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To my beloved sons Alrik and Oskar

Xllt xnnxt än oviktig
Trots xtt min skrivmxskin är xv
gxmmxl modell fungerxr den
fortfxrxnde mycket brx – förutom xtt
en txngent är trxsig.
Mxn skulle kunnx tro xtt om xllx
xndrx txngenter fungerxr brx, så
märks inte en endx trxsig txngent
särskilt mycket. Men det verkxr som
xtt en trxsig txngent räcker för xtt drx
ner helx intrycket.
Du kxnske säger till dig själv: ”Jxg är
bxrx en endx människx. Ingen
märker om jxg inte gör mitt xllrx
bästx. Vxd jxg gör spelxr ingen roll.”
Men du gör stor skillnxd, för du är en
del xv något större. Världen blir
xldrig bättre om vi inte xllesxmmxns
gör vårt bästx för xtt förbättrx den.
Så nästx gång du tror xtt du inget
betyder,
minns
den
gxmlx
skrivmxskinen. Du är xllt xnnxt än
oviktig – du är fxntxstisk!
(Kristina Reftel, Det är aldrig kört!,
2004)

Abstract
Sjökvist, Tinh (2019). Coated Norway Spruce − Influence of Wood
Characteristics on Water Sorption and Coating Durability, Linnaeus University
Dissertations No 344/2019, ISBN: 978-91-88898-39-5 (print) 978-91-8889840-1 (pdf).
Wood used outdoors is often degraded and discoloured by microorganisms as a
natural part of its life cycle, particularly when exposed to high levels of moisture
for prolonged times. In this case, the application of a coating (i.e. paint) is an
option for increasing the service life of the wood.
Norway spruce (Picea abies (L.) Karst.) is commonly used for outdoor
applications in Sweden. Earlier studies have shown that uncoated spruce
heartwood is less prone to moisture sorption in outdoor exposure, resulting in
lower moisture content (MC) levels, as compared to sapwood. However, studies
related to the above mentioned characteristics are rather limited for coated
spruce, especially including the influence of outdoor exposure (i.e. weathering).
The aim of this thesis is, therefore, to increase the knowledge of how heartwood
and sapwood of different densities influence on the durability of coated Norway
spruce for outdoor use. Different types of coatings with alkyd-, acrylic-, flour(calcimine paint), or linseed-oil-based resin were included. The objectives were
to study the water sorption (including MC variation) behaviour and crack
formation of uncoated and coated heartwood and sapwood of different densities.
Furthermore was an objective to study the microbial growth on the surface of
similar samples of coated spruce in outdoor exposure. The used methods
included wetting and liquid permeability experiments, accelerated water
absorption (with samples floating freely in water), and outdoor field test. The
field method lasted between three to five years and involved monitoring of the
MC variation, the crack formation and the microbial growth on the samples.
The results based on wetting measurements using octane as the adsorbed liquid
showed no difference in liquid permeability between the spruce heartwood and
sapwood samples of comparable densities, and indicated a similar level of pit
aspiration (closure). The common flow path between two cells of conifers
occurs through the pits. Still, the sapwood samples had in general a clearly
higher water sorption rate than heartwood samples. It could be concluded that
the increased sorption was presumably caused by a lowered water surface
tension, most likely by a contamination effect of the water by surface-active
sapwood extractives rather than differences in morphology of heartwood and
sapwood.
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However, no clear difference in water absorption and MC levels was seen
between coated heartwood and sapwood in the field study or in the accelerated
water absorption study. Thus, it is suggested that a coating hinders the surfaceactive extractives to lower the water surface tension, resulting in a similar water
absorption behaviour of coated heartwood and sapwood. The influence of
density on water sorption of coated spruce was similarly to uncoated spruce,
meaning the low-density samples had a higher MC than the high-density
samples in the field tests. Furthermore, a one-year weathering of the coated and
uncoated samples caused a larger increase in water sorption of high-density
heartwood in the accelerated water absorption study.
The field study on uncoated and calcimine-coated spruce showed a higher
number of cracks on the high-density samples than on the low-density samples.
Additionally, within each density group, a larger number of cracks were seen
on sapwood samples as compared to heartwood samples. High-density samples
with an alkyd- or an acrylic coating also showed a higher number of cracks. As
expected, the formation of cracks on the samples increased their water sorption
significantly. The microbial growth was higher on sapwood than on heartwood
samples with a white coloured alkyd coating.
The main conclusion is that heartwood and sapwood of different densities
influence the water sorption and durability of coated Norway spruce. However,
the principles in water sorption of uncoated heartwood and sapwood could not
be applied to coated samples. Overall, the results point out that low-density
heartwood could be the best material combination to improve the durability of
coated spruce in outdoor use. The knowledge acquired in this thesis can enable
an increased service life of coated spruce in outdoor use. The increase in service
life is achieved by a careful selection of the wood material regarding the
proportion of heartwood and to the choice of wood density. As a concluding
remark, the role of surface-active spruce extractives needs to be explored, and
a follow-up investigation in the context of water sorption is suggested for future
research.
Keywords: Heartwood, Sapwood, Wood extractives, Moisture content, Paint,
Alkyd, Acrylic, Linseed oil, Calcimine paint, Mould, Fungi, Algae, Weathering
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Sammanfattning (in Swedish)
Virke i utomhusmiljö bryts ofta ner och blir missfärgad av mikroorganismer
som en naturlig del i kretsloppet, särskilt när virket utsätts för höga fuktkvoter
under en lång tid. En skyddande färg kan i detta fall vara ett alternativ för att
förlänga livslängden på virket.
Gran (Picea abies (L.) Karst.) är ett av våra vanligaste träslag i Sverige för
utomhusanvändning. Tidigare studier har visat att omålad kärnved hos gran har
mindre benägenhet att ta upp vatten vilket resulterar i en lägre fuktkvot i
jämförelse med splintved. Dock så är studier med ovanstående vedegenskaper
begränsande när det gäller målat trä. Begränsningen gäller särskilt studier som
inkluderar effekten av utomhusexponering (väderslitage).
Syftet med denna avhandling är därför att öka kunskapen om hur kärnved och
splintved med olika densiteter påverkar hållbarheten hos målad gran i
utomhusmiljö. Olika typer av färg: alkyd, akrylat, slam eller linoljefärg har
ingått. Målet var att studera vattenupptagningsförmågan (inkluderat variationer
i fuktkvot) och sprickbildningen hos omålad och målad gran med kärnved och
splintved i olika densiteter. Dessutom studeras ytlig påväxt av mikroorganismer
på samma typ av målat virke. De testmetoderna som användes var vätnings- och
permeabilitetsförsök, accelererad vattenupptagning (med prover som flöt i
vatten) och fältförsök. Fältförsöken pågick mellan tre till fem år och omfattade
observationer på fuktkvotsvariation, sprickbildning och mikrobiell påväxt.
Resultaten från vätningsförsöken med oktan som analysvätska visade inga
skillnader i permeabilitet mellan kärnved och splintved av gran med liknande
densitet vilket antyder att torkad kärnved och splintved har en lika hög grad
aspiration (stängning) av porerna, Den kapillära vattentransporten mellan två
celler sker primärt via porer. Trots det tar splintved upp mer vatten än kärnved.
Slutsatsen är att det högre upptaget i vatten beror mer på en sänkning av vattnets
ytspänning (förmodligen på grund av en kontamineringseffekt i vattnet av
ytaktiva extraktivämnen i splintveden) än på fysiska skillnader mellan kärnved
och splintved.
Dock så noterades ingen skillnad i vattenupptagning och fuktkvot mellan
målade prover av kärnved och splintved varken i fältstudien eller i studien med
accelererad vattenupptagning. Det föreslås att färgfilmen hindrar de ytaktiva
extraktivämnena från att sänka ytspänningen på vatten och bidrar därmed till en
liknande vattenupptagning för målad kärnved och splintved. Effekten av
densiteten på vattenupptagningen hos målad gran liknade den för omålad gran,
det vill säga virke med låg densitet hade en högre fuktkvot jämfört med virke
med hög densitet. Dessutom resulterade ett års utomhusexponering av de
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målade och omålade proverna i det accelererade vattenabsorptionstestet till en
högre ökning i vattenupptag om proverna bestod av kärnved med hög densitet.
Fältförsök på prover som var omålade eller var målade med slamfärg visade
mer sprickor om proverna hade en hög densitet jämfört med prover med en låg
densitet. Dessutom fanns det inom varje densitetsgrupp en högre mängd
sprickor på splintved i jämförelse med kärnved. Högdensitetsprover med en
alkyd eller akrylat färg visade också en högre mängd sprickor. Som förväntat
bidrog sprickbildningen till en markant ökning av provernas vattenupptag. Den
mikrobiella påväxten var högre på splintved än på kärnved för prover målad
med en vit alkydfärg.
Huvudslutsatsen är att kärnved och splintved med olika densiteter påverkar
vattenupptagningen och beständigheten hos målad gran men att principerna
gällande vattenupptagning hos omålad kärnved och splintved inte kan
appliceras direkt på målat virke. Generellt så visar resultaten att
lågdensitetskärnved är den bästa virkeskombinationen för att öka hållbarheten
för målad gran som används utomhus. Den kunskap som har kommit fram i
denna avhandling kan bidra till en förbättrad livslängd för målad gran i
utomhusbruk. Den förbättrade livslängden uppnås genom ett omsorgsfullt val
av virke med hänsyn till andelen kärnved samt virkesdensitet. Som ett
avslutande ord så behövs förståelsen för de ytaktiva extraktivämnena utvecklas
vidare och fortsatta studier om dessa ämnens inverkan på vattenupptagning
föreslås för framtida forskning.
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Summary of papers
Paper I. Liquid sorption characterisation of Norway spruce heartwood and
sapwood using a multicycle Wilhelmy plate method.
A multicycle Wilhelmy plate method was applied to small Norway spruce
veneers to study the water and octane sorption behaviour thereof. Dry
heartwood and sapwood samples of varying density were investigated. Results
showed a correlation between porosity (i.e. density) and the sorption of octane
for all samples (i.e. a higher wood porosity resulted in higher octane sorption
and permeability). No difference in such permeability could be found between
the heartwood and sapwood samples of similar density. The water sorption
behaviour did not, however, followed the octane sorption behaviour, probably
due to the influence of surface-active wood extractives. The presence of such
extractives, in particular in the sapwood samples, is suggested to increase the
sorption of water due to a significant decrease of its apparent surface tension.
Hence, the results indicate that the liquid water sorption of spruce heart- and
sapwood is strongly influenced by variations in the extractives content rather
than by the micromorphology.

