lamella). Right: weathered pine sapwood tracheids after ca 14 days natural exposure, or 3 days of QUV exposure.  Walls are somewhat thinner, exhibiting brittle failure with delaminations in the middle lamella region. 

Figures 5a and 5b: Cross section (fractured surface) of a spruce latewood tracheid wall; detail of the S2 and S3 layers. Left: Brittle transverse fracture indicates fast crack propagation. Smooth surface reveals densely packed fibrils. Right: Cross section (S2/S3) layers of a pine earlywood tracheid, weathered naturally for 41 days. A number of microvoids between the fibrils indicate delignification.

Breakdown of the middle lamella during weathering often causes the detachment of surface cells – effect observed early in the weathering process. The thinning of the cell walls (fig. 4b) has been interpreted by the breakdown of the lignin in the S2 layer of the cell wall. Comparison of large magnification micrographs of this layer (figure 5; before weathering, left, and after weathering, right) reveals that after exposure the fibrils are loosely packed, lacking radial agglomerations (fig. 5b).

4.2  Fractography of coated wood. 

The object of interest in microscopic examination of coated wood was the interface between the coating and the wood surface. The microscopic analysis can detect the early evidence of softwood photodegradation if the cracks in the pit membranes appear under the coat of a semi-transparent or transparent finish. Further evidences of a harmful UV transmittance of the coating is the loss of occurrence of radial fibril agglomerations and the development of brittleness on fractured cross sections of softwood tracheids. Figure 6a shows typical example of unweathered coated wood specimen, where the film of a solvent-borne semi-transparent stain adheres well to the surface, fills the lumina of some surface cells and fails in a tough, cohesive mode. The radial fibril agglomerations are obvious (fig. 6b), and adhesion of the coat to the S3 layer is good. After exposure for 14 months (figures 7a and 7b) the delamination between the coating and the tracheid surfaces could be seen, and generally there is frequent loss of unweathered ultrastructural characteristics of wood, such as radial fibril agglomerations. Weathering can affect the link between the wood and the coating (fig. 7b), or lead to the cohesive failure and delamination of the UV-damaged wood (fig. 7a). 


Adhesion between the exterior coating and the wood surface has also been studied by microscopy. The loss of adhesion presents one of the mayor causes of paint failure in exterior applications, and frequent maintenance jobs (and costs) are demanded in order that the adequate service life of wood components is ensured. Impregnation of softwood surface prior to application of water-based and hybrid finishing systems by aequous resorcinol-based or isocyanate solvent-based primers has tested for their efficiency in improving the adhesion, especially in wet conditions and on latewood portions. Microscopic analysis of the adhesion-tested specimens revealed that the primer may enhance the link between the finishing system and wood, but that the failures often happen either in the weak substrate, or in the base-coat layer. This coat is often found to be porous and brittle due to a large pigment concentration (fig. 8a), and the ingress of water into the micro-voids contributes to the swelling and loss of cohesive strength of the base-coat (fig 8b). On contrary, good and long-lasting finish conditions may be assured if the interface of the paint and wood is coherent. The example on figure 9a shows the acrylic water-born paint after 25 years in use. The craters of air bubbles that had been trapped near its surface are obvious. One would suppose that these places present weak points for the water progress towards the interior. However, the cross section of the surface layer presents the sound condition of the paint and the interface. A sufficient thickness of the film and its good adhesion to the substrate ensured that the coating degradation has been limited to loss of gloss, chalking and superficial erosion. 
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Figures 6a and 6b: Fractured transverse surfaces of tension-loaded specimens from unexposed pine panels. Solvent-borne semi-transparent stain exhibits tough fracture mode, good adhesion and impregnation of the surface cells (left). Adhesion to the surfaces of the lumina is good (right), and the cell walls exhibit the genuine fracture mode.
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Figures 7a and 7b: 14-months exposure of semi-transparent stain on pine substrate leads to the detachment of the film due to adhesion loss (left), or to the development of brittleness and cohesive failures within wood and the coating (right).
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Figures 8a and 8b: Fractured end-grain surface of spruce earlywood impregnated with isocyanate primer and painted with opaque system. Two topcoats of acrylic paint coalesced in a homogenuous, tough layer (left). Pigment-rich base coat looks brash and brittle, with a lot of micro-voids for water ingress and loss of cohesive strength (right). 
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Figures 9a and 9b: Acrylic water-based paint after 25 years in service. Film is eroded and open air bubbles leave craters on the surface (left). Cross section (right) shows that erosion is superficial, sufficient thickness of the film and good adhesion protect wood from degradation.

An experiment has been conducted in the ESEM instrument to validate the assumption about the possible effect of water infiltration in the interface voids. The fragment of coated wood was positioned in the microscope chamber in such a way that the cross section of the wood interface and paint layer could be observed (fig. 10a). At the same time, the paint surface has been rapidly cooled to create an effect of heat transfer from the interior portions of wood element towards the cooler painted surface. The water started condensing at the interface, filling the gaps and the cracks at the interface and condensing within the lumina of the outermost cells (fig. 10b). This experiment clearly demonstrated the great advantages of the environmental electron microscopy, the most important being the possibility to investigate specimens without any preparation, i.e. in their natural, moist condition. It also demonstrates the possibility that dynamic tests are being performed within the chamber in which the continuous changes of temperature, humidity, visible light conditions or tension loads are conducted.
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Figures 10 a and 10 b: ESEM images of the wood in natural condition. Surface of the paint layer has been rapidly cooled during observation, which led to condensation of moisture at the coating-wood interface (right).

5. Conclusion

Electron microscopy techniques (high vacuum scanning electron microscopy and environmental scanning electron microscopy) have been successfully employed in analysis of weathered wood. Observation of the effects that the photo-induced degradation may have on ultrastructural and structural integrity of wood surface help in understanding the degradation process. Besides the general structural damage that could be seen on characteristic anatomical features (cracks on bordered pits, cross-field pits, surfaces of the lumina), the fractographic analysis of weathered wood may reveal the sequence and level of degradation process. Fractured cross sections of weathered wood surfaces exhibit the development of brittleness, delamination and thinning of the cell walls with exposure. This corresponds well with processes of strength loss recorded in the thin strip test.


Microscopic analysis of coated wood gives corroborating evidence about the cohesive weakness of particular surface layer, about the adhesion properties and water ingress into the interface and about the UV-induced damage under the coating. Advanced environmental microscopic technique offers the possibility to investigate the specimens without any preparation, i.e. in their natural, moist condition. It also enables dynamic tests performed within the chamber in which the continuous changes of temperature, humidity or tension loads can be conducted.
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