Paper II. Influence of heartwood, sapwood and density on moisture content and
crack formation of Norway spruce in outdoor exposure facing north or south.
The moisture content (MC) of outdoor exposed uncoated Norway spruce was
monitored over the course of five years. The focus was on the sorption variation
caused by the characteristics and density of heartwood and sapwood. The results
showed that sapwood had a higher MC than heartwood. The higher MC was
observed to be independent of other variables such as wood density and
exposure direction. The differences in MC was most likely caused by different
compositions of surface-active wood extractives. Southern exposed samples
had a faster rate of developing cracks. Low-density heartwood showed a
significantly lower amount of cracks compared with high-density heartwood
and both low- and high-density sapwood. Furthermore, a similar crack
behaviour was seen between high- and low-density sapwood despite differences
in MC. A similar MC at the surface in combination with a different moisture
gradient of the wood is suggested to be a cause behind the similarity in crack
development.
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Paper III. Liquid water sorption in coated Norway spruce panels: impact of
heartwood, sapwood, density and weather exposure.
The liquid water absorption of coated and uncoated Norway spruce heartwood
and sapwood samples with a variety of densities was measured by letting the
samples float freely in the water up to an exposure time of 3024h (18 weeks).
The effect of one year of weathering on the coatings was included. Coated
heartwood and sapwood showed no difference in water absorption as opposed
to uncoated spruce. The influence of heartwood and sapwood seemed to have a
limited impact when a coating hindered the presence of free water. Wood
density was positive related to the liquid water absorption of coated wood (i.e.
a low absorption rates for low-density samples), as opposed to uncoated
samples. The low-density samples also showed a lower increase in water
absorption after weather degradation compared to the high-density samples.

Paper IV. The influence of heartwood, sapwood and density on moisture
fluctuations and crack formations of coated Norway spruce in outdoor exposure.
Spruce boards with a film-forming or a non-film-forming coating were exposed
outdoors in the test field for three years. The mass of the board and crack
development were recorded. Heartwood and sapwood samples showed no
differences in moisture content (MC), no matter the water permeability of the
coating. Thus, a coating system seems to reduce the differences in water
sorption behaviour between heartwood and sapwood of spruce, probably related
to the different sorption mechanisms involved in free and bond water diffusion,
and wetting properties. However, the samples categorised as low-density had
significantly higher MC levels than higher density samples. The samples with a
non-film forming coating developed cracks during the exposure, and the
samples with a higher density showed a higher number of cracks as compared
with those with lower density. Furthermore, the sapwood samples with a higher
density had a remarkably high number of cracks, as compared to equal samples
made of heartwood, despite a similar MC.
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Paper V. Effect of wood density and cracks on the moisture content of coated
Norway spruce (Picea abies (L.) Karst.).
Six years of data on the moisture content (MC) variation and crack formation
of coated outdoor exposed boards was analysed. The field test was
complemented by a subsequent laboratory experiment wherein the MC
variation was monitored at different depths during artificial water spraying. The
results from the field test showed that low-density coated samples contributed
to faster water sorption and desorption as compared to high-density coated
samples. However, the described density-sorption correlation was limited to
samples with an intact coating. Development of cracks changed the densitysorption correlation to the opposite. High-density samples developed a higher
number of cracks on the coated surface as compared to low-density samples.
The higher numbers of cracks on the high-density samples resulted in a higher
MC relative to the low-density samples. Furthermore was it measured a strong
local increase in MC close to the location of the cracks. Replicates without
cracks had a higher core MC as compared to the value beneath the coating. The
higher core MC might be caused by the water sorption from the uncoated
backside of the panel.

Paper VI. The influence of coating color, heartwood and sapwood, on moisture
content and growth of microorganisms during outdoor exposure of Norway
spruce boards.
This study focused on the influence of heartwood and sapwood on the moisture
content (MC) and the growth of microorganisms on coated spruce boards that
have been exposed outdoors during five years in a test field. The results revealed
a relationship of heartwood samples having a lower MC and a lower or equal
degree of biological growth on the coated surface than the sapwood samples.
The relationship was valid through a range of densities and two different coating
systems based on either an alkyd or an acrylic resin. Furthermore, the choice of
coating colour (red compared to white) affected the MC as the red-coloured
samples had a lower MC combined with no growth of microorganisms.
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Structure of the thesis
This thesis is based on the experimental work of the author and her research
colleagues in combination with a review of the scientific literature in the field.





xii

Chapter 1 is an introduction to the field of wood science and coatings
on wood.
Chapter 2 describes the materials and methods, as a background to the
results and discussion in the following chapter.
Chapter 3 presents the main results and discussion of the appended
papers wherein the findings are discussed in relation to the current
knowledge with emphasis on coated Norway spruce.
Chapter 4 presents conclusions with recommendations and suggestions
for future research.

List of abbreviations
Symbol

Description

Capp

The decrease in apparent surface tension of the water from the
level before immersions to the final level after the immersions,
an indirect measure of the contamination effect if the water
from various wood extractives.

FSP

Fibre Saturation Point

h

Hour

k-value

The linear coefficient used to describe how different variables
affect the MC.

MC

The moisture content in relation to the oven-dry mass of the
substrate.

EMC

Equilibrium moisture content

MCdiff

The difference in MC with the value of the high-density
sample subtracted from the value of the corresponding lowdensity sample.

MCm

The average MC of multiple values over a subsequent time
period.

MCmT

The MCm of the total population of samples.

PEK

Parallel exponential kinetic model

RH

Relative humidity

SVEFF

The Swedish Paint and Adhesives Association
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Introduction

1. Introduction
1.1 Context
An increase use of renewable materials, such as sawn wood to replace nonrenewable materials, is crucial for the sustainable development of society.
Almost three-quarters of the Swedish land are covered with forest, where
23.5 million hectares are productive forest. In 2016, the production volume of
sawn wood in Sweden was 18 million m3. This amount is less than the volume
produced by Germany (21 million m3), even though Sweden has approximately
twice as much productive forest area than Germany (11.4 million hectares)
(German-Forestry, 2018, Riksskogstaxeringen, 2018, Skogsindustrierna, 2016).
The production volumes suggest there is a potential for Sweden to increase its
production of sawn wood, as well to increase the number of high-value sawn
products. The sawn products can be tailor-made for different purposes in order
to be competitive with other materials, such as mineral-based products.
However, wood that is used outdoors often faces some challenges, such as being
easily degraded and discoloured by microorganisms as part of its natural life
cycle.
In this context, a protective coating system on wood surfaces is a resourceefficient solution to prolong the service life of wood for outdoor use. There is
also an interest from both the industry and consumers to improve and extend
the current service life of coated wood in applications such as outdoor furniture
and claddings (facades). One option for extended service life could be to
develop perfectly matched wood-coating products, each with a specific function
and application.
Research related to coated wood has historically been focused on the
performance and properties of various coatings since it has mostly been driven
by the industry. Less research has focused on how variations of the wood
substrates affect the service life of coated wood, probably due to the inherent
complexity and great variation between species and within species. However,
the performance of coated wood depends on the properties of both the wood and
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the coating. In other words, the coating does not change the properties of the
wood; it acts as a barrier and delays the water transport into the wood substrate.
Norway spruce is the most common species used in outdoor applications in
Sweden, yet knowledge about the outdoor performance and durability of spruce
relates mainly to uncoated wood. In particular, the heartwood of spruce has been
found to have increased durability above ground compared to sapwood (Blom
and Bergström, 2005, Sandberg, 2009). However, less knowledge exists
regarding the outdoor durability of coated spruce and possible differences
between heartwood and sapwood, and any potential influence of density on
outdoor performance. It is therefore of interest, and the main motive of this
thesis, to further explore and increase the knowledge in this field. The overall
goal is to be able to present recommendations for increasing the durability and
service life of coated Norway spruce used in outdoor applications.

1.2 Background
Structure of softwood
Wood is a multi-dimensional structured, bio-based material with an amazing
structural organisation, from the smallest molecule to the shape of wood in
branches and stems. One of the smallest building blocks of the wood substance
(the wood cell wall) is the sugar molecule glucose (C6H12O6). Multiple units of
glucose build the polymer cellulose, which is, “…one of the most abundant
organic substances on earth, occurring throughout the plant kingdom.”
(Kollmann and Côté, 1968). Cellulose, hemicellulose, lignin, and extractives
are the main units that build the cell wall. The cellulose chains are made of
glucose and form strings with hemicellulose and lignin, which together are
coiled into microfibrils in the cell wall. Hemicellulose is a shorter branched
polymer, consisting mainly of β-D-glucose, β-D-mannose, β-D-galactose, β-Dxylose, α-L-arabinose, and 4-O-methylglucuronicacid. Lignins are complex
aromatic polymers, mainly made of phenylpropane units (C9H12)n in the primary
chain structure. Extractives, the last main unit in the cell wall, are made of high
or low molecular chemicals that can be extracted from the wood by various
solvents (Rowell, 2013).
The cell wall (Figure 1) consists of a primary (P) and a secondary wall (S),
divided into three layers (S1, S2 and S3) (Wiedenhoeft, 2013). The S3 layer can
also be called the tertiary wall layer (T) and differentiates from the other wall
layers by the arrangement of the fibrils (strands of cellulose) in a less parallel
order as compared to the other secondary walls (Fengel and Wegener, 1983). A
thin layer named middle lamella (ML) glues the individual cells together.
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Figure 1. Cut-away drawing of a softwood cell wall, including the structural details of a
bordered pit. The variation in the cell wall is detailed; beginning with the middle lamella
(ML) followed by the primary wall (P), and on the surface of this layer the random
orientation of the cellulose. The secondary cell wall is divided into the S1, S2, and S3 layers.
The microfibril angle of each layer is illustrated. The lower part of the illustration shows
bordered pits in both sectional and face views. (Wiedenhoeft, 2013)

In softwoods, two cell types form the largest volumes: parenchyma and tracheid
cells. The living parenchyma cells have an orientation along the trunk or from
the pith to the bark and perform metabolic functions such as carbohydrate
storage. The non-living tracheids conduct water along the trunk, but also in
minor amounts in the horizontal direction from the pith to the bark. The flow of
fluids between two cells is enabled through openings in the cell wall called pits.
One pit opposite to a pit in a neighbouring cell forms a pit pair. The bordered
pits (Figure 1) with a pit membrane and a torus form a common flow path
between tracheids (Hoadley, 1990).
The growth of a tree occurs by a peripheral extension of the trunk with new cell
layers. In the world´s temperate zones, the cells produced during springtime are
larger with thinner cell walls and larger cavities (cell lumens), named
earlywood. Later in the growing season, the cells become smaller with thicker
cell walls and smaller lumens, named latewood. The growth for one year forms
a distinct ring pattern called an annual or growth ring. The different growth and
structure of wood in different directions makes wood anisotropic. Three
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sections (transversal/cross, tangential, and radial) and three directions
(longitudinal, tangential, and radial) can be defined when describing the
heterogeneity and anisotropic features of wood (Figure 2 and 3).

Figure 2. Schematic illustration of the macroscopic structure and different sections of
coniferous wood (Wålinder, 2000).

Juvenile wood is the first formed wood of the tree, including the growth rings
closest to the pith and differs from mature wood (Rowell, 2013). For example,
juvenile wood has shorter tracheids (Olesen, 1977), a higher microfibril angle
in the S2 layer of the tracheid cell wall (Larson et al., 2001) which is believed
to cause larger longitudinal shrinkage, and a higher density (Hildebrandt, 1954).
There is limited information about the sorption behaviour of Norway spruce
juvenile wood, but a higher MC (in the green condition) of juvenile-loblollypine wood is reported relative the MC of mature wood (Zobel, 1998).
Additionally, no difference in water vapour sorption properties was seen
relative to the growth ring positions of previously dried Sitka spruce wood (Hill
et al., 2011).
Table 1. Distribution of the main wood components in Norway spruce, in % (w/w) of dry
wood (Bertaud and Holmbom, 2004).
Components
Sapwood
Cellulose
47.1±1.6
Hemicellulose
24.3±1.4
Lignin1
27.7±0.1
0.88±0.05
Lipophilic extractives2
1Klason lignin, 2Micro-Soxhlet, Gas Chromatograph
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Heartwood
45.5±1.7
25.7±1.4
28.3±0.3
0.51±0.03
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In young trees, the whole cross section of the stem conducts liquids. The liquidconducting wood is called sapwood. Sapwood transforms into heartwood
during maturation of the tree. Processes related to the transformation are: first,
the death of living cells, and second, the aspiration (closure) of bordered pits
and conversion of extractives. A transition zone of 5-10 cm in radial direction
exists at the border of the Norway spruce heartwood and sapwood tissues where
the ongoing transformation occurs (Hillis, 1987). There are some differences in
the chemical composition of the wood substance in heartwood and sapwood
tissues, but the main differences are found in the content and type of wood
extractives (Table 1 and 2).

Figure 3. Microscope picture of Picea glauca, a typical softwood. (a) Cross section, scale
bar=390µm; looking into the lumens of the cells, the space between the distinct horizontal
borders is one growth ring. (b) Radial section, scale bar=195µm, arrows pointing at
parenchyma rays. (c) Tangential section, scale bar=195µm (Wiedenhoeft, 2013).
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Extractives in Norway spruce
Wood contains extractives (i.e., compounds) that can be extracted from the
wood or bark with a polar or non-polar solvent. The extractive components in
wood are different in different parts of the tree (Sjöström, 1993). Wood
extractives are often associated with those that are soluble in organic solvents,
but there are also water-soluble extractives such as carbohydrates; see the study
by Ekman (1979) on extractive content in Norway spruce heartwood and
sapwood (Table 2). Certain extractives like triglycerides can also be considered
surface-active, meaning they can act at the liquid-air interface (surface) of
water. The triglyceride molecule has one hydrophilic part (water soluble) and
one hydrophobic (non-water soluble) part and counts as an amphiphilic
molecule (i.e. surface active) with the ability to change the surface tension of
water (i.e. its air-liquid interfacial tension) (Hamley, 2000).
Heartwood and sapwood of Norway spruce have different extractive content
and types. Some of the major differences are the contents of triglycerides,
lignans (phenolic compounds), and carbohydrates (Table 2). A higher amount
of triglycerides was seen in spruce sapwood (Bertaud and Holmbom, 2004,
Ekman, 1979) since triglycerides occur in the living parenchyma cells. When
the cell dies during heartwood formation, the triglycerides are hydrolysed by
lipase enzymes to free fatty acids for other metabolisms. Therefore, a slightly
higher amount of free fatty acids have been reported in spruce heartwood by
Ekman (1979) (Table 2) and Fengel and Wegener (1983), even though most of
the free fatty acids are metabolised during the heartwood formation.
The second major difference of spruce heartwood is the presence of
carbohydrates in the sapwood (Table 2). It should in this case also be noted that
the surface tension of water was shown to decrease when a small amount of
carbohydrates (sugar) is dissolved in the aqueous solution (Docoslis et al., 2000,
Hoorfar et al., 2006). Although, the chemical composition of spruce heartwood
and sapwood has been thoroughly explored, the influence of such is seldom
studied in the context of coated spruce.
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Table 2. The main extractive components (mg/g dry wood) in Norway spruce (Ekman, 1979).
Components

Sapwood

tree A
tree B
Soluble in petroleum ether
Fatty acid
6.77
5.65
-Triglyceride
5.54
4.52
-Mono- and diglyceride
0.57
0.51
-Other esterified
0.66
0.62
-Free
<0.01
<0.01
Resin acid
1.21
1.38
Sterols
1.00
0.96
Triterpene alcohols
0.13
0.14
Diterpene alcohols
0.32
0.42
Diterpene aldehydes
0.08
0.07
Alkyl ferulates
0.12
0.08
Glyceryl residues
0.36
0.30
Soluble in acetone-water (9:1 volume/volume)
Lignans
Carbohydrates
2.9
4.3

Heartwood
tree A

tree B

3.29
1.67
0.80
0.53
0.29
0.95
0.94
0.13
0.22
0.07
0.19
0.22

2.52
1.02
0.42
0.56
0.52
1.07
0.99
0.14
0.23
0.06
0.12
0.12

1.8
-

0.9
-

Wood density
The density of the solid wood substance without any cavities is quite uniform
along all wood species, around 1500 kg/m3 (Kollmann and Côté, 1968). Hence,
the density of a specific wood species depends very much on the ratio of cellwall material relative lumen-cavities and the amount of water. Low-density is
associated with a highly porous structure while high-density has a larger amount
of cell wall material with less lumen cavities. The lumens is visible in Figure 3
in the cross sectional view.
Density is closely related to the MC in wood; it varies with the degree of
moisture absorbed in the wood. It also affects the water absorption capacity of
the wood. Kollmann and Côté (1968) developed the formula presented in
Equation 1 for calculating the MC ሺݑ௫ ሻ for a fully saturated piece of wood
related to the density of the sample. According to the formula, a higher
saturation MC is reached with lower density,
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ݑ௫ ൌ 

ଵǤହିఘబ
ଵǤହήఘబ

 ͲǤʹͺ

(1)

ߩ is the density with an oven-dry mass and volume (g/cm3).

An average density of spruce at 15% MC is around 405 kg/m3, but there can be
variations from 320–580 kg/m3 (Esping, 1992). The density variation between
stands depends on several factors, such as the soil condition, climate, and forest
management. A density variation also exists within the same tree. For spruce,
the density increases from top to root (Kollmann and Côté, 1968). A higher
density is found close to the pith, followed by a decrease and then an increase
toward the bark (Hildebrandt, 1954). Each growth ring in the wood may also
have great density variations related to the ratio of earlywood and latewood.

Water in wood
The MC of wood can be defined as the percentage of water relative the ovendry wood mass. The MC of green wood can vary between a wide range, from
about 30% to nearly 200%, and differ between different parts of the stem and
the time of year (Dinwoodie, 2000). The MC can also vary from the pith to the
bark. Green Norway spruce wood usually have an MC of about 34–40% in the
heartwood and 113–153% in the sapwood (Esping, 1992).
After drying, the wood retains its affinity for water and continues to exchange
water with its surroundings, resulting in adsorption and desorption of the water.
The equilibrium moisture content (EMC) is the moisture level where the water
uptake and release in the wood are in equilibrium to the relative humidity (RH)
and temperature in the surrounding air.
Wood-water relations have been studied extensively since most of the properties
of wood, such as durability and mechanical properties, are related to the MC of
the wood. Skaar (1988) described the water in wood to be in three general forms,
“capillary water in the cell cavities and possibly in the cell wall, vapour in the
cell cavities and hygroscopically bound water in the cell walls”. Kohler et al.
(2003) introduced a model to describe the kinetics of water sorption, commonly
named the parallel exponential kinetic model (PEK). The PEK model has since
been widely used to describe the sorption kinetics of wood. The knowledge on
wood‐water relations is, however, still evolving, and one example is the recent
suggestion by Thybring et al. (2018) that the PEK model is unfit to describe the
sorption kinetics in cellulosic material.
The liquid sorption process in wood is affected by the wetting properties of the
wood substance. The rate of wetting depends on the surface (or interfacial)
energy (γ) of the solid-vapour (SV), liquid-vapour (LV) and solid-liquid (SL)
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interfaces and resulting contact angle (θ) at the solid-liquid-air triple point
described by the Young´s equation (Equation 2).
ߛ  ߠ ൌ ߛௌ െ ߛௌ

(2)

An increase of the surface energy of the wood substance or a decrease of the
surface energy of water results in a decreased contact angle and increased
wetting of the surface (Mittal, 2013). A change of the surface energy of wood
can be made by modifications like acetylation (Bryne and Wålinder, 2010) or
plasma treatment (Moghaddam et al., 2016). Change of the water surface energy
can be caused by additives in the water. One type of additive that effectively
changes the surface tension of water is surface-active chemicals. In this thesis,
the terms surface energy and surface tension are treated equivalently.
Upon drying from greenwood, the wood reaches a theoretical state with watersaturated cell walls but no free water in the cavities. This theoretical state is
called the fibre saturation point (FSP). The FSP was early defined as the MC
when above, no physical or mechanical properties change as a function of MC
(Tiemann, 1906), and no free liquid water is present in the cavities. The delicate
limit of FSP has been discussed due to the difficulty to measure the FSP
experimentally. Several methods have been developed to estimate the FSP and,
for example, Stamm (1971) described nine different methods. The FSP was later
reinterpreted to be a range with a gradual transition of bound and free water in
the wood structure (Zelinka, 2010).
The FSP for Norway spruce is somewhere between 30-52% MC, depending on
the data source (Kollmann and Côté, 1968, Thygesen et al., 2010, Telkki et al.,
2013). Below the FSP, the wood volume starts to shrink and the anisotropic
properties of wood result in different shrinkage in the different directions of
wood. The dimensional shrinkage of Norway spruce from FSP to the oven-dry
condition is largest in the tangential direction (7.8%), followed by the radial
direction (3.6%), and longitudinal direction (0.3%) (Bergkvist and Fröbel,
2013). The shrinkage can be reversed by an equal degree of swelling when water
is absorbed (Stamm, 1964).
The main flow path of liquids is in the longitudinally oriented tracheid lumens
(Siau, 1984). However, pit openings are considered as the main pathways for
liquid transport between the tracheids (Petty, 1972), and hence constitutes a
major limitation of the flow if they are closed. The radial flow of liquids in
spruce is additionally limited due to the relatively small proportions of ray
tracheid cells (Liese and Bauch, 1967). Pits in heartwood tissues aspirate
(closes) during the heartwood formation, but an irreversible aspiration of the
pits also occurs during the drying of spruce sapwood (Petty, 1972). The rate of
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pit aspiration increases with higher drying temperature, but drying at a very low
temperature of -18C still causes fairly complete pit closure (Comstock and
Côté, 1968). Phillips (1933) found that close to the FSP (in this case, approx.
25% in MC), nearly all the earlywood pits in Douglas fir and Scots pine
sapwood became aspirated, while about one-third of the latewood pits remained
unaspirated. He ascribed the lower tendency of latewood to become aspirated
by the greater rigidity of the latewood pit membrane.
Many studies have pointed out that different parts of a tree have different liquid
water sorption properties and permeability (Bailey and Preston, 1970, Palin and
Petty, 1981, Engelund et al., 2013). Heartwood, in comparison to sapwood, is
considered to have a lower water sorption rate. Spruce heartwood has been
shown to absorb water at a slower rate than spruce sapwood (Bergström et al.,
2004). Additionally, a lower rate in water uptake was observed in spruce for the
inner boards closer to the pith compared to the outer boards closer to the bark
(Vestøl and Sivertsen, 2011, Sivertsen and Vestøl, 2010). The water sorption
rate was also found to be lower in spruce heartwood than sapwood regions in
longitudinal (Fredriksson and Lindgren, 2014, Sandberg and Salin, 2012), radial
(Bergström and Blom, 2006) and tangential direction (Metsä-Kortelainen et al.,
2006).
There is however, a knowledge gap regarding the effect of heartwood and
sapwood on the general liquid permeability and sorption rate of spruce (that is,
if spruce heart- and sapwood of same density has different liquid permeability).
For example, the liquid permeability can be measured by liquid sorption
experiments using non-polar low surface tension liquids (like octane), and polar
high surface tension liquids like water. In the latter case, the sorption rate would
likely be affected by the presence of hydrophilic (and surface-active) extractives
irrespective of the liquid permeability of the wood sample.

Cracks and microbial growth on wood
As a part of the biological ecosystem, wood undergoes degradation when
exposed outdoors under certain conditions. Factors like: solar radiation, oxygen,
water, heat, wind-blown particles, pollution, and microorganisms cause to break
down inter- and intra-molecular bonds in the wood structure and cause a
degradation process (Feist, 1990). In this thesis, the term weathering is treated
as equivalent to the term degradation by outdoor exposure.
The initial degradation process of wood involves a complex free-radical
reaction process in which light penetrates the first 200 nm of the wood substance
(Feist and Hon, 1984). UV-lights interacts with lignin for the initial
deterioration (Evans et al., 1996). This may result in the cracking of wood due
to cell wall separation in the middle lamella. The degradation process is
therefore initially a surface phenomenon before physical processes like swelling
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and shrinking, along with abrasion, continues the degradation deeper in the
structure.
The presence of cracks severely affects the function and aesthetics of the wood
substrate. The mechanism involved in the initial crack formation occurs during
the drying stage when the moisture gradients in the wood lead to high tensile
stresses in the outer parts compared to the centre parts of the wood. The secondorder drying stresses come from unequal shrinkage of the adjacent tissues. The
shrinkage behaviour of spruce wood is found to be related to the wood density;
i.e., increased density with a larger amount of cell wall material is positively
related to increased volumetric shrinkage (Boutelje, 1973, Kollmann and Côté,
1968). High-density wood has a larger shrinking and swelling potential than
low-density wood (Kollmann and Côté, 1968). However, high-density wood is
less susceptible to moisture changes since the capillary water transport is lower
in the smaller cell lumens as compared to the larger lumen size of low-density
wood (Siau, 1984). For spruce, Perstorper et al. (2001) found that slowly grown
wood had a higher radial shrinkage compared to fast grown spruce (Perstorper
et al., 2001) (fast grown ρ=373 kg/m3 and slow grown ρ=427 kg/m3 at 7% MC).
A low MC below FSP drastically reduces the colonisation of deteriorating
biological organisms in the wood substrate. A general MC of 20% or less
decreases the risk of degrading fungi attack in the wood, but the ability to
tolerate low moisture conditions varies between species. Certain mould species
(such as Aspergillus) grow on the surface of cereal grains with an MC as low as
15% (Eaton and Hale, 1993).
The sapwood of spruce is more susceptible to microbial growth than the
heartwood (Bergström et al., 2004, Lie et al., 2018). This difference can be
explained by the presence of nutrients like carbohydrates in the sapwood
(Ekman, 1979). Furthermore, carbohydrates migrate from the inner parts of the
board to the outer parts during the drying process (Theander et al., 1993), so
that the wood has an accumulated concentration of carbohydrates on the surface.

Wood coatings and coated wood
The purpose of applying a coating on wood is both for aesthetic reasons and to
protect the wood from the surrounding environment. In Sweden, calcimine paint
(also called “slamfärg” or “falu rödfärg”) was invented during the 18th century
using a residue product from copper mining. This red-pigmented powder
contains a combination of minerals dominated by oxidised iron, copper, silicon,
and zinc. Calcimine paint has many local variations in the formula, but the
dominant recipe has the red pigment boiled with wheat or rye flour, water, and
a small amount (around 4%) of linseed oil (Mårdh, 1990). Calcimine paint
became highly popular due to its ease of production. The calcimine coating does
not form a film and is highly permeable due to the properties of the flour. In
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later years, the paint has also been available in different colours, achieved by a
variation in the burning process of the pigment.
New influences in the 18th century to resemble stone material introduced linseed
oil-based coatings on wooden facades (Karlsdotter Lyckman, 2005). Linseed
oil is made from flax seed and has the unique characteristic to act both as a resin
and as a solvent. The double bonds of the unsaturated fatty acids (Figure 4) react
with the oxygen in the air to form a polymer film (Juita et al., 2012). Linseed
oil also has a continuous curing process and forms a film that never stops
hardening. The liquid linseed paint can be diluted if necessary, normally with
turpentine or white spirit.

Figure 4. An example of a linseed oil molecule, a triglyceride that contains two major fatty
acids as side chains: oleic acid (20%) and linoleic acid (20%) (McMurry, 1998).

Film-forming crude oil-based alkyd and acrylic resins were introduced in
coating formulas during the 1930s. Progress in organic-polymer chemistry
made it possible to make highly tailor-made alkyd and acrylic polymers. Today
there is a broad supply of different types of alkyd and acrylic resin, with
individual properties depending on the chemical structure of the polymer.
Alkyd resin has a primary polymer made of oil-modified polyester with fatty
acids connected to the backbone of the polymer; an example of a building block
of the alkyd resin can be seen in Figure 5. The alkyd resin is one of the most
used polymers in the industry, with different attributes depending on the
components in the polymer chain. In the beginning, alkyd resins were solved in
organic solvents, but later waterborne alkyds were developed. The film forming
reaction of alkyd resin is dominated by the crosslinking reaction of the
unsaturated carbon side chains (Koleske, 1995).
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Figure 5. An example of an alkyd resin with a polyester chain made of glycerol and isophtalic
acid, with fatty acid side chains made of linoleic acid.

Acrylic resin is made through the polymerisation of acrylic and methacrylic acid
as the primary polymer chain (Figure 6). Acrylics gained broad acceptance due
to outstanding properties like colour stability, transparency, and resistance to
weathering and aging. Acrylic emulsion polymers are currently one of the major
resin types in the coating industry, with high adaptability to be emulsified in
water (Schwartz and Baumstark, 2001).

Figure 6. a. Acrylic acid, b, methacrylic acid.

A great deal of research has been conducted with a focus on coating
performance, and researchers have often included a variety of wood substrates
in their studies. Several of these studies show a substrate-related variation in
water sorption. Van Meel et al. (2011) observed a reduction in water sorption
depending on the unique combination of wood and coating. Dark red meranti
and pine had a higher reduction in water sorption when coated with a solvent
borne system compared to a water borne system, while spruce had a similar
reduction for both coating systems. A study by de Meijer et al. (2001a) covered
a larger span of coatings on pine sapwood and spruce and suggested that the
variation in water sorption can be related to both the coating permeability and
the wood substrate. In this case, coated pine sapwood had higher liquid and
vapour water sorption than spruce. Wood density also seems to affect the liquid
water sorption of coated spruce. Sivertsen and Flæte (2012) found that coated
spruce samples with lower density had lower water sorption rates than samples
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with higher density. Ahola et al. (1999) studied the liquid water uptake of low
organic solvent coatings. He concluded that the water permeability for coated
pine and spruce were quite similar in a broad range of coating permeability,
despite an approximately three times higher absorption of water for uncoated
pine than spruce. He suggested diffusion process rather than capillarity
controlled the moisture movement through the coating.
The crack formation of coated spruce has been shown to differ between
heartwood and sapwood. Coated spruce sapwood had, after two years of aboveground outdoor exposure, more than three times longer cracks than coated
heartwood (Sandberg, 2008). The same study also showed a greater microbial
growth on coated sapwood compared to heartwood. Aureobasidium pullulans
is one of the most significant mould species on coatings. Horvath et al. (1976)
noted the growth of A. pullulans on uncoated and coated wood, but not on
painted glass slides, indicating the source for growth was not associated with
paint components but instead probably supplied by wood. A. pullulans has the
ability to grow through the paint film and reach the wood below (Kühne et al.,
1970).

1.3 Aim and objectives
This thesis aims to increase the knowledge of how the inherent characteristics
of heartwood and sapwood of different densities influence the durability of
coated Norway spruce for outdoor use. The hypothesis is that the abovementioned wood characteristics influence the durability of the coated wood
product. It is postulated that spruce heartwood has the same influence on water
sorption for uncoated wood as for coated wood, and therefore reduces the water
sorption and improves the coating durability when compared to sapwood. In
this context, the following specific objectives were defined.
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To study the liquid and vapour sorption of coated and uncoated
heartwood and sapwood Norway spruce with different densities (Paper
I-VI).



To study the development and effect of cracks on the water sorption of
coated and uncoated heartwood and sapwood Norway spruce with
different densities (Paper II, IV and V).



To study microbial growth on coated heartwood and sapwood Norway
spruce in outdoor conditions (Paper VI).

Introduction

1.4 Limitations
This thesis attempts to highlight some wood characteristics of importance for
coated wood. The influence of the wood substrate is the primary focus.
Comparison of different wood characteristics was therefore made within the
same coating formula. The word coating in this thesis is used with the meaning
of a paint that is applied with a brush. The main purpose of using different types
of coatings was to find possible trends in water sorption, cracking, and growth
of microorganisms, related to the tested wood characteristics. Detailed
specifications of the coatings were not collected as data.
The outdoor experiments were in Asa, about 40 km north of Växjö in southern
Sweden. With that in mind, the weathering studies had a single-location result,
and the local climate affected the outcome of the results. Experiments at other
locations might give other results, such as fluctuation in MC, the degree of
weathering, and development of microbial growth. The evaluation of microbial
growth was made solely on the surface of the coating. No observation was made
in the wood for possible colonisation of microorganisms. Furthermore, the
species of microorganisms was not determined.
The characteristic of heartwood and sapwood with a variation of densities was
studied. Heartwood may contain juvenile wood (the closest growth rings around
the pith). Juvenile wood has, for example, different strength and shrinkage
properties than heartwood. However, the determination of the proportion of
juvenile wood was not included in the studies. The samples were prepared with
horizontal growth ring orientation and the most central part of the pith was
excluded in the boards.
The MC values of samples in the field test are discrete values along the
experimental timeline of the whole board. The values as such do not represent
the local MC at the surface or the centre of the board. The discrete values do
neither reflect any of the moisture variations that might have occurred between
two measuring points in the timeline.
The findings in this thesis are furthermore based on a small number of
experiments with a limited selection of coatings. The results related to spruce
heartwood, sapwood and density parameters should therefore be viewed as
general trends, and specific conclusions of other wood and coating
combinations would need further study with a more detailed focus on the
coating properties.
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2. Materials and methods
2.1 Wood material
Logs of Norway spruce (Picea abies (L.) Karst.) were selected from the
surrounding area of the city of Växjö in southern Sweden. The sapwood border
of these logs was marked at the time of felling. After sawing, the planks were
dried in an industrial kiln with a maximum temperature of 70°C until they
reached an MC of approximately 17% relative to oven-dry mass. Selected wood
material included only straight-grained wood with sound knots (if any) and no
cracks or resinous streaks. Final downsizing of samples was made according to
Table 3. The surface of the samples in Paper III was additionally planed.
Table 4 presents the density of the wood in the appended Papers II–VI. The
density of the samples in Paper I is presented with the results in chapter 3.1,
since the samples were not categorised according to high- and low-density. The
oven-dry density of the samples in Papers I and III was determined by the ovendry mass and volume of the wood after the experiment was completed. The
oven-dry wood density in the remaining papers II, IV, V, VI was estimated. The
estimation was based on their stable mass and volume at 20°C and 65% relative
humidity (RH), using an EMC of 12% (standard deviation=0.5). The stable
mass and volume were recorded at the beginning of the experiment before field
and water exposure.
Table 3. Dimensions of the wood samples in the appended papers.

Wood dimensions
[mm3]
long.×rad.×tang.
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Paper I

Paper II, IV, VI

Paper III

Paper V

30×10×1

375×20×100

150×20×70

375×20×100,
190×20×100

Materials and methods
Table 4. Wood density categories in the appended Papers II–VI, with the standard deviation
given in parenthesis. The density of the samples in Paper I was excluded due to the use of
individual veneers. *Paper VI, heartwood samples ρ=388 (68) kg/m3, sapwood samples
ρ=429 (69) kg/m3 when including both density categories.
Oven-dry density [kg/m3]
Wood characteristics
Low-density ̶ heartw.
̶ sapw.
High-density ̶ heartw.
̶ sapw.

Paper II
326 (26)

Paper III
335 (26)

Paper IV
328 (15)

Paper V
N/A

Paper VI*
329 (15)

340 (23)

354 (29)

364 (30)

369 (26)

370 (27)

430 (37)

474 (31)

444 (43)

N/A

448 (43)

483 (43)

490 (53)

487 (43)

459 (25)

The EMC was determined using uncoated spruce from the same batch of wood
(70 pieces heartwood, 70 pieces sapwood) with the stable conditioned mass
relative to the stable oven-dry mass at an oven temperature of 103°C. An
estimation of the oven-dry density was calculated since a mass loss during the
weathering process prevents a determination of the density at the end of the
experiment.

2.2 Coatings
Two categories of coatings were used in the studies, the film forming (alkyd,
acrylic and linseed oil) coatings and the non-film forming calcimine coating.
The formulas of the coating systems were unknown to the authors except for
the type of resin. Coatings were selected by the Swedish Paint and Adhesives
Association (SVEFF) with the goal of giving a broad spectrum of coatings. Four
categories of resins were used, based on alkyd, acrylic, linseed oil or flour.
Papers I and II studied uncoated wood. Coatings used in Papers III–VI are
presented in Table 5. The coatings are from two different occasions (years 2009
and 2011) and have different formulas despite a similar category of resin.
However, coatings B and C in Paper VI had the same coating formula except
for the colour pigmentation. Coating D, the calcimine paint, was available in a
few colours, but the red NCS colour specified in Table 5 is the most common.
The red colour of the other coating systems was chosen to be the same colour
as the calcimine paint.
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Table 5. Description of the coating systems in the appended papers. Papers III and VI used
formulas prepared in 2009. Papers IV and V used formulas prepared in 2011.

Papers III and
VI

Papers IV and
V
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Coating
label

Primer

Top coat

NCS colour

A

Alkyd

Alkyd, 2 layers

B

Acrylic

Acrylic, 2 layers

C

Acrylic

Acrylic, 2 layers

E

Linseed oil,
30% white spirit

Linseed oil, 2
layers,
layer 1: 20%
white spirit,
layer 2: 10%
white spirit

WhiteS0500
WhiteS0500
RedS5040Y80R
WhiteS0500

A

Alkyd

B

Alkyd-Acrylic

Alkyd-Acrylic
hybrid, 2 layers
Acrylic, 2 layers

C

Alkyd

Alkyd, 2 layers

D

Calcimine 10%
added water

Calcimine 1 layer

RedS5040Y80R
RedS5040Y80R
RedS5040Y80R
RedS5040Y80R
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2.3 Methods
Liquid water sorption of uncoated samples (Paper I)
The Wilhelmy plate method (Wilhelmy, 1863) was used to measure the liquid
water sorption levels of uncoated samples. This method involves detecting the
force F acting on a small plate when immersed in a liquid. The detected force
can be related to the buoyancy force and to the wetting force between the liquid
and the plate as well. For porous and hygroscopic materials such as wood, a
force due to liquid sorption must also be considered. The basic equation for the
Wilhelmy plate method applied to small wood veneer samples is as follows
according to Equation 3 (Wålinder and Johansson, 2001):
(3)

���� �� � �� ��� � � �� ��� � ����

F is the detected force at time t and immersion depth h, P is the wetted perimeter
of the veneer, γ the surface tension of the probe liquid, θ the liquid-solid-air
contact angle, �� ��� is the force due to wicking and sorption of the liquid at
time t, ρ the probe liquid density, � �� the cross-sectional area of the plate, � is
the immersion depth, and � is the gravitational acceleration constant (9.8 m/s2).
This method enables the study of wettability, dynamic liquid sorption and the
swelling behaviour of wood veneers during a cycle of immersion in and
withdrawal from a liquid.
From planks of various densities, veneers were prepared with a chisel from
selected samples of a series of growth rings. The preparation of the veneers is
further described in Bryne and Wålinder (2010). A multicycle procedure
(Moghaddam et al., 2013) was used to study the sorption dynamics through
multiple immersion and withdrawal cycles. The sorption value is the percentage
ratio of absorbed liquid mass to the oven-dried wood mass. The liquid sorption
of the veneer after n cycles was calculated according to Equation 4
(Moghaddam et al., 2013), where Wn is the veneer mass after cycle n, W0 is the
mass of the oven-dried veneer and Ff,n is the final detected force after n cycles.
Liquid sorption (%) �

�� ���
��

∙ 100 �

����

�� ∙�

∙ 100

(4)

The force during the measurements was detected by a Sigma 70 tensiometer
from KSV Instruments. A typical multicycle measurement is illustrated in
Figure 7. The measurement liquids used were water and octane. Octane is a non-
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polar liquid that enables a sorption measurement without interference from cellwall substance sorption, hence no swelling. The different nature of water and
octane permits an efficient analysis of the solid-liquid interfacial interaction and
the liquid sorption process related to both the swelling and the sorption
behaviour of the wood samples. Octane is also favourable to water due to an
insensitivity of extractive contamination leading to a change in surface tension.
In order to detect any so-called contamination effects of water (i.e. those
resulting in a decrease in surface tension), Equation 3 was used to determine the
apparent surface tension of water during the receding part of a test cycle, where
the contact angle on hygroscopic materials, such as wood, always equals zero.
The difference between the initially measured surface tension and the lower
apparent surface tension of water in the final twentieth cycle was defined as the
apparent contamination value (Capp).
100
1st cycle

80

2nd-20th
cycle

60

Force (mN/m)

40
20
0
-20
-40

-5

0

5
Immersion depth (mm)

10

Figure 7. A typical graphic illustration of a multicycle Wilhelmy plate test of a wood veneer
in water. The curves demonstrate the measured force (F) as a function of the immersion depth
(h) during 20 cycles of immersion and withdrawal. As one can see, the measured force for
the first cycle is very different from the following cycles due to the initial unwetted surface.
The values are from the sapwood group, ρ=486' (replicate S11) in Paper I.
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Accelerated water absorption of coated and uncoated samples
(Paper III)
The method used to measure the liquid water sorption of coated samples
generally followed the standard EN927-5 (CEN, 2007a). Coated and sealed
boards with a size of 20×70×150 mm3 (radial×tangential×longitudinal
measurements) were allowed to float freely and absorb water with the test
surface facing the liquid water. The water uptake was monitored under
controlled conditions in a climate chamber (20°C and 65% RH) by measuring
the mass increase of the samples at regular intervals.
The application of the coatings was performed according to the manufacturers’
recommendations. A brush was used for the application, and the boards were
dried between each layer at 20°C and 65% RH. The samples had all areas sealed
except for the tangential test area facing the bark side. The sealing was made
with two layers of a two-part, solvent-free epoxy paint (Jotun Antipest
Yachting). The remaining uncoated bark side of the tangential section was
coated thereafter with a one-layer basecoat and a two-layer topcoat of the test
coating with at least a 2-mm overlap over the edges. After painting, all samples
were stored in a climate chamber (RH 65%, 20°C) to reach the EMC before any
measurements were taken.
The method deviated from the standard EN927-5 (CEN, 2007a) in two points.
This method prolonged the water absorption period from the stipulated 72 h to
an extended period of 3024 h (18 weeks). This method also did not follow the
standard instruction of artificial pre-leaching for any of the samples. The preleaching procedure is intended to wash out possible surfactants that might affect
the water uptake while comparing different coating performances. However, the
samples in this thesis were to be compared across coating systems with a focus
on variation in wood characteristics. Hence, the pre-leaching procedure was
excluded. The benefits of the pre-leaching process have also been determined
to be too mild and cause no differences in water absorption (Ekstedt and
Östberg, 2001). The method in the thesis included a complementary test series
focused on exposure to natural weathering for one year instead of the artificial
pre-leaching procedure. The samples were outdoor-exposed according to the
method described in the next paragraph.
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Field exposure of coated and uncoated samples
(Papers II, IV–VI)
The coatings were applied to carefully selected boards according to the
manufacturers’ instructions. A brush was used for the application, and the
boards were dried between each layer in a climate chamber at 20°C and with
65% RH. The boards were coated on the tangential section facing the bark side
and on the radial and cross sections. The tangential section facing the pith was
left uncoated. After painting, all samples were stored in the climate chamber
(RH 65%, 20°C) to reach the EMC before any measurements were taken.
Samples were exposed outdoors in the test field at the Asa research station,
40 km north of Växjö in Sweden (Figure 8). The samples were placed vertically
on racks, hanging on hooks at approximately 60 cm above ground, with a
45-degree inclination to the south (Paper II had additional exposure to the
north). A small plastic bar supported the samples from behind. No roof or wall
covered the boards.

Figure 8. Exposure racks at the test field in Asa research station.
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Climate data for the test field is presented in Figure 9. Approximately every
second month, the mass of the samples was recorded with an accuracy of 0.1 g.
The MC of the samples was then determined relative to the oven-dried mass.
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Figure 9. Relative humidity (RH), temperature and precipitation at Asa research station.

Local MC measurements using electric resistance sensors (Paper V)
The local MC was calculated from the measured electric resistance in the wood.
The electrical resistance was measured every five minutes by commercial
resistance-type sensors (Omnisense type S-16). The custom electrodes were
produced from stainless steel (A 304) threaded rods (M2, Ø=2 mm) with sharp
pointed ends. The electrodes were partially insulated by non-conductive glued
shrink-tubing, leaving only five mm of the sharp/pointed end uninsulated. Holes
were predrilled before inserting the electrodes, and silicone was applied inside
and around the edge of the holes to prevent water movement along the
electrodes.
The electrodes were installed at two different depths, as shown in Figure 10.
Two pairs of electrodes were inserted through the specimen’s smallest face, thus
creating a measuring depth of 10±1 mm and 3±1 mm. The embedded length of
the electrode was about 30–40 mm; the exact length depended on where the
desired measurement point was located. In specimens with cracks going in the
direction of the fibres, the electrode length was adapted to minimise the distance

23

Materials and methods

Figure 10. The electrode configuration on a weathered replicate with a larger crack. Top
view (a), perspective view (b), and cross section (c). Units in mm.

between the bottom of the crack and the uninsulated tip of the electrode (i.e. the
tip was located just below the crack in question). As a result, the sensor output
represents a local measure of moisture content near the crack in question.
Depending on the depth of the crack, it was possible for the electrodes to be in
direct contact with water. The distance between the electrodes in each pair was
set at 30 mm, according to the default electrode configuration.
The samples were mounted on racks inclined to 30-degrees inside a climate
chamber (CTS C-40/1000). The end grains of the replicates were sealed with
silicone. The test setup and the climate sequence are shown in Figure 11. Two
full-cone spray nozzles were used to induce an elevated RH.
The resistance-type technique is relatively accurate below the FSP (Fredriksson
et al., 2013). The reason for the low precision above the FSP is related to lower
moisture dependency on resistance compared to the hygroscopic range (Stamm,
1929). As such, careful calibrations are necessary to obtain accurate
measurements (Fredriksson et al., 2013, Brischke et al., 2008, Otten et al.,
2017). Such a calibration was not performed as part of the method, and
measurements exceeding 25% MC should therefore be interpreted as an MC
which is greater than 25%, yet it is unlikely to be the true MC value.
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Figure 11. Side view of the climate chamber with a set of specimens organised in a 3x4 grid
(left), and the climate sequence that was used (right).

Crack measurement (Papers II, IV and V)
The number of cracks on the coated samples in the field test was evaluated
annually in June, measuring and summarising the length (mm) of cracks wider
than 0.2 mm. A ruler made of steel was used to measure the length and a feeler
gauge was used to measure the thickness of the cracks.
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Surface microbial growth measurement (Paper VI)
The microbial growth on the coated samples in the field test was evaluated
annually in June according to a gradation similar to a standard EN ISO 4628-1
(CEN, 2016), using grades 0–5, where grade 0=no detectable defects/biological
growth and grade 5=dense pattern of defects/microbial growth (Figure 12). The
grading was based on the coated tangential surface and not on the backside of
the board. No characterisation was made of the individual species of
microorganisms growing on the surfaces.

0

5

Figure 12. A grading scale of biological growth. Grade 0=No detectable defects/biological
growth. Grade 5=Dense pattern of defects/biological growth.
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2.4 Statistical analysis
A statistical evaluation of the data was made using Student’s t-test with a
significance level of 95%. The evaluation was conducted using the software
program Matlab (R2013b).
The samples in the field test had multiple MC values over a subsequent time
period, including every recorded mass of the samples. The multiple values of
the MC were recalculated as an average MC of all the values (MCm)
��� � �∑�� ��� ���

(5)

�� � ���� � �� � �

(6)

where � was the total number of occasions. A complementary linear regression
model was used to compare the coefficient (k) among the variables in
accordance with Equation 6:

Where X = variable, k = linear coefficient and E = error factor for the variable.
MCmT is the MCm of the total population of samples. The linear regression was
performed with Modde 9.1 from Umetrics.
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3. Results & Discussion
3.1 Water sorption
The impact of heartwood and sapwood characteristics
Figure 13 presents the liquid and vapour water sorption of uncoated spruce
samples that have been exposed outdoors facing north in the test field. The
graph shows a distinct difference in water sorption between the heartwood and
sapwood samples of both density categories.
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Figure 13. MC variations of uncoated high- and low-density heartwood and sapwood
samples facing north during the field test. The weather data during the period is presented
in Figure 9. The error bars are equal to the standard deviation of the MC. These results are
from Paper II.
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Table 6. Average values of liquid sorption and density of the spruce samples and the number
of replicates for each average value. The standard deviation is shown in parenthesis. The
sorption values represent the final sorption value, after the twentieth cycle, as the ratio of
gained liquid mass to the oven-dried wood mass. The apparent water contamination Capp of
water is the difference between its initial and final apparent surface tension. These results
are from Paper I.
Octane
sorption
Water sorption
Capp
Density
[%]
[%]
[mN/m]
[kg/m3]
Heartwood
571 (7)
17 (0.2)
26 (1.7)
11 (4.4)
523 (12)
27 (3.6)
34 (6.2)
11 (0.5)1
454 (6)
28 (1.3)
28 (1.2)
14 (1.5)
417 (14)
33 (4.0)
55 (5.0)
13 (0.0)
Sapwood
507 (10)
31 (3.3)
54 (10.7)
18 (1.5)
486' (11)
30 (3.9)
31 (4.7)○
7 (5.9)
486* (7)
30 (3.3)
46 (6.0)○
17 (4.7)
359 (12)
36 (0.4)
42 (3.8)
14 (2.5)2
1 Based on four veneer replicates. 2 Based on three veneer replicates.
○ Significant different values at p≤0.05
' and * differentiates two samples with the same density

Veneer
replicates
[No]
3
5
3
3
3
4
3
4

During five years of exposure, the MC of the samples in Figure 13 showed a
regular variation that followed the weather patterns of the seasonal climate in
Figure 9. The sapwood samples had a faster water uptake and release as
compared to the heartwood samples. The lower ability of spruce heartwood to
absorb water has been partly explained by the decrease in permeability during
pit aspiration (Fengel, 1970). However, the liquid water sorption measurements
using a multicycle Wilhelmy plate method revealed that spruce heartwood and
sapwood veneers with a similar density and liquid permeability (i.e. octane
sorption) had a difference in water sorption (Table 6).
The similar results in octane sorption of heartwood and sapwood were
indicating a similar aspiration rate of the wood. However, the water sorption
rate did not completely followed the trend of octane sorption. Instead, a
correlation in water absorption among the samples was seen with the Capp-value.
The Capp-value depicts the decrease in the apparent surface tension of the water
from the initial level before the immersion of the veneer to the final level after
twenty immersions. The Capp-value measures indirectly the contamination
effect of the water from various wood extractives. Table 6 shows a correlation
between an increase in Capp-value and an increase in water absorption of the
sapwood samples. The specific impact of the surface tension on the water
uptake is emphasised in the two sapwood samples with the same density
(ρ=486' and ρ=486* in Table 6).
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Figure 14. Final water sorption values (relative to the dry wood mass) after 20 cycles of
immersions vs the Capp value of the veneer replicates. The apparent contamination value
(Capp) is the difference between the initial surface tension and the lower apparent surface
tension of water in the final, twentieth cycle. These results are from Paper I.

The equal octane uptake of the two sapwood samples indicated an equal ability
to absorb water from the perspective of wood structural porosity (including the
effect of pit aspiration). However, the samples had still a significant difference
in water absorption that could be correlated to their differences in Capp-value. In
Figure 14 the magnitude of water sorption is presented relative to the Capp value.
The correlation of the Capp-value with liquid water sorption was present in the
results of both heartwood and sapwood samples, but it was more pronounced
for sapwood samples. Figure 14 shows linearity in the water sorption of
uncoated sapwood relative to the Capp-value. The non-linearity of heartwood
samples suggests that sapwood specific surface-active wood extractives were
more pronounced in affecting the water sorption behaviour of the samples.
Sapwood has elevated fatty acid and sugar content as compared to heartwood
spruce extractives (Table 2). To be noted is the different terminology and
chemical composition of fatty acid and free-fatty acid in Table 2, where the
former consists of several free fatty acid molecules as the components to form
for example triglycerides. Furthermore, the fatty acid is a surface-active
component with the ability to decrease the surface tension of water (Hamley,
2000). The presence of carbohydrates in the sapwood could also have
influenced to lower surface tension. The water-soluble wood extractives might
have been dissolved in the immersion liquid, and might have decreased the
water surface tension. Further confirmation of this hypothesis is needed since
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the wood extractives were not measured in this thesis. However, the influence
of the extractives on the water sorption in wood might have a more pronounced
role than previously considered. A result that supports the observation of
increased sorption when extractives are present, is contained in a recently
published article by Källbom et al. (2018). They found a higher water uptake in
pinewood of unextracted samples in accordance with the results of this thesis.
Therefore, the results indicated that a difference in water uptake of uncoated
heartwood and sapwood spruce is correlated to different water surface tensions.
The difference in surface tension is most likely caused by water contamination
from the surface-active extractives in spruce sapwood, such as the fatty acids
and carbohydrates.
In contrast to uncoated spruce, the accelerated water absorption test of coated
spruce panels (Paper III) indicated no statistical differences in liquid water
sorption related to heartwood and sapwood characteristics.

Figure 15. Linear regression model ( ܥܯൌ ܥܯ்  ܺ݇   ) ܨwith a normalised linear
coefficient (k) relative to the average MC of all replicates (MCmT). F is the error factor. A
negative k-value indicates that the variable X contributes to a lower MC relative the MCmT.
A positive k-value indicates a contribution to a higher MC. Coating systems: A=alkyd-acrylic
hybrid, B=acrylic, C=alkyd and D=calcimine. This figure is from Paper IV.
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The previous mentioned surface-active extractives act in the border of the
water-air interphase. The presence of a coating has most likely prevented a high
amount of liquid water from penetrating the wood cavities, and hence the effect
of a possible lowered surface tension is less pronounced. A lack of difference
in water sorption of heartwood and sapwood can also be seen for the coated
samples in the field test. Boards with an uncoated backside were exposed
outdoors for three years. Figure 15 shows the magnitude (i.e. linear coefficients)
of impact from the variables presented with the k-value. Heartwood and
sapwood had a k-value close to zero, which indicates a low impact of the
characteristics on the MC. The difference in k-values between heartwood and
sapwood was not statistically significant (p≤0.05). It appears that a coating
reduces the sorption difference previously seen between the heartwood and
sapwood characteristics of uncoated spruce.

Figure 16. Boxplot, the line in the box illustrates the median MCm of five boards. The top and
bottom of the box present the twenty-fifth and seventy-fifth percentile. The numbered
replicates in the graph (20, 22, 46, 52, 72, 73) are outliers; circles indicate a value 1.5–3
times higher or lower than the height of the box (twenty-fifth–seventy-fifth percentile),
asterisks had values more than three times higher or lower. Coating systems: A=alkydacrylic hybrid, B=acrylic, C=alkyd and D=calcimine. These results are from Paper IV.
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Figure 17. Moisture fluctuation during three years for the non-film forming calcimine-based
coating D, as categorised by high- or low-density heartwood or sapwood. The climate data
during the period is given in Figure 9. These results are from Paper IV.

Coating permeability seems, however, not to be a crucial parameter for the
observed sorption differences. The two types of coatings in this thesis can be
categorised as film-forming or non-film-forming coatings. The calcimine paint
represented the non-film-forming coating category with a higher permeability.
This higher permeability is seen in Figure 16 where coating D (calcimine) had
a higher MCm than the other samples that belonged to the film forming coatings.
Figure 17 describes the sorption variations of the samples with the highly
permeable calcimine coating. Coated heartwood and sapwood samples within
the same density category showed a similar sorption fluctuation behaviour. The
similar water sorption of heartwood and sapwood indicated that the presence of
a coating, no matter its permeability, inhibits the sorption difference that was
seen for uncoated heartwood and sapwood. The indifference might be related to
the surface wetting mechanism that hinders the initial wetting at the coating
surface.

Impact of density
Density is one of the major wood characteristics to affect the water sorption of
uncoated wood. Figure 18 illustrates the MC fluctuation of uncoated spruce
samples facing south in a field test. The MC fluctuation in the figure
demonstrates that low-density wood results in faster water sorption in field
exposure.
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Figure 18. MC variations of uncoated high- and low-density heartwood and sapwood
samples facing south in the field test. Climate during the period is presented in Figure 9. The
error bars equal the standard deviation of the MC. These results are from Paper II.

The differences in MC-relative wood density were more pronounced for the
samples facing south (Figure 18) than the corresponding samples facing north
(Figure 13). The different levels of MC variation between the two figures were
most likely related to a variation in wetting and drying conditions due to
variations in sun radiation. A similar trend in water sorption relative the wood
density was additionally seen for the samples with a film forming coating in the
field test (Figure 19). Figure 17 and 19 presents the water sorption of spruce
samples with a coating. The higher water sorption of low-density spruce was
present for both uncoated and coated samples, irrespectively the permeability
of the coating. The uncoated backsides of the boards most likely contributed to
this similarity.
The k-values given in Figure 15 further confirm the observed differences in
Figure 19. The k-value of the low-density parameter was significantly higher
than the k-value of the high-density parameter. The higher k-value of lowdensity spruce means that low density influenced the wood towards a higher
MC.
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Figure 19. MC fluctuation during three years for the film-forming coatings (average of A, B
and C) categorised by high- or low-density heartwood or sapwood. The climate data during
the period is given in Figure 9. These results are from Paper IV.

Table 7 presents the liquid water sorption in the tangential direction of coated
and uncoated spruce samples. The results revealed significantly higher water
sorption of uncoated low-density spruce (4066 g/m3) as compared to highdensity spruce (2406 g/m3). However, this trend dissapeared among the
weathered samples. Degradation of the cell wall during the weathering process
in combination with a wash-out effect of wood extractives is probably the cause
behind similar sorption values. In contrast, the coated samples in Table 7
required a weathering of the coating before any significant differences were
seen. Degradation of the coating occurs during weathering and leads to a more
pronounced effect of the wood characteristics. The weathered low-density
samples with an alkyd or acrylic coating had, as opposed to uncoated wood and
coated wood in the test field, a significantly lower water uptake than the
corresponding high-density ones. This discrepancy in liquid sorption behaviour
of coated spruce has previously been observed by Sivertsen and Flæte (2012).
They saw, in keeping with the results of this thesis, that low-density contributes
to higher liquid water sorption of uncoated spruce and lower liquid water
sorption of coated spruce.
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Table 7. Water absorption (g/m2) of heartwood samples after 3024 hours floating in the
water. The dry film thickness was measured according to the standard EN ISO 2808 (CEN,
2007b) chapter 5.4.5.1.2 conical bore with a cutting angle of α=45. The average dry film
thickness is A=144 (17) µm, B=115 (19) µm and E=195 (26) µm. Values in parenthesis are
the standard deviations. These results are from Paper III.
Film thickness
[µm]

Water sorption
[g/m2]

Coating

Wood
parameter

Weather
unexposed

Weather
exposed

Weather
unexposed

Weather
exposed

Alkyd

Low-dens

151 (32)

137 (48)

1076 (116)

1801 (921)*

High-dens.

142 (37)

169 (55)

1135 (173)

3810 (1261)*

Low-dens

133 (41)

95 (18)

933 (149)

1109 (219)*

High-dens.

96 (28)

119 (17)

1089 (62)

3027 (1042)*

Low-dens

160 (39)

241 (31)

782 (111)

932 (147)

High-dens.

172 (39)

220 (33)

931 (77)

1025 (132)

Low-dens

4066 (1249)*

5315 (588)

High-dens.

2406 (678)*

5352 (1024)

Acrylic
Linseed oil
Uncoated

* Difference between high- and low-density samples with the same coating at p≤0.05

The discrepancy in the liquid-water-sorption behaviour of coated spruce might
be related to a combination of coating penetrability and the barrier effect of the
coating. An increase of coating penetration is seen as being relative to the lumen
sizes of spruce wood (de Meijer et al., 2001b). The higher porosity of lowdensity spruce might have improved the coating penetration and increased the
barrier properties of the coating. There was, however, no such correlation of
coating thickness and water sorption manifested in the results (Table 7). The
lower liquid water sorption of low-density coated spruce could also be related
to free water diffusion in the capillaries. De Meijer and Militz (2000) described
a sorption model for coated wood. With increased distance from the woodcoating border, the moisture transport process increases to follow the diffusion
processes of uncoated wood. Their model assumes the coating remains intact.
Cracks or other damages on the coating create local areas with higher moisture
levels. Ahola et al. (1999) suggest that wood with an intact coating has diffusion
processes rather than wood capillarity to control the movement of moisture. A
diffusion-dominated water transport through an intact coating might favour a
continued-diffusion transport process in the cell wall structure over a capillarywater transport process since no free water is assumed to be found within the
structure.
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Furthermore, the free water diffusion is most likely drastically reduced once the
spruce wood has been dried since an excessive pit aspiration with the following
closure of the pathways occurs during drying (Comstock and Côté, 1968). The
speed of diffusion might then be limited to the amount of cell-wall substances
that can transport water. The observations in Table 7 and those by Sivertsen and
Flæte (2012) would then logically support less liquid water sorption of coated
low-density spruce since there will be less cell-wall material for water diffusion
transport.

Impact of weathering
Weathering of the samples changed the conditions for the water sorption
process. Figure 20 presents the increase in the water uptake of samples after one
year of outdoor exposure in comparison to the water uptake of representative
samples without weathering. Depending on the coating formula, the influence
from the wood was differently pronounced. One dominant trend, though, is the
drastic increase in water uptake for high-density heartwood spruce, no matter if
the samples were coated or not, as opposed to the relatively low increase in
water absorption of the low-density heartwood. Furthermore, had the
low-density-coated heartwood samples a lower sorption rate than the
corresponding high-density samples (Table 7).
Vestøl and Sivertsen (2011) measured the increase in water sorption of uncoated
spruce claddings after one year of weathering and found a larger increase for
the outer boards, which was most likely dominated by sapwood characteristics.
The study by Vestøl and Sivertsen (2011) had a correlation where the sample
with the lowest heartwood proportion also had the highest density, which means
that their results might have been influenced by the wood density. The results
of this thesis have two different density categories, and the results showed no
clear correlations of the water sorption to heartwood and sapwood samples as
similar to the results of Vestøl and Sivertsen (2011). The comparison of the
sorption values of high- or low-density heartwood suggest that density rather
than sapwood content is the dominant factor behind increased water sorption
due to weathering. However, the effects were differently pronounced depending
on the type of coating. For example, samples with a linseed oil coating showed
a modest change in water sorption after weathering. This could be related to the
continuous curing process of the linseed oil paint.
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Figure 20. The increased water absorption for samples after one year of weathering minus
the sorption values of samples without exposure. Verticle bars represent the standard
deviations. These results are from Paper III.

Swelling stresses in the coatings might be one cause behind the poor
performance of the high-density samples. The changed appearance due to the
aging of the surface of high-density heartwood samples can be seen in Figure
21. As one can see, the changes in appearance vary greatly among the different
types of coatings. The biggest deviation was for the samples in group A, coated
with an alkyd resin, followed by the samples in group B, coated with an acrylic
resin. The most intact coating was found in the samples coated with linseed oil
as the resin. The changes in coating appearance correlated well to the increase
in water sorption of high-density heartwood samples in Figure 20.
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Figure 21. The visual appearance of the coatings of high-density heartwood samples at 50
times magnification (1=no weathering and 2=with one year of weathering, A=Alkyd,
B=Acrylic, E=Linseed oil, X=uncoated). The scale=200 µm. The figure is from Paper III.
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3.2 Crack formation
Table 8 presents the measured amount of cracks (i.e. crack length) of uncoated
and calcimine coated samples that have been in a field test for 3-5 years. No or
very limited cracks were present on the samples with a film-forming coating (A,
B and C). The limited number of cracks on the samples with a film-forming
coating might be due to the lower moisture fluctuations. However, high density
contributed to a higher number of cracks on the uncoated and calcimine coated
wood. An increased amount of cracks was additionally measured on sapwood
samples as compared to heartwood samples of the same density category. The
higher number of cracks on sapwood could be related to the higher sorption
capacity of spruce sapwood (Sandberg, 2006, Sandberg, 2008, Sjökvist et al.,
2018); that might have contributed to a greater moisture level at the surface of
the boards. The uncoated samples facing south as compared to north, had a
faster crack development and a larger difference in MC between high- and
low-density samples (Paper II, Figure 4), this is most likely related to variations
in sun radiation.
Drying causes large dimensional differences in the wood due to shrinkage of
the wood. In the course of drying, the dryer regions at the surface exhibit higher
tension forces than the adjacent cells in the wetter core with less shrinkage. An
increased wood density lowers the diffusion rate in the wood and accentuates
the moisture gradient from the centre to the surface of the board.
Table 8. Mean values of five replicates (standard deviation in parenthesis) with southernfacing outdoor exposure. MCm = the mean value of the measurements during the exposure
time. For calcimine-coated samples: September 2009–August 2012; for uncoated samples:
October 2011–August 2016. Crack lengths counted when wider than 0.2 mm and indicate the
final length at the end of the respective outdoor-exposure period. The results are from Papers
II and IV.
Oven-dry
density
[kg/m3]

MCm
[%]

Crack length
[mm]

̶ heartw.

341 (39)

20.5 (2.3)

591 (296)

̶ sapw.

355 (24)

30.8 (7.3)

1563 (319)

̶ heartw.

456 (46)

17.5 (0.4)

1050 (167)

̶ sapw.

460 (28)

24.9 (2.0)

1537 (406)

̶ heartw.

326 (17)

21,9 (1,0)

373 (87)

̶ sapw.

347 (34)

22,4 (1,7)

575 (587)

̶ heartw.

431 (44)

20,4 (0,5)

905 (338)

̶ sapw.

471 (43)

20,5 (0,5)

2359 (667)

Wood characteristics
Uncoated

Low-density

Paper II
High-density
Calcimine-

Low-density

coating
Paper IV
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The cracking effect, suggested to be caused by the moisture gradient of the
boards, was especially pronounced in the high-density calcimine-coated
samples. The high-density heartwood and sapwood samples with a similar MCm
(i.e. an equal average MC) exhibited a substantially larger number of cracks on
the sapwood surfaces. The exceptionally large differences in cracks are difficult
to explain but could be related to sapwood-specific properties in combination
with a highly permeable coating that might have accelerated the level of MC on
the wood’s surface with a subsequently increased number of cracks.
Additionally, one can see the lower amount of cracks on the low-density
heartwood samples. The numbers in Table 8 regarding crack formation
corresponds well to the results in Figure 20 with less increase in water
absorption of the coated low-density heartwood samples after one year of
weathering.
The higher number of cracks in sapwood could also be related to the growthring radius of the wood. Sapwood is located in the periphery regions of the
trunk. Therefore, a board made of sapwood often has a more horizontal
orientation of growth rings with a greater radius than those in wood made of
heartwood. The heartwood region is closer to the pith and often has a narrower
growth ring radius and thus a larger ratio of radial-oriented growth rings on the
sawn board. However, the heartwood substrate in the studies was selected to
have no or very little portion of wood that is from the pith. Radial wood moisture
movement is less than tangential wood moisture movement, and that could be a
contributing factor behind decreased crack development on heartwood boards.
However, the focus of this thesis has not been observing the variation in the
growth ring radius of the samples. Further investigation of such a correlation in
combination with heartwood and sapwood characteristics is needed to confirm
such a correlation.
The samples with a film-forming coating later developed cracks after an
extended exposure period of five years in the test field (Figure 22). A
consequence of the crack formation is a change in the water sorption behaviour
of coated spruce (i.e. the effect of density on the magnitude of water sorption).
The observed lower water sorption of high-density spruce became reversed after
crack formation, causing high-density samples to have the highest MC.
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Figure 22 presents the difference in MC (MCdiff) between low-density spruce
and high-density spruce. The MCdiff is overwhelmingly positive during the first
years of field exposure, meaning that low-density spruce exhibited the highest
MC. In the fifth year of the test, during the summer of 2014, the MCdiff of
Coating C became mostly negative, corresponding to the beginning of crack
formation on the samples. The damaged film barrier enabled water contact with
the uncoated wood below the film and resulted in an increased MC. As Figure
22 shows, an initial change in coating permeability had already occurred in the
spring of 2013, when the curves of the two types of coating started to diverge.

Figure 22. The difference in MC, with the value of the low-density sample minus the value of
the high-density sample (MCdiff ). Coating B=acrylic-based coating and coating C=alkydbased coating. The picture is from Paper V.

The MC near the cracks can be extremely high. Figure 23 illustrates the local
MC in the core and under the surface of the boards during sequences of water
spray in a climate chamber. The boards have previously been exposed during
six years in the test field. The MC was measured by electronic resistance
sensors. Some of the samples had cracks, and the MC was measured directly
beneath the crack to minimise the distance between the crack and the electrode.
The difficulty of hitting the right position led to the possibility of direct contact
between water and the electrode. The contact of liquid water can be seen on the
steep peaks on some of the curves in Figure 23. However, the samples with a
cracked coating showed an elevated MC at every water spray session.
Furthermore, there was accumulation in MC in the centre of the cracked
samples. The figure clearly depicts the increased MC of a sample with a
damaged coating as compared to a sample with an intact coating of similar type.
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Figure 23. Moisture variations of replicates using electronic resistance sensors.
Abbreviations: B=acrylic-based coating, C=alkyd-based coating. The asterisk * indicates
replicates with cracks, surf=MC value beneath the surface, and core=MC value located at
the center of the board. The surface value of the samples with cracks was positioned at the
vicinity of the cracks. Results from Paper V.
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3.3 Growth of microorganisms
In Paper VI, the microbial growth on the surface of the board was studied
relative to the heartwood and sapwood characteristics, during five years of
exposure in the test field. The growth of microorganisms was higher on the
surface of the sapwood samples than on the surface of the heartwood samples
with an alkyd coating A (Figure 24). Samples with an acrylic coating B resulted
in a similar growth of microorganisms on the surface irrespective of the wood
substrate (Figure 24). Sandberg (2008) saw less growth on coated heartwood
than on coated sapwood spruce, while Gobakken and Vestøl (2012) showed no
such significant differences. The different behaviours in biological growth
between coatings A and B and the variation in the results of other studies
indicate the importance of the coating formula as an experiment variable. The
influence of coating parameters has been suggested previously by Gobakken
and Lebow (2010) since the coating itself may have an impact on the growth of
microorganisms on the surface. Therefore, a comparison of substrate specific
characters should be performed strictly within each coating.
6

Heartwood
Sapwood

5

Growth

4
3
2
1
0
Coating A*

Coating B

Coating C

Figure 24. The final level of biological growth after approximately five years of field
exposure (measured in June 2016). The grading scale of growth begins at Grade 0=no
detectable growth and continues up to Grade 5=dense pattern of growth. Abbreviations:
A=white alkyd coating, B=white acrylic coating and C=red acrylic coating. *Significantly
different values between heartwood and sapwood, statistical limit p ≤ 0.05. These results are
from Paper VI.
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The higher amount of microbial growth at the surface could be due to a leakage
of sapwood-specific extractives, such as sugar, that serve as nutrients for the
organisms. The migration of extractives through the coating is an unexplored
area. The very common surface mould species A. pullulans can, however, grow
through the coating and reach the wood substrate below (Kühne et al., 1970).
In general, the sapwood samples in Figure 25 had a higher MCm than the
heartwood samples. The higher MCm implies that besides the presence of
nutrients such as sugars in sapwood spruce, the higher MC of the samples might
have contributed to the elevated growth of microorganisms on the surface.
As one can see in Figure 25, there was a difference in water sorption between
heartwood and sapwood. This might appear to contradict the previous results,
presented in chapter 3.1, where no differences in water sorption were seen
between heartwood and sapwood. However, the wood material in the figure
below had a discrepancy in density. The sapwood material in Figure 25 has a
higher wood density than the heartwood material (sapwood: ρ=446 kg/m3,
heartwood: ρ=373 kg/m3).
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Figure 25. MCm of individual replicates during the test period (October 12, 2011–August 26,
2016). Abbreviations: A=white alkyd coating, B=white acrylic coating and C=red acrylic
coating. These results are from Paper VI.
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The samples with a red acrylic coating (C) in Figure 24 had no microbial growth
when compared to samples with the white acrylic coating (B). Coatings B and
C have the same formula except for the colour pigmentation (red or white).
Looking at the MC fluctuations of the whole board in Figure 26, one can see the
slightly higher MC of the white-coloured samples. The lesser microbial growth
of the red-coloured samples is most likely caused by the lower MC, especially
at the surface of the board. Even though the MC between the red and white
samples was not significantly different, one can assume a larger MC variation
at the surface of the board than the measured average value of the whole board.
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Figure 26. MC fluctuation during the test period (October 12, 2011–August 26, 2016),
comparing the same acrylic formula with white (B) or red (C) pigmentation. The value
represents the average of the ten replicates of each group. These results are from Paper VI.
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4. Conclusions and suggestions
This thesis aims to increase the knowledge of how heartwood and sapwood
characteristics of different densities influence the durability of coated Norway
spruce for outdoor use. The specific objectives were to study the water sorption
behaviour of uncoated heartwood and sapwood spruce of different densities
(Paper I and II), as well as for similar samples of coated spruce including: the
water sorption in general with additional MC variation (Paper III-VI), the crack
formation (Paper II, IV and V) and the microbial growth (Paper VI).
The used methods to measure water sorption included lab-scale wetting and
liquid permeability experiments, accelerated water absorption test (with
samples floating freely in water) tests, and outdoor field tests. The wetting
measurements showed a similar liquid permeability (i.e. octane sorption)
between the uncoated heartwood and sapwood samples of similar density. This
indicated a similar rate in the closure of the pits. Regardless, uncoated sapwood
had a clear increase in water sorption compared to heartwood of similar density.
It could be concluded that the increased sorption was presumably caused by the
lowered surface tension, most likely by a contamination effect of the water by
surface-active wood extractives.
The results indicated that the liquid water sorption of spruce was influenced by
variations in the sapwood extractives rather than by the micromorphology of
the wood. The higher water sorption of uncoated sapwood was also shown for
samples in the field test and for samples that were exposed to accelerated water
absorption. However, no difference in water sorption for any methods was seen
between coated heartwood and sapwood samples. It believes that a coating
hindered the surface-active extractives to lower the water surface tension and
therefore caused a similar wetting mechanism of heartwood and sapwood
spruce.
The influence of density on the MC of coated spruce in the field test was similar
to the uncoated spruce, meaning the low-density samples had a higher MC than
the high-density samples. However, the results of the accelerated water
absorption of coated spruce were found to have the opposite behaviour as to the
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results of coated spruce in the field test. The results from the accelerated
absorption showed that low density experienced low water sorption. A possible
cause behind the lesser liquid sorption of low-density wood could be the lower
amount of cell-wall substrate acting as a means of diffusion since no capillary
water is presumably present under an intact coating. Weathering of the coated
and uncoated samples in the accelerated water absorption test caused a larger
increase in water sorption of high-density heartwood.
Samples that were uncoated or coated with a non-film forming coating
(calcimine coating) showed in the field test, a higher number of cracks on the
high-density samples than on the low-density samples. Furthermore, within
each density group, a larger number of cracks was seen on sapwood samples as
compared to heartwood samples. High-density samples with an alkyd- or an
acrylic coating also showed an increased number of cracks. As expected, the
formation of cracks on the alkyd- or acrylic coated samples increased their water
sorption behaviour significantly. The sorption behaviour of the cracked-coated
samples was high-density wood having the highest water sorption. A drastic
local increase in MC was measured at the vicinity of the cracks. Furthermore,
the MC in the core center of the samples was slightly higher than beneath the
coating for weathered samples with an intact coating.
For the white alkyd coating, the microbial growth was higher on sapwood than
on heartwood samples. A difference in growth between the tested coatings can
be attributed to different coating formulas. Furthermore, a large difference in
microbial growth was seen between the white and red coloured samples,
wherein the red samples had no growth. The higher persistance against surface
microbial growth of the red coloured samples was associated with a lower MC
of the samples.
The main conclusion drawn from all six papers is that heartwood and sapwood
of different densities have different effects on the durability of coated Norway
spruce. However, the principles of water sorption observed for uncoated
heartwood and sapwood samples could not be applied to coated samples.
Overall, the results suggest that low-density heartwood is the most beneficial
material when it comes to coated spruce in outdoor usage.

Suggestions for practical application and future study
This thesis expands the knowledge of coated Norway spruce for outdoor use
with a better understanding of how to select the wood material for a longer
service-life. For coated spruce, attention on wood density is recommended when
the focus is on water sorption and crack formation. Low density contributes to
a high MC in coated spruce in above-ground contact with outdoor exposure.
However, low-density wood develops fewer cracks. The reduced number of
cracks is favourable in the long term run since crack formation drastically

48

Conclusions and suggestions
increases the MC of the wood. Additionally, low density is favourable for low
water uptake in situations with excessive liquid water. Regarding microbial
growth, heartwood is recommended for less growth on the surface. The overall
recommendation is to select low-density heartwood for coated spruce in outdoor
use. There are challenges to separate the similar appearance of spruce
heartwood and sapwood, but techniques such as near-infrared spectroscopy
(Sandberg and Sterley, 2009) or computerised tomography scanning
(Longuetaud et al., 2007) could solve this issue.
The role of surface-active extractives in sorption processes is an area that can
be further explored. This thesis indicated that water sorption might be increased
by surface-active sapwood extractives. A deeper knowledge of how the
absence/presence of extractives leads to decreased and/or increased sorption
properties could contribute to a new fundamental understanding of the sorption
processes of wood. The suggested next step for further knowledge is, therefore,
to continue with sorption measurements of extracted spruce with
complementary microbial growth studies to further improve the durablity of
coated Norway spruce.
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